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Abstract

Visible Light Communication (VLC) can be utilized for Indoor Positioning Systems
(IPSs). Most of VLC IPSs work when LED lights are ON. This causes energy less when
lighting system is off, at least when sleeping. We face a fundamental challenge in VLC sys-
tems that require the light ON all time. Then how to communicate when the lights appears
“OFF”? In this paper, we propose a positioning system of receiver that is used in dark light
VLC based on the Received Signal Strength (RSS) positioning technique, showing its pos-
sibility to use in dark environment. Because of its simplicity, the RSS technique is used in
indoor positioning. This proposition can ensure the IP even when light is “OFF”, which
can be actualized in VLC systems to save energy and give precise illumination control. The
obtained results reveal that the average error in positioning with LED power of dark VLC
is lower than that in the normal mode. The obtained simulation results reveal that the aver-
age positioning error is improved by 25% of traditional method when Dark VLC is used
with 1.4 mW LED power without background noise. This ensures that the proposed system
shows superiority when compared with other VLC IPS systems, in energy saving and high
positioning accuracy.
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1 Introduction

Scholarly community and industry noticed the value of the indoor positioning issue
and assigned exertion and rivalries into understanding longer than 10 years. The princi-
pal inspiration driving them is to allow to different insightful and industry gatherings to
inspect their indoor limitation progressions in a commonsense circumstance. Additionally,
it licenses specialists to indoor situating to meet and help out one another.

Positioning has a promising future in individual navigation. Moreover, the physical area
information in mobile nodes could greatly help in urban and rescue applications, in addi-
tion to enabling routing in multi-hop ad-hoc networks. Sometimes, the physical area is con-
sidered in localization and positioning (Karegar 2018 and Zaruba 2007).

The indoor positioning techniques are considered as best foundations in realization of
5G networks and Internet of Things (IoT), providing location-based services (Irshad et al.
2019 and Pham et al. 2019). After the tremendous success in outdoor navigation systems
(Do et al. 2016 and Xu et al. 2016), the GPS (Global Positioning System) is the best choice
in outdoor applications. It is the most usually utilized and exact strategy for sensor posi-
tioning. Sadly, the GPS arrangement does not generally perform well due to cost, restricted
force gracefully and so forth (Halder et al. 2016). The limitation situating must be sensible
for the workplace, for example, wall structure,, lighting conditions, ceiling shape in indoor
situations influence the exhibition of the positioning system. The level of these impacts
may fluctuate contingent upon the utilized strategy (Karakaya et al. 2020).

Although the GPS based positioning system is the favored answer for outside situations
(S. Karakaya et al. 2020), however, it is not appropriate for indoor applications because
of its inability to penetrate walls in buildings (Holm 2012). The IPSs are based mainly
on radio frequency identification (RFID), ultrasound, and wireless-local area networks
(WLANS) (Saab et al. 2011), including Zigbee-based IoT, WiFi (Akram et al. 2018), and
Bluetooth (Li et al. 2018).

Visible light positioning (VLP) is considered one of main attractive applications, where
it allows development of highly reliable, inexpensive, and robust positioning techniques
(Keskin et al. 2018). VLP is based on the light emitting diodes (LEDs) risen as of late,
which is rapidly over-riding conventional incandescent and fluorescent light sources. LED
lighting technology is a promising application in VLC (Haas et al. 2016). It exploits the
better balance capacity of LEDs than transmitting information through a wireless channel,
supporting rapid data rate, economic, electro-magnetic interference free and high security,
compared with traditional radio-frequency (RF) systems. It can be utilized in RF restricted
zones (e.g., airport and medical clinic), where VLC can work at the same time giving com-
munication and illumination (Zafar et al. 2015) and became an essential field of indoor
positioning.

VLP is kept away from the effects of electromagnetic interference, noise, and stabil-
ity (Xiao et al. 2011). Its points of interest include high bandwidth, high positioning
accuracy and free license (Vatansever et al. 2017). In addition, it offers a higher secu-
rity for clients since visible light signals cannot transmit over the walls and may not be
accessed by spying from other rooms (Wang et al. 2018). Also, VLP has less impact of
multipath on visible light and can provide high-accuracy positioning performance com-
pared with RF signal based indoor positioning systems (Yang 2020). So, the position
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estimation could be increasingly precise. VLC based IPSs are created and can accom-
plish a generally excellent accuracy with a few cm error (Ding et al. 2015a, b). VLP
utilizes visible light signals to determine situation of the recipient (Rx). The signals are
generated within light sources (e.g. LEDs) and are received through photodetectors (e.g.
image sensor or photodiode) (Liu et al. 2018).

One of VLP classes depends on the trilateration technique, wherein data at any rate
from 3 LEDs are utilized for position estimation of receiver (Zhang et al. 2012 and
Zhou et al. 2012). A basic prerequisite in such a system is that output signals of various
LEDs have to be recuperated independently at the recipient. Both transporter position-
ing methods and time division multiplexing (TDM) are created to fulfill this objective.
In TDM techniques, LEDs transmission times are arranged to evade any overlap in the
received signals.

For the interesting points, positioning is based on the distance measurement method.
The positioning calculation includes a time difference of arrival (TDOA), a time of
arrival (TOA), an angle of arrival (AOA) positioning algorithms, and the RSS position-
ing techniques (Li et al. 2020). In Fig. 1, a VLC indoor positioning system is explained
using the RSS technique. The visible light signals are used to estimate distances
between each reference nodes and positioning goal (Shi et al. 2019).

The block diagram of the VLC-based indoor positioning system is illustrated in
Fig. 2, using the RSS technique.

In our work, we concentrate on the dark VLC positioning system depending on the RSS
technique because this scheme is easy to acknowledge with no synchronization needed
between transmitter and receiver. Assuming at least 3 LEDs, a trilateration positioning
could be applied considering the impact of range of communication and objective field of
view (FoV). We propose a positioning system of receiver that is used in dark light VLC
depending on RSS positioning algorithm and we discuss its possibility to be used. Because
of its high accuracy and simplicity, the RSS positioning is utilized for indoor positioning.

The remainder of this paper is organized as follows. Section 2 illustrates system
modeling and indoor channel models. Section 3 presents the characteristics of dark
light (DL)-VLC transmitter and receiver. The positioning RSS algorithm is discussed in
Sect. 4. The obtained results are displayed and discussed in Sect. 5. Section 6 is devoted
to the concluding interpretations.

Fig. 1 Indoor visible light com-

munication Internet
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Fig.2 Block diagram of VLC
indoor positioning system using Reference nodes
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2 VLC system modeling

The VLP has been developed as a promising VLC application. It is more appropriate in
indoor cases (Neha et al. 2019). Since LED switches faster than the eye response, it could
be adjusted at high bit rates; offering communication capabilities besides illumination.
This falls into the visible light range 380—780 nm. When users do not need the illumination
and the lights are turned OFF, then, there is a possibility to transmit information without
illumination (Tian et al. 2016). This makes the dark VLC saves energy with low power
light. This is the main principle of dark light VLC that could be used in modulating light
signals into ultra-short light pulses that are impalpable by natural eye (Wrighty et al. 2016
and El-Gamal et al. 2020).

Dark light configuration uses the off-shelf, with low cost LEDs and photodiodes (Yang
2020 and Ding et al. 2015a, b). In each LED, PPM modulation and flicker are utilized with
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an ultra-short impulse (Wrighty et al. 2016). Figure 3 shows a 0.007% duty cycle, 500 ns
time, and 1000 Im amplitude with a frequency of 160 Hz for each impulse.

3 Characteristic of DL-VLC transmitter and receiver

Figure 4 illustrates the block diagram of a dark light VL.C based IPS system, consisting of
a VLC transmitter, receiver, and a positioning estimation algorithm.

3.1 Transmitter

Table 1 lists the system parameters used. Here, we are considering single-LED array and
multiple-LED array 60X 60 (Ding et al. 2015a, b). We determine The LEDs location in
the room could be determined when 4 LED arrays are used with locations (1.25, 1.25, 3),
(1.25, 3.75, 3), (3.75, 1.25, 3), (3.75, 3.75, 3), as shown in Fig. 5.

The VLP system, shown in Fig. 6, consists of four sections, including VLC nodes (ref-
erence arranges), a client device, a router, and a server. The VLC nodes, which are fixed
on the ceiling of the room, are utilized to communicate visible light signals with area data
to the room. A client device receives visible light signals from nodes by utilizing a photo-
diode (PD), and three reference transmitters and the data from ID number of each node.
From that point, a trilateration positioning technique is used for location estimation. The ID
is decoded by the receiver to recover the light fixtures absolute location. The RSS is also

Fig.3 VLC signal and dark light LED Voltage
VLC signal 0 1 0 1 0
V max
Time
LED Voltage
vmax | 0000 0001 1101
Time

Dark light VLC Signal (PPM) |
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Fig.4 VLC indoor positioning system: Functional block diagram of dark light VLC

Table 1 VLC system parameters

Fig.5 The 4 LED arrays loca-
tions on the ceiling

Parameters Values
Room Size 5x5x5m’
Walls reflection coefficient 0.8
Source No. of LEDs 4
Total number of LEDs in the arrays 4 X 60X 60=3600
LED transmitted power (drak light) 1.4 mW
LED semi-angle at half-power, 6 70°
Center luminous intensity 0.73 c¢d
Receiver  Height of receiver w.r.t. floor 0.85m
Active area, A 1 cm?
FoV 70°
Lens refractive index L5
Photodiode responsivity 0.54 A/W
Optical filter gain 1dB
(1.25,3.75) (3.75,3.75)
(1.25,1.25) (3.75,1.25)

used in receiver to estimate the distance. The client further communicates with a router in
the room and uploads the information of all received VLC signals to a server. The server
stores a list that shows the balanced connection between the ID numbers and the directions
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Fig.6 VLC indoor positioning system model in the dark light

for every node. By modeling the characteristics of the VLC channel, the distances between
the user device (receiver) and the VLC nodes can be measured by the RSS technique, and
the client position can be assessed by the least square method. Discovering three particular
separation estimations, the location of the objective can be assessed. The distance measure-
ment and localization estimation are conducted in the server and the result will be sent to
the user device (Shi et al. 2019).

LoS and NLoS links should be taken into consideration in distance measurement
because the localization system based on RSS is sensitive to NLoS signals. However, in
dark light, the NLoS effect could be neglected because the localization measurement is
weak.

3.2 VLP estimation

The trilateration is utilized for location estimation. It requires a shortest path for the trans-
mitted signal that finds the objective dependent on the distance estimation starting from
various reference points. In other words, triangulation finds the object position based on
the AOA data w.r.t. the reference point. The trilateration technique locates the objective
through receiving the light beacon messages from three non-collinear reference points with
the aid of the RSS, TOA, and TDOA, which are the potential parameters to be measured by
sensor receivers (Afzalan et al. 2019).

Trilateration is a method of determining the relative position of objects using the
geometry of triangles in a similar fashion as triangulation. In trilateration, if the target
node is inside the communication range of the anchor nodes, distances of the target
node to all three anchor nodes based on their distances can be calculated. Trilatera-
tion method is used to compute the coordinate of target node by calculating intersect-
ing point of three circles. The target is was basically the intersection point of all three
circles. Unlike triangulation, which uses angle measurements (together with at least
one known distance) to calculate the subject’s location. It is the process of calculating
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unknown point by using three points and distance from each point to unknown point.
The three points can be a circle or a triangle. This will be clearly illustrated in our LED
system, in the following subsection (Fig. 7).

Trilateration uses the known locations of two or more reference points, and the meas-
ured distance between the subject and each reference point. It uniquely determines the
relative location of a point on a 2D plane using trilateration alone. The limitation of
using this method is that at least 3 reference points are needed for 2D calculations, and
at least 4 points are needed for 3D calculations.

3.2.1 Positioning algorithm received signal strength (RSS)

Generally, the RSS-based method has been utilized in visible light and indoor position-
ing systems. The RSS values are so easy to obtain, as compared with other attributes,
utilizing a single photodetector without requiring auxiliary devices. Typically, the inten-
sity of the received signal follows the channel model. Consequently, the intensity is
reduced when the transmitter—receiver spacing increases. Based on this model, many
algorithms could be applied in LED positioning systems, such as trilateration, finger-
printing, and proximity (Zhuang et al. 2018).

The RSS system estimates the position depending on the received signal power. So, it
is sensitive to noise. Nevertheless, RSS system has higher precision as compared to fin-
gerprinting and proximity techniques (Neha et al. 2019), as well as being cost-effective
and simpler. The receiver is distinguished to be situated at the intersection point of all
the three circles centered at their individual transmitters. Figure 7 shows the receiver
position estimation in the existing RSS-based trilateration technique, which technique
measures the distance relying on the RSS. Therefore, the exactness of estimating the
receiver position could be influenced by background light (outside sources, for example:
daylight).

Fig.7 Positioning using RSS
based trilateration technique

Receiver
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3.2.2 Optical channel model

The LoS received strength, P,, can be described as (Li et al. 2020)

P
P, = = Ry(9)A;(6) (1
dO

where P, R)(¢), dy, ¢, and 6 denote, respectively, the average transmitted power, the trans-
mit angle gain, the Euclidean distance between transmitter and receiver, the irradiation
angle, and the incidence angle. A is the effective receiving gain and is given by (Moham-
med et al. 2015)

_ [ AT,(0)g(6) cos (0) 0 < FoV
Ay (0) = { 0 0 > FoV @

where A, Ty(0), g(0) denote, respectively, the physical detector area, optical filter gain,
and concentrator gain. The LED emission can be expressed as a Lambertian emission. So,
Ry(®) can be written in the form

Ry(p) = [

where m is the Lambertian order of the LED number, i.e. transmitter directivity, which is
related to the half-angle of the LED transmitter, @, ,.

-

The received signal strength from the directed channel could be represented as

! 27rd[2) (5)

b _JP 1] Acos™ ()T, (0)g(6) cos (8) 6 < FoV
" lo 0> FoV

Since both LED axis and receiver axis are parallel, Fig. 8, so, one can rewrite Eq. (6) in the
form

Receiver height

l Floor

Fig.8 VLP system
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t m+3
2rdy + (6)

p_JF It Apm+IT (6)g(8) 6 < FoV
A 0 > FoV

Here, h is the vertical distance between photodiode and LED.
The output electrical power of the photodiode is given by

P R*P? (7)

electrical =

_ R¥(PIm+ 1JAR™'T,(0)(6))*

electrical —
Qrdy )

P ®

where R denotes the photodiode responsivity.

3.3 Distance

Hence, the coordinate calculation is expected to use the distance calculated by RSS method
to form coordination as a part of positioning system. The coordinate can be calculated using
the trilateration method and distance data from RSS calculation. Thus, d the spacing between
transmitter and receiver can be expressed as (Kim et al. 2013)

1

m+1 2\ &tam
d:([RP,(mH)Ah T(@)g(9)| ) ©)

472P electrical
where P, 18 the output electrical power and 4 is the vertical distance from receiver to
ceiling.

Using the trilateration process (Reichenbach et al. 2006), one can estimate the receiver
position though the distance between receiver and three transmitters at least. The trilateration
equations used are

(g =X+ O =12+ (g —2)? = dpy
(g =)+ O =)™+ (r =2 = dy, (10)
(g = x3)*+ O = ¥3)*+ (g = 23)* = d5

Here, the coordinates of the ith LED are X;, y;, and z;,, while xp, yg, and zy are the coordi-
nates of the receiver to be calculated (linear least mean square methodKim et al. 2013).

Since the three LEDs are at the same height, i.e. z, =z,=z5, Eq. (10) can be written in a
matrix form as

AX =B (11
where
A= [xZ_xl )’2—)’1] (12)
X3 =X Y3 =)
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X= [;ﬂ (13)

and

v [ rg i
1

2 2 5.3 2
(dm —dy +x5+y;—x _y1)/2

(14)

Now, Eq. (14) can be solved using the linear least mean square method (Reichenbach
et al. 2006).

X =ATA)'ATB (15)

Finally, using linear least square method, the receiver (X, Y, is located by X=BA™".
3.4 Noise

Since, both shot and thermal noises of the photodiode cause errors on the received power

(Qiu et al. 2016), hence, the received signal power, P,, in the VLC system is the sum of
LoS power and the noise power

Pr = PLUS + Pm}ixe (16)
with a noise power given by
2 2
P’lOiSL’ = OSior + O Thermal a7

4 Positioning error calculation

Based on the distance difference between each two transmitters set, for each measurement,
the error can be obtained as

Positioning Error = {3/ (Xg, = Xgop)? + (Vg = Yep)? (18)

where X, is the estimated X coordinate, Xg,,is the reference X coordinate, Yg,, is the esti-
mated Y coordinate and Y, Refis the reference Y coordinate (Ghassemlooy et al. 2013).

The positioning error between estimated coordinates and reference coordinates is used
to determine the performance of the VLC-IP (Tran et al. 2019). The localization error
could be reduced by increasing the SNR of each LED.

5 Simulation results and discussion

Now, the proposed scheme is simulated in the 5 x 5x3m? model room with four LEDs on
the ceiling, as shown in Fig. 6. Table 1 summarizes the simulation parameters. The LEDs
transmit 500 ns impulses at a frequency of 160 Hz frequency (with~0.007%), with a guard
period of 1000 ms. The RSS positioning algorithm is selected and the mean of localization
error is used to assess the system localization precision.
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Fig.9 Dark light VLP: 4 LEDs transmitters at semi-angle at half power, 6=60° and FoV =10°

Fig. 10 Positioning error distri-
bution in dark light

RMS Error [m]

Figure 9 shows the received power distribution resulted by the four LEDs over the
whole room, and the SNR at receiver. When the receiver travels away from the room center
towards the edges, the brightening level caused by the four LEDs gradually lessens result-
ing in errors occur, depending on the received power at receiver location. For the receiver’s
position estimation, the RSS based trilateration strongly depends on the power received by
the photodiode.

Figure 10 displays the positioning error distribution with RSS and without the effect
of background light. An average error of ~4 cm is obtained at 1000 Im LED intensity.
The procedure is actualized in different places in the room and the localization errors are
estimated.

Figures 9, 11 and 12 show the received power distribution of LEDs transmitters in the
room with a different semi angle and FoV, in addition to SNR at receiver. Figures 10, 13
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Fig. 12 Positioning error distri-
bution in dark light
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Fig. 13 Dark light VLP: 4 LEDs transmitters at semi-angle at half power, 6 =60° and FoV =60°
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Fig. 14 Positioning error distri-
bution in dark light

RMS Error [m]

and 14 depict the positioning error in each case. A zero positioning error indicates the
points where localization fails. Obviously, the lower values of both ¢ ,, and FoV result in
VLP system inability in solving the triangulation problem, in some areas, because the RSS
measured by at least 3 LEDs could not be obtained. The positioning error in corners is
higher than that at center points because less dense light is deployed in the corner points.

6 Conclusion

In this work, a VLC indoor positioning system is utilized in a smart room. Since most of
these systems require the light to be ON, resulting in a power waste when the illumina-
tion is not required. Here, we discussed the main challenge in dark light VLC environment
when the light appears OFF. We suggested a positioning system of receiver based on RSS
positioning algorithm. According to the obtained simulation results, an average positioning
error ~4 cm is achieved with 1.4 mW LED power without background noise. The proposed
system shows superiority when compared with other VLC IPS systems, in energy saving
and high positioning accuracy.
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