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Abstract: Visible light positioning systems (VLP) have attracted significant commercial and research
interest because of the many advantages they possess over other applications such as radio frequency
(RF) positioning systems. In this work, an experimental configuration of an indoor VLP system based
on the well-known Lambertian light emission, is investigated. The corresponding results are also
presented, and show that the system retains high enough accuracy to be operational, even in cases of
low transmitted power and high background noise.
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1. Introduction

During the past years, free space optical (FSO) communications and, more precisely,
visible light communication (VLC) systems have attracted considerable scientific and
commercial interest because of the many advantages these systems offer over other Radio
Frequency (RF) applications, and also because of the prospects of even greater technological
improvements. The most significant of these advantages are the transmission at very high
data rates, the low installation and operation costs, the high security level, operation within
the unlicensed spectrum of visible light, and the robustness to electromagnetic interference,
etc. [1,2]. Many references in the open technical literature demonstrate that the visible
light communication systems utilizing either light-emitting diodes (LEDs) or lasers could
be quite a promising alternative for present-day and even future high-capacity wireless
networks [3-6].

Over the past years, there has been a remarkable increase in the activities of indoor
positioning systems (IPS) given the growing development in emerging fields such as the
Internet of Things (IoT) and wireless sensor networks [7]; moreover, location-based services
have become an important part of our daily life [8]. Traditional indoor positioning systems,
which are based on the radio frequencies, are not so accurate because of fading due to
multipathing and signal penetration, while systems operating via ultrasound and infrared
radiation need more resources [7]. In contrast, a technique that has become dominant and
covers a wide field of applications is optical positioning [9]. The operation of IPS based
on light-emitting diodes (LEDs) has attracted more significant academic and industrial
interest due to the general advantages of VLC systems [10], but also because of the high
positioning accuracy [7]. Indeed, similar to the Global Positioning System (GPS), which
is widely used in outdoor environments, visible light positioning (VLP) can provide the
navigation information to find the target indoor destinations. It can therefore be utilized
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inside large buildings such as for asset tracking in hospitals or universities, for indoor
positioning applications for blind people, as well as to provide location-aware services,
such as antique information in museums or item prices in shopping malls [11,12].

In basic terms, a typical indoor VLP system consists of three or more different LEDs
at the transmitter side, the VLC transmission link, and a photodetector (equipped with a
photodiode) or a camera at the receiver side. In order to accurately determine the position of
the receiver, apart from decoding the arriving encoded signal, different data may need to be
obtained, such as the received signal strength, the noise level, the time of arrival, or the angle
of arrival. The type of information needed is based on the particular positioning algorithm
employed. The major positioning techniques to perform such a location estimation, include
the received signal strength (RSS), time of arrival (TOA), time difference of arrival (TDOA),
and AOA (angle of arrival) [13]. Among them, RSS is the most widely investigated mainly
due to its high positioning accuracy and low cost [8]. Meanwhile, positioning 3D static
targets and 2D fast moving targets are emerging research directions [14-17]. In more detail,
the indoor positioning methods based on VLC are mainly distinguished as proximity,
triangulation, and image positioning [7]. The proximity method provides only proximity
location information on how close the optical receiver is to an optical transmitter and it
is the simplest location sensing method but with an accuracy as good as the resolution
of the grid [18,19]. Through the triangulation method, the target’s position is evaluated
by distance measurements from at least three reference locations [20-23] utilizing RSS,
TOA, and TDOA techniques. Triangulation determines the absolute position by using the
geometric properties of triangles. Here, we should clarify that there are two derivations
of triangulation: lateration and angulation. Lateration techniques, which involve the
TOA, the time difference TDOA, and RSS, estimate the position based on the measured
distances from the mobile device to multiple LED transmitters. In this context, trilateration
refers to the use of three LEDs. The angulation technique by means of AOA relies on
the measured angles relative to multiple LEDs to determine the position of the mobile
receiver terminal [19]. Note that perfect synchronization between the transmitter and
receiver terminals is required for TOA and TDOA, while in order to accurately determine
the distances through RSS, the optical receiver needs to receive signals from multiple
transmitters with no interference [24,25]. Finally, the image positioning method evaluates
the position of the receiver based on the coordinates of LEDs in the real world and in the
image, which makes this method complex and cumbersome, as reflected in [7].

In this work, by taking into account the benefits of VLC systems, we propose an optical
indoor positioning system using three white LEDs in the ceiling of a room; then, we present
the theoretical analysis of the Lambertian considered model and the analysis along with
evaluation of the corresponding experimental results of our setup.

Thus, the remainder of this work can be organized as follows: in Section 2, the theoret-
ical background of the Lambertian model is analyzed, while in Section 3 the experimental
setup and configuration is presented. Next, in Section 4, the corresponding experimental
results are presented, and finally, the concluding remarks are shown in Section 5.

2. Theoretical Analysis of the Model

Considering the properties and the state of the system, two models are commonly
used for the mathematical description of the channel, the Lambertian model [23-26] and the
exponential model [22,27]. When the channel is characterized by an unhindered connection
path between transmitter and receiver (the line-of-sight case), the Lambertian model is
used, while the exponential model is employed when lenses are installed in front of
the LEDs.

The radiation pattern of an LED diode is best described by the Lambertian model,
which is generally used for the estimation of irradiance of every light source. In the case of
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an LED lamp, the mathematical equation that estimates the optical power in a certain point
has the following form [28-32]:

= 2 o™ () To()g w)cos () M)
me—— 02
In(cos(®1/2)) ?

where P, and P; are the optical power received and transmitted respectively, A is the
physical area of the detector, D is the distance between the transmitter and the receiver, Ts
is the gain of the optical filter, g is the gain of the concentrator, ¥c¢ is the width of the field
of view of the receiver, 1 is the angle of incidence, and ¢ is the angle of irradiance.

The most commonly used positioning algorithm is the trilateration algorithm, which
is based on estimating the geometric locus of the possible locations of the receiver for
each reference point-LED and finding the intersection point of the curves. Taking the
distance from the LED into account, the possible position of the receiver can be located
on the circle in a two-dimensional plane or the sphere in a three-dimensional space, with
the radius equal to the distance. For a positioning system deploying multiple LEDs, each
LED creates its own circle or sphere, which corresponds to the possible positions of the
receiver, calculated by the specific LED. In order to estimate the position of the receiver, the
intersection point of the circles or spheres has to be calculated [32-37].

The estimation of the distance from each LED is usually achieved by measuring the
received signal strength (RSS) or the time difference of arrival (TDOA). Especially when
using a photodiode as the receiver, the received optical power can be easily estimated by the
output voltage obtained from the photodiode datasheet. The distance from the transmitter
is calculated by the selected channel model of the system. In contrast, the second technique,
the TDOA, takes advantage of the phase difference of the received optical signals for the
calculation of the distance. Supposing that the LEDs are perfectly synchronized to each
other, the phase difference indicates the propagation time of the optical pulse, which in
turn enables the estimation of the distance between the LED and the photoreceiver [32,36].
However, the latter technique is applicable only when a photodiode is employed at the
receiving end.

Having successfully acquired the distance values from each LED transmitter, by
applying the appropriate method, the required mathematical equations can be extracted.
Considering the case of locating the receiver on a flat surface, the equations derived for the
estimation of the coordinates (x, y) of the target have the following form [34,35,37]:

(x—x)* + (y—y;)* = df ®3)

where (x;, y;) are the coordinates of the center of the circle that is equivalent to the location
of the i-th LED that transmitted the pulse and d; the respective distance. The coordinates of
the receiver are evaluated by solving the derived system of equations.

3. Experimental Setup and Process
3.1. Experimental Radiation Pattern of LEDs

The aim of the first part of the experimental procedure is to extract an experimental
radiation pattern for the cold white LEDs. More specifically, a 5 Watt star LED will be used
with half-angle radiation 60 degrees. In contrast, the receiver will consist of the photodiode
BPW21. In order to drive the LED and the photodiode respectively, the following circuits,
depicted in Figure 1 for the transmitter and the receiver, were deployed:
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Figure 1. Optical transmitter and receiver. All the parameter values appear in Table 1.

Vout

Table 1. Technical specifications of optical transmitter and receiver.

Transmitter Receiver
Vce 24V Vc 5V
Rc 50 QQ/ /138000/ 150 R1 1kQ
Rb 1kQ R2 390 kQ)
BJT BD139 C 47 nF
Vin 5V

The technical characteristics of the circuits of Figure 1 are presented in the following table:

The values of Table 1 for R1, R2, and C were selected to deploy a receiver with high
sensitivity and at the same time to avoid any voltage saturation, after a wide range of
values were tested in the lab. The transmitter and the receiver will be placed on the same
plane with the LED having the ability to slide on the x axis and photodiode on the y axis.
Furthermore, the photodiode’s plane is always parallel to the LED plane so the orientation
angle of the photodiode does not affect the system [38]. The schematic of the experimental
setup is presented in Figure 2:

<
>

LED Photodiode

’

Figure 2. Experimental setup schematic.

Using the above setup, the voltage at the output of the receiver circuit will be measured
for various distances between the transmitter and the receiver. The LED will transmit optical
power, which will be received by photodiode, and the generated output signal will be a
number of pulses. To generate these pulses, we will build a code (via Arduino) where
the duration of each pulse of LED (duration that LED illuminates), and the duration that
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LED is off will have fixed values. For the photodiode, in order to take measurements, we
will build a suitable code (via Arduino) that will receive the transmitted output signal.
The purpose of using pulses is to measure the background noise when the LED is off and
abstract its mean value from the mean value of the pulse so that the impact of optical noise
is negligible. For higher accuracy during the experimental procedure, the background
optical noise was low and stable. Using the experimental measurements and Equation (1),
an experimental model will be extracted that will have the following form:

C x2
Vi) @

where V;, is the voltage at the output of the receiver, which has a linear relationship with
optical power, and C is a constant that includes all technical characteristics that are fixed
for a specific diode. The value of C will be calculated after fitting the experimental results
with the theoretical expected results of the Lambertian model.

3.2. Positioning

For the optical positioning system, an experimental setup that will consist of three
cold white LEDs will be constructed. For simplicity in trilateration calculations, the LED
transmitters will be placed on the x and y axis and the area where the receiver can be
tracked will be between the LEDs. This setup is depicted in Figure 3 below:

Tracking area of the
receiver

Figure 3. Positioning experimental setup.

In order to calculate the position of the photodiode, several pulses will be emitted
from each photodiode in certain time slots. More precisely, a time slot will consist of a pilot
pulse that will be emitted from all LEDs simultaneously with a fixed pulse width. The time
at the beginning of this pulse will be the t0 = 0 s of the time slot so that the receiver’s system
can synchronize with the transmitter. Then, each LED will emit a pulse at a certain time.
The pulse series that the photodiode will receive in each time slot is presented in Figure 4:

These pulses will create a voltage signal at the output of the photodiode circuit that
will be collected using an Arduino system. The voltage amplitude of each pulse at the
receiver will be used to calculate the radius of the circles that are formed on the plane of
the receiver between the coordinates of each LED and the spot of the photodiode using the

following equation:
| h2C
= _ K2
r v h ®)

where /1 is the distance between the LED and the plane of receiver.
The radius values that are calculated will be used in the trilateration method described
above in order to estimate the coordinates of the receiver’s photodiode. Due to the high
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complexity of the method, the pulses at the receiver will be transmitted in the Python
environment where the process will be implemented in real time.

A

v

Y
Timeslot

Figure 4. Pulses of positioning system.

4. Results and Discussion

In this section, the results of the experimental procedure that was described above
will be presented. Although the same type of LED was used for each transmitter, the
radiation pattern was examined for every LED separately to decrease the error in the real
environment. This procedure will help to investigate the limits of the system in a real
environment with higher accuracy. In order to extract the experimental optical power
pattern of each LED, the voltage at the output of the receiver was measured for various
distances between the receiver and the transmitter. More precisely, the values of distance
x were x = [0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45] m and the values of distance y were
y =10, 0.1, 0.2, 0.3] m. Furthermore, the procedure was repeated for various values of LED
transmitted power, P, in order to experimentally calculate the dependence between the
optical power transmitted and the voltage at the output of the receiver. The experimental
results after fitting procedure using linear regression are presented in Figure 5.

In Figure 5, it can be observed that the fitting is more accurate as the distance increases.
That was expected as the slot of the curve decreases. In addition, in case of y = 0, for x lower
than 0.15 m, the receiver is saturated as the voltage source that is used is 5 V, so every higher
value is expected to be saturated to 5 V. This fact is expected to have a negligible impact on
the performance of the system as it will be used for much higher distance values. According
to these results, the constant c that was extracted after applying the linear regression is
presented for each LED and Py in Table 2.

Table 2. Constant C values.

PL=15W PL=08W
y=0m y=01m y=015m y=0m y=01m y=0.15m
LED1 0.175 0.172 0.171 0.095 0.093 0.095
LED2 0.17 0.175 0.18 0.091 0.096 0.094
LED3 1.165 0.172 0.175 0.095 0.092 0.097

For the positioning procedure, four cases were examined for different values of height,
ie, h; =0.22 m and hy = 0.28 m, LED power transmitted, i.e,, PL1 =1.5 W and PL2 = 0.8
W, and background noise, i.e., low noise with room lights turned off and high noise with
room lights turned on. The height of the LED transmitters was set to two different values,
h; =0.22 m and hy = 0.26 m, with the maximum range in the x or y axis for accurate enough
results being around 0.5 m. In the case of higher values of h, the range of the system
is expected to be decreased. In all cases, the receiver’s photodiode was placed in nine
fixed spots with the coordinates being s = [0.05, 0.05], [0.15, 0.05], [0.25, 0.05], [0.05, 0.15],
[0.15, 0.15], [0.25, 0.15], [0.05, 0.25], [0.15, 0.25], [0.25, 0.25] m. More specifically, the cases
are presented in Table 3.
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Figure 5. Regression fitting results.
Table 3. Case studies details.
Height PL Noise
Case 1 0.22m 15W Low
Case 2 0.26 m 15W Low
Case 3 0.26 m 0.8 W Low
Case 4 0.26 m 0.8W High

The signals received for every case are presented in Figure 6.

Then, after processing the signals above, the distance between the receiver and the
center of the LED on the receiver’s plane was calculated. Using these distances and
the trilateration method that was described above, the coordinates of the receiver were
extracted. The results for every case are presented in Figures 7 and 8.

From the outcomes appear in Figures 7 and 8 it can be seen that for the same value of
power transmitted, the system presents higher accuracy when the receiver is closer to the
LED transmitter while the accuracy decreases when the photodiode reaches the limit of
the area.

By observing Figures 9 and 10, the accuracy of the system remains high, even for half
transmitted power and even for high background noise. Such results are very important
as the system is operational for a wide range of transmitted power and is not affected by
the background noise, so it can be used as a primary system in a room for lighting and
positioning or as a secondary system only for positioning without being affected by other
light sources in the room.
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Figure 6. Signal received in each case.
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Figure 7. Case 1 results.
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Figure 9. Case 3 results.
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Figure 10. Case 4 results.

In order to evaluate the accuracy of the system, the root mean squared error (RMSE)
and the mean absolute error (MAE) were calculated for the radius prediction of every
case and for the coordinated of every spot in every case. The corresponding results are
presented in Table 4.

Table 4. Case studies details.

Case 1 Case 2 Case 3 Case 4

RMSE LED 1 0.0155 0.0062 0.1177 0.0151
RMSE LED 2 0.0094 0.0036 0.0075 0.0079
RMSE LED 3 0.0193 0.0112 0.0103 0.0154
RMSE x axis 0.0111 0.0079 0.0096 0.0112
RMSE y axis 0.0153 0.0068 0.0097 0.0123
MAE LED1 0.0083 0.0044 0.0092 0.0127

MAE LED2 0.0032 0.0001 0.0054 0.0059

MAE LED 3 0.0143 0.0091 0.0079 0.0107
MAE x axis 0.0072 0.0061 0.0072 0.0097

MAE y axis 0.0002 0.0007 0.0056 0.0068

The very low values of the RMSE indicate a very small deviation from the residual
ground truth. Thus, the accuracy of the model is very high for all of the four cases that were
studied. When comparing these results to the results of other works concerning optical
wireless positioning systems [7,8], the errors and the accuracy are generally similar or even
better. The differences in the results between all these works are due to differences in the
experimental setup that is used each time, i.e., the use of an optical camera instead of a
photodiode. Therefore, a quantitative comparison between the results of each method is
not significant.

According to the above results, this system is operational in the case that there are
no obstacles in the area. In the case that an obstacle blocks the line of sight between the
receiver and the transmitter, the accuracy of the system will be significantly decreased. In
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addition, the presence of multiple light sources with high power may cause saturation at
the receiver.

5. Conclusions

In this work, a visible light positioning system with three cold white LEDs was
experimentally investigated. A theoretical study of the Lambertian model was carried out
as it is a very significant model for such applications. Then, an experimental configuration
was developed and analyzed based on this model, and by considering the experimental
measurements, the corresponding experimental results were presented, showing the fairly
high accuracy of the indoor optical positioning system. The results show that the system
is very accurate and the impact of the optical power transmitted and background noise
is negligible as long as the total power is higher than the optical threshold and it is not
saturated. Finally, VLP systems can be easily implemented provided that there is a VLC
system already in use and an appropriate photodiode is installed on the device requiring
positioning. The inexpensive and simple implementation of these systems has raised
interest and the need for further study to improve their performance. To follow on from the
current work, it is very important to scale up the employed setup in order to study cases
that approximate real-life scenarios and investigate the effect of various combinations and
orientations of LEDs.
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