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Abstract: Indoor positioning systems based on visible light communication (VLC) using white light-
emitting diodes (WLEDs) have been widely studied in the literature. In this paper, we present an
indoor visible-light positioning (VLP) system based on red—green-blue (RGB) LEDs and a frequency
division multiplexing (FDM) scheme. This system combines the functions of an FDM scheme at
the transmitters (RGB LEDs) and a received signal strength (RSS) technique to estimate the receiver
position. The contribution of this work is two-fold. First, a new VLP system with RGB LEDs is
proposed for a multi-cell network. Here, the RGB LEDs allow the exploitation of the chromatic
space to transmit the VLP information. In addition, the VLC receiver leverages the responsivity of a
single photodiode for estimating the FDM signals in RGB lighting channels. A second contribution is
the derivation of an expression to calculate the optical power received by the photodiode for each
incident RGB light. To this end, we consider a VLC channel model that includes both line-of-sight
(LOS) and non-line-of-sight (NLOS) components. The fast Fourier transform (FFT) estimates the
powers and frequencies of the received FDM signal. The receiver uses these optical signal powers in
the RSS-based localization application to calculate the Euclidean distances and the frequencies for the
RGB LED position. Subsequently, the receiver’s location is estimated using the Euclidean distances
and RGB LED positions via a trilateration algorithm. Finally, Monte Carlo simulations are performed
to evaluate the error performance of the proposed VLP system in a multi-cell scenario. The results
show a high positioning accuracy performance for different color points. The average positioning
error for all chromatic points was less than 2.2 cm. These results suggest that the analyzed VLP
system could be used in application scenarios where white light balance or luminaire color planning
are also the goals.

Keywords: visible light communication (VLC); visible light positioning (VLP); free-space communi-
cation; RGB LED

1. Introduction

Indoor positioning systems (IPS) have been widely studied in the literature for different
applications such as indoor navigation in museums and exhibition centers, tracking people
or objects in indoor scenarios, robot movement control, location-based advertisement
distribution in stores, etc. [1]. Some existing technologies have been used to provide indoor
localization services, including Bluetooth, Wi-Fi, infrared ray, radio frequency identification,
ultra-wideband, ZigBee, ultrasonic, and more recently, visible light communication (VLC).
In particular, visible light positioning (VLP) is a VLC-based technology that has attracted
more attention due to its high accuracy and low-cost implementation [2]. In recent years,
VLC-based localization systems have already been proposed for application in healthcare
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facilities, indoor public spaces, shopping centers, underground mines, the Internet of
Things (IoT), etc. [2-7]. Various methods can be adopted to build a VLP system, such as
angle of arrival (AOA), time of arrival (TOA), and received signal strength (RSS). Although
TOA requires strict synchronization between transmitting and receiving, AOA needs higher
hardware requirements. On the other hand, RSS-based methods have attracted extensive
attention for their high positioning accuracy, low cost, and simplicity in hardware. In this
way, this paper adopts an RSS-based indoor localization solution [8-10].

In principle, a light detector-based VLP system uses a photodiode sensor to capture
the optical signal from WLED lamps and utilizes the RSS information of WLED lamps
for positioning calculation with a trilateration algorithm [11]. The adoption of WLEDs in
lighting applications has yielded many VLP solutions in the literature. The advantages
of WLEDs include a long lifetime, small size, low power consumption, and high effi-
ciency [12,13]. A VLP solution based on WLEDs can be classified according to the number
of LED lights used for positioning, i.e., a single LED or multiple LEDs. In 2013, Kim et al.
proposed an RSS-based VLP system using a radio frequency (RF) carrier allocation tech-
nique with three WLEDs. The results of the experiments for a single-cell showed position
error estimates of about 2.4 cm on average in an indoor space of 60 x 60 x 60 cm? [14]. In
2016, Hsu et al. proposed an indoor visible light positioning experiment that combines
the LED’s ID positioning, RSS, radio frequency carrier allocation, and a solar cell as an
optical receiver. This VLP system also uses three WLEDs in a single cell, which achieved
centimeter-level positioning accuracy [15]. Another experimental VLP solution is presented
in [16], based on linear interpolation, RF carrier, and three white LEDs. The results showed
that the achieved positioning error is lower than 5 cm. The work of Xu et al. [17] used
multiple photodiodes to help WLED position calculation with projective geometry and RSS
indications. Their VLP system achieved a positioning error of 13 cm with an architecture
based on two photodiodes and two WLEDs. In [18], Cai et al. used a particle swarm
optimization (PSO) algorithm to perform a three-dimensional coordinate estimation in an
indoor environment of 0.9 x 0.9 x 1.5 m3 with four WLEDs and one photodiode. Never-
theless, it is not advantageous to use PSO in a real-time VLP system with multiple cells
due to the iterations required for the localization problem. In [19], Huang et al. employ
received signal strength for a two-dimensional VLP system with a positioning accuracy
of about 8 cm in a small 200 x 60 x 60 cm® space. On the other hand, there are only few
research works that have proposed a VLP architecture for a multi-cell area based on white
LEDs [14-16,20-23]. For example, in [24], Little et al. proposed a multi-cell lighting testbed
for a VLP system based on the RSS technique and radio frequency allocation. The testbed
was constructed with 15 WLEDs in an indoor environment of 1.8 x 3.9 x 1.47 m® with an
average accuracy of 50 cm. However, this work did not provide simulation or experimental
results. In addition, when the application scenario has a large coverage area, the complexity
of the implementation could be high due to the multiple transmitter LEDs needed in the
VLP system. In [25], a visible light positioning system is proposed for indoor Internet of
Things. The simulation system is conducted with 4 cells and 16 WLEDs in a room size of
10 x 10 x 3 m3. A filter bank of multicarrier-based subcarrier multiplexing (FBNC-SCM)
techniques was exploited to provide a high-speed data rate and high-accuracy positioning.
However, Tx and Rx modulation and demodulation processes are very complex due to
the multiple sub-processes such as the synchronization of all WLEDs, band and low-pass
filters, inverse fast Fourier transform, quadrature amplitude modulation and others.

On the other hand, there are few existing works on multi-color transmission channels
for VLP systems. Trichromatic WLEDs based on red—green-blue (RGB) LEDs have become
promising in the VLP system because they offer the possibility to perform wavelength division
multiplexing (WDM) and color shift keying (CSK) [26,27]. In [26], Vieira et al. proposed a
VLP based on RGB LEDs with WDM, a double PIN photodetector with two UV light biased
gates, the RSS technique, and the multilateration method. Additionally, an extra ultraviolet
LED was added to the system for error control in the synchronization process of the
transmitter and receiver. The VLP system performs different filtering processes and decodes
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encoded signals for recovering the transmitted data information. However, Vieira et al. [26]
only presents a VLP architecture for one cell where the complexity is affected due to multiple
processes. Furthermore, it does not provide an explicit expression to estimate the Euclidean
distances of the VLP system based on RGB LEDs. Moreover, the work in [26] does not
report the result of the evaluation of the localization error’s performance.

In this paper, we propose for the first time an indoor VLP solution for a multi-cell
network using RGB LEDs. The positioning system combines a frequency division multi-
plexing (FDM) scheme with an RSS-based trilateration method within a network with K
cells. Each cell consists of three RGB LED transmitters and one photodiode detector located
at the mobile user as the optical receiver. This method resembles the VLC system using
color-shift keying (CSK) modulation, as proposed in the standard IEEE 802.15.7 [27-30].
Some important features of the CSK scheme are adapted to the localization problem in the
VLP system of this work. Furthermore, we enable FDM signals on the CSK symbols to
transmit the identification (ID) of the luminaries but also to mitigate inter-cell interference.
A total of seven chromatic points are used in the VLC transmitter configuration. The
expression of the Euclidean distance for the 7-CSK constellation is calculated according
to the optical channel response and the power spectral density in the received signal. For
the analysis of the VLP system, we adopted the VLC channel with line-of-sight (LOS) and
non-line-of-sight (NLOS) components. The evaluation of the error performance is given as
a function of the chromatic point transmitted by the RGB LED. Finally, the properties of the
proposed positioning system are investigated using Monte Carlo simulations.

The sections to come are organized as follows. Section 2 presents the conventional
VLP system model based on WLEDs. The proposed VLP system model is then introduced
in Section 3 to include RGB LEDs. After that, the results are presented in Section 4, followed
by the conclusions in Section 5.

2. VLP System Model Based on WLEDs

This section gives a brief overview of the operating principles of the existing VLP system
models using WLEDs [14-16]. Although some research works in the literature consider multi-
ple cells within the VLP architecture [14-16,20], they confine the simulation or experimental
evaluations to the single-cell scenario. Therefore, let us first review the basic VLP model using
WLED:s. Figure 1 presents a conventional single-cell architecture of the VLP system based on
WLED:s for a two-dimensional (2D) location system [14,15,20].
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Figure 1. Architecture and geometric model of the VLP for one cell based on three WLEDs.
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In this architecture, three WLEDs placed on the ceiling in a triangular configuration provide
coverage for the cell. The principle of VLP is that each WLED transmits a unique signal that
allows users to calculate their position. An optical receiver, such as a photodiode (PD), can use
this information and a trilateration algorithm to calculate the location of the user.

The application of the trilateration method requires the signal of at least three WLEDs
to calculate a 2D position of the user. It estimates the Euclidean distances d; between the
PD and each WLED position, which mathematically can be expressed as [14,15,20]:

i =y (xe = )2+ (e — 10 + (ze = 2% M

where (x;, y;, z;) is the coordinate of the i-th WLEDs fori = 1,2,3, and (e, Ve, 2.) is the PD
position. The height of each WLED on the ceiling is the same; that is, z; = zp = z3 = Z and
ze = 0, where (X, Y, Z) are the workspace dimensions. Then, the estimated 2D position,
X = [x¢ Y], can be calculated by following a system of two linear equations. Such a system
can be rewritten in a matrix form as follows [14,15]:

AX = B, )

where

Ye

A2 —d2 32 4y2—x2 2

X2 — X1 Y2 —1  [xe 4B — (d1—d3 22y2 1-v1)
, X= , and B = (R—d2 421222 —2) |

X3 —X1 Ys—Y1 ) 32y3 1~Y

As previously mentioned in Section 1, several approaches can be used to calculate the
Euclidean distances between the PD and the WLEDs, such as RSS, AOA, or TOA [14-16,20].
For the study of the VLP system proposed in this work, we take as reference the WLED-
based VLP system presented by Constanzo et al. [20]. However, it should be noted that
their model is useful for a VLP system with one cell. Therefore, in Constanzo et al., the
Euclidean distances d; are derived using the RSS method [20]. The FDM signals are adopted
to divide the total bandwidth into a series of frequency sub-bands corresponding to each
optical signal transmitted by WLEDs, Pryp;, with line-of sight (LOS). The light sensor
transforms the incident optical power into a photovoltage, x;(f), conditioned and processed
by electronic devices. The calculation of d; between a WLED and the light sensor can be
calculated as follows [20]:

d; = (’15‘"(’” + 1>A€PTomT<w>g(w>>n#z, .

27TP”'

where h}" is the height between the i-th WLED and the PD receiver, with m as the order
of the Lambertian radiation; A is the effective area of the photodiode;  is the calibrating
factor; T(y) is the gain of the optical filter; g(1) is the receiver’s optical concentrator gain;
1 is the angle of incidence with respect to the axis normal to the receiver surface; and P;;
is the receiver’s optical power. Observe that m is related to ¢ /2, which is the transmitter
semi-angle, by m = —In2/In(cos(¢/2)). In [20], they proposed to use the power spectral
density of the photovoltage signal to estimate the received optical power values, as shown
in the equation below (4).

it
Pr; = /f_; PSD[x;(1))df, 4)

where PSD|-] defines the power spectral density of the signal, and f; and Q;, fori =1,2,3,
are the carrier frequencies and the quality factors of peak filters, respectively.

Finally, the (x;, y;, z;) position of the luminaires is estimated by identifying binary
codes or the frequency of the carrier signals associated with each ith transmitter [14-16,20].
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3. Proposed VLP System Model Based on RGB LEDs
3.1. System Model

The conceptual multi-cell architecture of the proposed VLP system is presented in
Figure 2. The coverage area of the indoor scenario is divided into K small cells, celly, for
k=1,2,3...K, each consisting of three RGB LEDs. Figure 3 shows the proposed method
of the VLP system for a multi-cell network based on luminaire (L) RGB LEDs. This system
includes three stages: (1) transmission protocol, (2) optical receiver, and (3) localization
process. The first stage consists of the color coding based on the CIE 1931 chromaticity
space, the FDM+DC technique, RGB LEDs as VLC transmitters, and optical channels based
on the Lambertian model. The optical receiver is based on the Thorlabs” PDA36A light
detector model, where we exploit the sensitivity response of the photodiode for estimating
the RGB light power as a function of the photocurrent. This process is similar to those
utilized in [27,31]. Then, the PDA36A converts the photocurrent into a voltage signal with
a transimpedance amplifier. Finally, in the localization process, the FFT is applied to the
voltage signal. After that, we suggest a mathematical procedure to calculate the Euclidean
distance between the RGB LED emitter and the optical receiver. Next, the trilateration
algorithm is used to estimate the receiver position.
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Figure 2. Muti-cell architecture of the proposed VLP system based on RGB LEDs.
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Figure 3. Proposed method for the RGB LED-based VLP system.

3.2. Transmission Protocol

In this section, we use the notation of PtCh(c); to mention the transmitted optical
power of some ¢ channels for ¢ = red (R), green (G) or blue (B), of the RGB LED i in celly.
Note that all channels of an RGB LED transmit the same carrier signal. This is to take
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advantage of the maximum power emitted by each RGB channel. This is explained in detail
in this section.

In every celly of the network, each RGB LED will transmit a VLC signal with a unique
identifier through a specific carrier frequency. Our approach allows for exploring the CIE
1931 RGB color space [32] to enable symbol mapping and constellation design in the same
fashion as in color-shift keying (CSK) schemes [27]. Figure 4 illustrates an example of the
color space constellation diagram for the 7-CSK modulation scheme with a triangular region
denoted by the “RGB” vertices.

Figure 4. CIE 1931 chromatic points to explore in the VLP system based on RGB LEDs.

The transmitter of the VLP system is composed of multiple processes. The first process
is the selection of the chromatic point on CIE 1931 space. This constellation point generates
normalized optical powers for each RGB light channel. Then, these power levels are used
to configure the FDM scheme and the direct current (DC) generation block. The signals
generated by these systems (FDM + DC) modulate the bias current of the RGB LEDs. The
FDM signal encodes the identifiers (ID) of each RGB LED through frequencies, and the DC
signal configures each RGB LED to yield positive optical signals. This mechanism ensures
that the RGB LED transmits the ID while maintaining color balance.

Specifically, the transmission protocol is defined as follows. First, we select one chromatic
point on CIE 1931 color space (see Figure 4) for transmitter configuration. The chromatic point
is represented by the normalized optical power vector [P;, Pg, Py] T through the Equation (5).
Each chromatic point (x, y,) could be explored in the transmission of the carrier signals of
the VLP system. Therefore, any constellation point (from P; to Py) can be represented by the

vector of optical powers
-1
P, Xr Xg  Xp Xp
P= 1P| = |yr Ys Yo Yr |~ ®)
by, 1 1 1 1

where the ordered pairs (x, y;), (xg, yg) and (xp, yp) represent the color values (x, y)
associated with the peak wavelength of the sources of red, green, and blue light, re-
spectively [27]. The optical power signals [P, Py Py]" of ith RGB LEDs in each celly are
transmitted through the free space channel Hy ; .(0).

Using an FDM technique, the ith RGB LED in cell; will transmit its identification
signal PtCh(c)y ; in a specific RF carrier wave with a modulation frequency fi; through
each particular channel c. Since the carrier wave exhibits signal variations from negative to
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positive values, a DC bias should be applied. Therefore, the carrier signals transmitted by
each channel of the RGB LED are shown in Equation (6):

PCH(C): PCPLEDCszn;ZTEfkl )+ ), ©)

where P is the normalized optical power for channel ¢, and PLED, corresponds to the
maximum emission optical power of the ¢ channels of the LEDs. Notice that these optical
powers will depend on the characteristics of the RGB LED used. The chromaticity of the
light emitted by RGB LEDs is established through the aforementioned process. Following
electrical-to-optical conversion, the optical signal is propagated through free space, where the
channel DC gain of the visible light communication system, Hy ; .(0), is composed of an LOS
and non-LOS (NLOS) component, such that Hy;.(0) = Hy;.(LOS) + Hy;.(NLOS) [33].
This can be expressed by (7) [33]:

+1 . A .
e AT TWW) + 50

Hk,i,c (O) =

where A;pom is the room surface, and (p.) expresses the average reflectivity of a given room.
According to the definition of (p.), we can adopt the (p,), {p¢) and (p) values proposed
in [34]. On the other hand, we use the definition in [20,35] for the LOS channel. They
assume cos(1) = cos(¢) is also equal to hy ;/dy ; for horizontal orientation. Equation (7)
can be rewritten as:

ANIT@)gp) + 5o ®

3.3. Optical Receiver

We make use of only one photodetector to convert the optical signals received from the
RGB channels, to an electrical photocurrent [30,31]. Then, the photocurrent signal is used
for the PD positioning problem, considering RF identification and the RSS technique. Next,
the receiver optical power PrCh(c) for ¢ channels in the celly can be determined as follows:

K
PrCh(c Z PtCh(c)yiHy i (0). )

I

We use a single photodiode as an optical receiver of the RGB signals, in a similar
fashion to the CSK-based VLC system proposed in [27,31] for low complexity receivers.
However, the photodiode transforms each component of the RGB light into a photocurrent
signal r(t) corrupted by additive Gaussian noise n(t) (AWGN), as shown in Equation (10):

r(t) = GampSPrCh(c)R(Ac) + n(t), (10)

where Ggpp corresponds to the transimpedance gain; S is the scale factor; and the scalars
R(AR), R(Ag) and R(Ap) determine the photodiode responsivity associated with each red,
green and blue wavelength, respectively [36]. Note that, the receiver optical power PrCh(c)
is made up of several carrier signals on different RGB light channels. Such a scheme takes
advantage of the FDM structure by avoiding the use of multiple photodiodes with RGB
filters in the receiver. Therefore, the localization process requires decomposing the FDM
signal at the receiver by applying the fast Fourier transform (FFT) on the RGB optical power
signal received at the PD. This process allows for estimating the power-spectral density
(PSD) of the received power signal, as shown in Equation (11):

PSD[PrCh(c)R(A.)] = PSD [Ga:,zs} (11)
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3.4. Localization

In this section, we describe the localization stage for the VLP system based on RGB
LEDs. This process is mainly divided into two phases. At first, the Euclidean distances
between the RGB LED transmitters and the optical receiver are computed by processing the
FFT of the voltage signal generated with the light sensor and using an RSS-based method.
A simple frequency identification algorithm is used for the RGB LED position estimation.
The second phase performs the trilateration algorithm that uses the Euclidean distance and
the RGB LED position parameters to estimate the receiver location.

Figure 5 shows an example of the received RGB power vector for a VLP system with
two cells. In this example, we use six carrier frequencies to modulate the RGB LEDs with
Pry ; as the maximum value of the received optical power for the R, G and B channels of the
celly with k = 1,2. Considering Equation (11), we can apply the integral to the PSD signal
in the interval f;; = A to calculate Pry ;, as it is shown in Equation (12):

frith r(t)
Pry; = R(A)PECH(C)g 1 Hy 1o (0) = max (/ PSD{ }df), (12)
’ o fri=d GampS

where f} ; represents the carrier frequency of luminaire i in cell k, and £A is the frequency
limits used to delimit the area of peak powers Pry ;. It should be noted that only three
optical signals are needed for the two-dimensional positioning problem. Consequently,
a basic search algorithm is carried out on the signal Pry ; to identify the three-maximum
powers (TMP) and the associated frequencies. The Euclidean distance dAk,l- is then estimated
by measuring the received signal strength (RSS). Note that Pry; and dAk,i are scalar values.
Therefore, we only consider the root mean square (RMS) values of the optical signal
transmitted by each channel ¢, with Ptrms(c),; = RMS(PtCh(c)y ;). In addition, it should
be noted that each RGB LED transmits the same carrier signal through the ¢ channels.
Therefore, the total contribution of the RMS optical powers emitted by the ¢ channels
was considered as a summation. Consequently, and substituting Equation (8) in (12), the
Euclidean distance is estimated as shown in Equation (13):

4 i (D EL ((ROWPIms(€)g) AT (p)g () 13)
ki 270(Pry;—X8_g (R(Ac)Ptrms(c)y;Hyi o (NLOS)))

On the other hand, the frequencies f ; are used to identify the coordinate (x;, vy ;)
of luminaire i of the cell;. Finally, we perform the trilateration algorithm with dy; and
(Xki, Yii) to estimate the position of PD (¥, ¥.) using Equation (2).

x108

g1sr Cell,

i Pr Pr,
0.5 ‘ ‘ 1,2 | Prgvg Pr2,3
0 0.5 1 15 2 25 3
F (Hz) x10%

Figure 5. Power spectral density on the RGB optical power vector for VLP-based RGB LEDs
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4. Simulation Results and Discussion

In this section, for the various color points addressed in Section 3, we evaluate the
indoor positioning performance under the LOS and NLOS VLC channel model. We use the
Monte Carlo method to evaluate the positioning error of the proposed RGB LED- based
VLP system. The simulation results are presented using different mobile locations and
chromatic points for the RGB LEDs. The chromaticity coordinates on the CIE 1931 of the
red, green, and blue LEDs were (0.70, 0.30), (0.19, 0.78), and (0.09, 0.13). We explored
a total of seven color points p; to py for the RGB LED configuration. Each chromatic
point was evaluated in the VLP system. The specific chromatic point (x,, y,) and the
normalized optical power vector [P, Pq P,)" are shown in Table 1. It should be noted that,
each optical power vector satisfies the rule P + Py + P, = 1 for the CIE 1931 standard [32].
The simulated VLP system considers two cells with a total of six RGB LEDs, as it is shown
in Figure 2. This architecture allows us to validate the proposed method presented in
Figure 3. We highlight that this architecture can be extended for multiple cells depending
on the area of the application scenario.

Table 1. Color coordinates and normalized optical power vector.

Chromatic Point (xp, Yp) [P, Py P,)T
o (0.2549, 0.5849) [0.2274 0.6228 0.1498)"
- (0.4264, 0.4410) [0.5236 0.3396 0.1369]"
p3 (05349, 0.3411) [0.7105 0.1492 0.1403] 7
” (0.4310, 0.2940) [0.5233 0.1512 0.3255]7
ps (0.2892, 0.2490) [0.2728 0.1770 0.5502] 7
Pe (0.2676, 0.4024) [0.2416 0.3841 0.3743] T
D7 (0.3804, 0.3769) [0.4395 0.2854 0.2751]7

The parameters used in the simulations of the VLP system are summarized in Table 2.
The ceiling is fixed at a height of 2.2 m from the receiver (photodiode), assuming that in
real applications, the user could carry the receiver at a height (z.) of 0.8 m from the floor.
We divide the space in the X-Y plane into a 4 x 7 grid. Each point of the grid indicates a
test spot and the real coordinates (x,, y.) of the receiver. For the VLC channel model, we
use the definition in [33] for the NLOS channel and we can adopt the average reflectivity
proposed in [34]. However, the reflection coefficients presented in [34] were estimated
considering the power spectrum of a WLED as an emission source. Consequently, the
values for (p;), (pg) and (p;) of the RGB LED adopted in this article are approximate
values of the R, G and B components of the WLED proposed by [34]. Next, we estimated
the received RF power with the power spectral density according to Equation (11), where
the maximum value of the received optical power for R, G and B channels were computed
with Equation (12). After solving the Equations (13) and (2), the positioning result can be
obtained. Please note that the positioning error is then defined as the Euclidean distance
between the actual coordinate (x., y.) and the estimated mobile receiver position (¥, e)
on all the test points.

Figures 6 and 7 show the results of the positioning errors obtained for all chromatic
points (p1—py). All chromatic points showed similar localization error performance. It can
be seen that the lowest positioning errors were obtained for p¢ (see Figure 7b) (on average
1.96 cm), and the highest errors for ps (see Figure 7a) (on average 2.13 cm). This small
variation in localization error could be related to the effect of the NLOS component and
photodetector responsivity for some wavelengths on the performance of the VLP system.
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Table 2. Simulation parameters.

Parameters Value Parameters Value
Dimension space X=6Y=3Z=3m RGB LED optical power for channel 3.333 W
RGB 1 coordinates (0.75,0.75,3) m fi1 5 kHz
RGB 2 coordinates (1.50,2.25,3) m fio 10 kHz
RGB 3 coordinates (2.25,0.75,3) m fi3 15 kHz
RGB 4 coordinates (3.75,2.25,3) m fo1 20 kHz
RGB 5 coordinates (4.50,0.75,3) m fap 25 kHz
RGB 6 coordinates (5.25,2.25,3) m f23 30 kHz
RGB LED half-power angle ¢$/2 = 60° R(AR) 041 A/W
Detector area A=13"%m? R(Ag) 02 A/W
Gamp 0.75° V/A R(Ap) 0.12 A/W
Scale factor $=05 Noise (RMS) 34070V
T(y) 1 <) 1
Sampling rate 96,000 kHz FFT points 1500
A 300 Hz (or) 0.0733
{pg) 0.0450 (ov) 0.0558
Avoom 90 m? m 1
(a)- Py Average error = 0.021294 (b). Py Average error = 0.020555
E 0.1 E 0.06
Widthm) Length (m) Width m) ~ ° Length (m)
(c). Ps- Average error = 0.021105 (d). p,- Average error = 0.020811
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The performance for some of the chromatic points showed larger errors at the sides
or corners of the room. This could be caused by the low optical power provided by the
RGB channels on the surface of the photodiode. However, the results of the maximum
average localization error of 2.13 cm show a good performance of the VLP system based on
RGB LEDs. These results validate the proposed method and the derived equations in the
parameter estimation process. We remark that any chromatic point in the CIE 1931 space
could be exploited in the design of the VLP system based on RGB LEDs. Nevertheless,
the color balance should be set according to the lighting requirements of the application
scenario. For example, the p7 color point (see Figure 7c) can be used if the application
scenario requires white light balance. Otherwise, the chromaticity of the light contributions
by points p; to pg can be useful in other scenarios such as museums, where the color
planning of the luminaires can be configured for some artwork or specimens.

The RGB LED-based VLP system showed good error performance as compared to
existing WLED-based VLP architectures [14,16,17,19,24]. Additionally, we note that in VLP
architecture based on RGB LEDs, the signal-to-noise ratio could be positively impacted by
transmitting the same carrier signal over the RGB channels. Our proposed VLP system also
allows us to explore the color temperature of the RGB luminaire, considering the CIE 1931
standard, which is not possible with WLED because the color temperature is fixed. However,
it is important to note that the VLP architecture based on RGB LEDs requires more hardware
components than that based on WLEDs. On the other hand, our VLP system proposes cells
based on three RGB LEDs, where the mathematical expression to estimate the Euclidean
distances were derived. Our system requires fewer components than the VLP architecture
proposed by [26] because they employed an additional ultraviolet LED in the VLP system
based on RGB LEDs. Additionally, they do not provide an explicit expression for estimating
the Euclidean distances.

5. Conclusions

In this work, we presented a novel design of a VLP system based on RGB LEDs con-
sidering multiple cells and a frequency division multiplexing scheme. We proposed indoor
positioning adopting VLC based on the LOS and NLOS environment, which was investigated
by simulation. We propose a new method to estimate the position of the mobile user receiver
within a multiple-cell coverage network, suggesting different possible sets of chromatic
points in CIE 1931 space for the configuration of the transmitters. This system adopted the
RSS and trilateration techniques that combine frequency identification for the localization
problem. The proposed design achieves a simpler and more flexible transmitter position
identification than using frequency identification combined with the modulation technique.
The resulting VLP system is able to perform lighting system chromaticity control, visible
light communication and indoor positioning simultaneously. A proof-of-concept example
was developed to test this approach. We emulated a practical indoor scenario by setting
the height of the room at 3 m with a distance of 2.2 m between the RGB LEDs, on the
ceiling of the room, and the photodiode receiver. In addition, numerical simulations have
been carried out to validate the analytical expression derived for the Euclidean distance
vector. These results showed good agreement between the experimental simulation and
the theoretical analysis. We observed a high positioning accuracy performance for the
chromatic point ps. However, the average positioning error for all chromatic points was less
than 2.2 cm. The proposed VLP system would be useful for various indoor location-based
applications. The chromatic point p7 could be recommended for an application scenario in
which the lighting requires white light balance. More importantly, this VLP-based RGB
LED maintains compatibility with the use of the CIE 1931 standard.
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