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Abstract

The demand for indoor positioning is increasing day by day. However, the widely used
positioning methods today cannot satisfy the requirements of the indoor environment in terms
of the positioning accuracy and deployment cost. In the existing research domain, the
localization algorithm based on three-dimensional space is less accurate, and its robustness is
not high. Visible light communication technology (VLC) combines lighting and positioning to
reduce the cost of equipment deployment and improve the positioning accuracy. Further, it has
become a popular research topic for telecommunication and positioning in the indoor
environment. This paper proposes a surface centroid TOA localization algorithm based on the
VLC system. The algorithm uses the multiple solutions estimated by the trilateration method
to form the intersecting planes of the spheres. Then, it centers the centroid of the surface area
as the position of the unknown node. Simulation results show that compared with the
traditional TOA positioning algorithm, the average positioning error of the surface centroid
TOA algorithm is reduced by 0.3243 cm and the positioning accuracy is improved by 45%.
Therefore, the proposed algorithm has better positioning accuracy than the traditional TOA
positioning algorithm, and has certain application value.

Keywords: TOA algorithm, centroid of surface, visible light communication, indoor
location, three-dimensional space.
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1. Introduction

The position estimation method can be divided into two types: outdoor and indoor location

methods. In the open outdoor environment, the widely used location methods are mainly
global navigation satellite system (GNSS), infrared location, ultrasonic location, radar
location, radio frequency (RF) localization, and so on. The application of GNSS has been
very mature, and it has primarily four commonly used systems, namely, the global
positioning system (GPS), a commonly used GLONASS satellite navigation system
(GLONASS), Galileo satellite positioning system (GALILEO), and the Beidou satellite
navigation system (BDSNS). However, the applications of these systems are severely
restricted by high deployment costs and high energy consumption [1]-[4]. Moreover, due to
the penetration and partition loss, the GNSS cannot reach the ideal location precision in the
city, tunnel, or interior environments [5]. GNSS is recognized to be the legacy system for
outdoor environments and, to a great extent, is one of the most accurate sources of position
information when it is available. However, its operation in indoor or obstructed
environments is infeasible [6].

Indoor localization has gained increasing interest in the last few years because people
spend 89% of their time in indoor environments [7][8]. In order to overcome the
shortcoming of GNSS, many scholars have proposed a number of non-GNSS positioning
methods based on infrared and ultrasonic signals, radar, and so on. Although these
technologies can provide higher positioning accuracy, they need to deploy specific facilities.
The main methods of RF include cellular network, wireless LAN (WLAN, Wi-Fi) and
wireless sensor network (WSN). These methods have been extensively research on the basis
of the existing communication infrastructure [9]-[14]. However, the positioning accuracy of
these indoor positioning technologies ranges from tens of centimeters to meters. Such
positioning accuracy is not suitable for applications in which high positioning accuracy is
needed, such as in hospitals, nursing homes, shopping centers, and military training fields.
Therefore, a high precision indoor positioning technology is one of the hotspots in current
research. A schematic of the current positioning method is shown in Fig. 1.
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Fig. 1. Positioning technologies

Owing to the rapid development of communication networks, the visible light
communication technology (VLC) based on light-emitting diodes (LED) has been
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developing rapidly, and it reflects the characteristics of communication technology, which is
different from conventional RF based communication techniques [15]-[21]. First, this
communication technology uses flashing light signals rather than infrared and ultrasonic
signals. Second, the technology can combine communication with day-to-day lighting.
Because of these two characteristics, it demonstrates many advantages compared with RF
technology, such as low cost of equipment, easy to deploy equipment, and low signal
radiation. Owing to these advantages, VLC technology has become a powerful candidate for
next generation wireless networks, and more attention has been paid to location-based
services. Unlike in the RF technology, the optical signal is not affected by electromagnetic
interference, which makes the positioning system based on VLC achieve higher positioning
accuracy. However, because of the propagation characteristics of optical signals, the
VLC-based positioning system is not suitable for long-range determination. Moreover, the
performance of the system is also easily affected by noise sources such as granular noise,
thermal noise, and so on [22]-[24]. The research breakthroughs of visible light
communication technology and the popularity of lighting equipment have led to increasing
attention on the research of indoor positioning based on VLC. In order to achieve better
system performance with low cost, high location accuracy, and other advantages, researchers
have made continuous efforts regarding this concept and proposed several technologies [8].
The commonly used ranging and positioning algorithms based on VLC technology include
received signal strength (RSS), arrival time (TOA), arrival time difference (TDOA) and
arrival angle (AOA). In [25], an indoor location method, which combines the visible light of
LED with the indoor location by using multiple optical receivers, is proposed. This method
involves an algorithm for changing the transmission distance and angle by using the received
signal intensity indicator (RSSI). In addition, in order to estimate the position, multiple
optical receivers are used to receive the transmitter position code. In [26], an indoor location
system based on the RSS fingerprint of the design criteria is presented; a general probability
model is proposed, and the probability that a user can locate in a certain size area is given.
Moreover, according to a recently built fingerprint library, the best fingerprint reporting
strategy is proposed, which can achieve the best location accuracy and the given reliability
and guantity measurement. In [27], an indoor positioning system using white light LED is
analyzed; the system uses the modulation signal sent by the LED as the basis for the TOA
distance, based on the estimation of the intensity modulation window sine signal and
Cramer—Rao bound (CRB) estimation theory to calculate the limit of accuracy. The method
in [28] uses TOA to measure the relative position relationship between two locators. Because
of the special situation of the TOA ranging error, the indoor-positioning-based distribution
model cannot be incorporated using a traditional fixed anchor; a new relative positioning
model based on the alpha stable distribution is thus proposed. In [29], a wireless indoor
location method based on the TDOA location algorithm in the context of a light emitting diode
(LED) is proposed; this method assigns the frequency address to each LED lamp and
transmissions through the light radiation of the LED. The positioning accuracy of the indoor
space is less than 1 cm in the range of 5mx5mx3m. In [30], Li S,and et al. propose an
algorithm considering the correlation between TDOA measurements involving NLOS errors,
and integrate the existing TDOA measurement methods. A statistical ranging error model
based on experience distance data is proposed, which greatly improves the positioning
accuracy. A new concept is proposed in [31] combining the optical wireless visible light
communication with three-dimensional indoor positioning by using a single transmitter and
multiple tilted light receivers. The channel link is modeled by the characteristic data of the
transmitter and receiver. The proposed 3-D positioning algorithm is based on gain difference,
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which is a function of the angle of arrival and the received signal strength. In [32], a
three-dimensional indoor location scheme using a single beacon is proposed, which can
overcome the limitation of multiple LED beacons involved in one location process. The
scheme uses a mixed location algorithm of RSS and AOA to estimate the three-dimensional
position. While AOA-based approaches require the direction information of LED
transmitters, RSS-based localization considers the captured power from LED transmitters.
Although various studies have been performed on VLC systems, more research is required to
improve the estimation accuracy.

In this paper, a surface centroid TOA location algorithm (SC-TOA) for VLC systems is
proposed. The proposed algorithm uses the multiple solutions estimated by the three-edge
localization method to form the intersecting surfaces of spatial spheres. Then, the centroid of
the surface region is taken as the unknown node position. The positioning accuracy of the
algorithm is better than that of the traditional TOA positioning algorithm. The simulation
results show that the average positioning error of the SC-TOA location algorithm is reduced
by 0.3243 cm compared with that in the traditional TOA positioning algorithm. The
positioning accuracy is improved by 45%, .

The remaining paper is arranged as follows: Section 2 details the VLC indoor positioning
model. Section 3 describes the SC-TOA location algorithm in detail. Section 4 presents the
simulation results. Finally, the conclusions are presented.

2. The system model

To demonstrate the proposed scheme, we consider an indoor environment of
dimensions5mx5mxH , as shown in Fig. 2. The height of the room, H, is known to us. The
indoor VLC environment was composed of N LED arrays located on the ceiling of the room
as reference nodes (RN). The white LED light reference nodes are denoted as
s, s,---s,(i =1---N) In the figure. The coordinates of the sources are known, and are given by

(% ¥0z)s (% ¥2.2,) (%, ¥:.2,)(i=1--N) . PN is the node to be located and can be anywhere in
the room. Its coordinates are defined as(x, y,z) and are unknown.
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Fig. 2. VLC indoor location model

The RN node can communicate with the PN node through a VLC link. The VLC system
communication link is shown in Fig. 3. In Fig. 3 the white LED light source nodes can
communicate with the destination node through the VLC link. The modulated optical signal
emitted by the source S is X(t) and the signal received at the destination node using
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photodiodes is Y (t).
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Fig. 3. VLC system communication link

The most common modulation method in optical wireless communication systems is on-off
keying modulation (OOK), which uses instantaneous power [33] [34]. The most commonly
used wireless optical reception technology is a photo detector that transforms the received
light signals into electrical signals. In such situations, the VLC indoor location system will
encounter critical interference problems when the LED arrays located on the ceiling of the
room overlap. To avoid this problem, each LED uses pulse position modulation (PPM) [35]
[36], in which each transmitter emits signals in a given time slot, as shown in Fig. 4. Each
signal consist of data as well as the source’s location information. The signals received by the
destination from the various sources will not interference each other and can be used to
analyze signal characteristics.
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Fig. 4. VLC PPM modulation

We consider a source and destination, as represented above, in an indoor environment
under a guaranteed line of sight (LOS) condition. If the distance between the source and
destination is much larger than the area A , then the received irradiance is approximately

constant over the surface of the receiver. Furthermore, all signals are considered to arrive at
the same time at the receiver. Thus, Y(t) can be expressed as

Y (t)=RX(t)-h(t)+N(t) 1)
where, R is the photoelectric sensor conversion efficiency and h(t) is the channel impulse
response. The channel impulse of the VLC system can be represented as:
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h(t)= A}2(:(;1)

cos(yx)5(t—gj,0$y/ <FOov
c

where A is the receiving area of the photo detector, m=-In 2/|n(cos%2), d is the distance
between the source and destination, ¢ is the radiation angle, T,(y) is the gain of the optical
filter sink, g(y) is the gain of an optical concentrator, c=3x10°m/s is the speed of light, y

is the receiving angle, Fov is the field angle of the source, M represents Lambert's radiation
coefficient, and ¢,, refers to the half power angle of the LED light source. Noise is one of the
main factors that affect the accuracy of the location algorithm. It is mainly composed of

thermal noise, shot noise from background radiation and so on [37]-[39]. According to [39],
the noise can be modeled as a zero-mean Gaussian process. So N(t) is Gaussian white noise.

cos” (¢)T, (w)9(v)
)

3. Proposed SC-TOA algorithm

3.1 Traditional TOA positioning algorithm

The traditional TOA positioning algorithm aobtains the transmission time of optical signals by
measuring from a known reference node to a point to be measured, and calculates the distance
between the measured point and the known source. The algorithm uses the three known
sources as the centers of spheres; the point of intersection of the three spheres gives the
coordinates of the point to be measured. A diagram of the principle of the traditional TOA
positioning algorithm is shown in Fig. 5.

PN

Fig. 5. Principle of the traditional TOA positioning algorithm

The distance between the LED light reference node and the PN node to be located can be
calculated by the lower form:

d, =c-t =123 3)

Inequation (3), d.(i=1,2,3) represents the distance between the LED light reference node
and the PN node, t =T -T,(i=12,3) represents the transmission time of the light signal from
the light source to the PN node to be located, T, represents the emission time of the light
signal at the LED transmitter, and T, represents the receiving time of the optical signal
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received by the PN receiver.
The distance between the point to be located and the three light sources can then be
calculated to bed,. d,. d,. It satisfies the following equation:

d =c-t
d,=c-t, 4
d;=c-t,

According to the known coordinates, the spherical positioning formula is constructed as
follows:
) =

)2
)2

(xl—x)2+(y1—y)2 +(z, -2

(% =x)" +(y,-y) +(z, -2

(x3—x)2 +(y3—y)2 +(z, -2
The PN coordinates can then be calculated.

2

1
d,’ )
d32

3.2 The principle of the SC-TOA algorithm

Ina VLC indoor location environment, as shown in Fig. 2, the LED reference nodes are placed
on the roof to satisfy the equationz =z, =z,=H . Therefore, according to equation (5), the

coordinates of the PN nodes can be expressed as follows
d2=(% —x)"+(y,~y) +(H-2)’
d22:(x2—x)2+(y2—y)2+(H—z)2 (6)
d2 =(%—x)' +(y;—y) +(H-2)’
Equation (6) can be changed into the following matrix form:
PX =Q 7)
where
=% Yo=Y
P=|X-X Y;—%
X=X Y=Y,

o

(d?—df + X3 +y2 -x¢ = ¥7)/2
Q=|(d?-dZ+x+y;-x' -y7)/2|.
(df —df +x3+y2 =X —y3)/2
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The least squares method is used to solve matrix equation (7). First, the residual value is
defined as f=Q - Px . The residual value satisfies equation (8).

f2=(Q-PX ) =(Q-PX) (Q-PX) ®)

Therefore, the problem is transformed into solving the minimum value of the symbol as 2.
The algorithm requires derivation of equation (8) and makes the derivative zero. The solution

of X =[x, y]T can be obtained as follows:

X =(P'P) " P'Q ©)

When the result is substituted into equation (6), the PN coordinates can be obtained.

Ideally, as long as the source is not collinear, equation (9) must have a unique solution, and
the three spheres in Fig. 5 will intersect at one point. However, because of measurement error
and the influence of LED SAHP, the three spheres intersect at more than one point, and form a
curved surface area. This shows that equation (9) has multiple solutions, and the surface area is
bounded by these solutions.

Therefore, in order to estimate the location of the point to be located, PN, the centroid of the
surface area is used to replace the position of PN. The centroid of the surface can be obtained
as follows:

(ot

) ijp(x, y,z)dS

y :W (10)
[frptsy2)s

7= ].J'p(x, y,z)dS

where s={|ds represents the area of the surface and p represents density. The density is the
z

density of air at room temperature of 20 °C at standard atmospheric pressure, and its value is
1.205 kg/m”.

The algorithm uses (10) to calculate the coordinates of the point to be located PN and its
coordinate is(X,Y,Z).
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4. Simulation results and analysis
C Start )
v

Initialization: RN(S,. S,---S,(i=1---N) ) and PN (X, Y,Z)

v

Calculate: t» t,---t;(i=1---N) and equation (6) constructed

v

Using the least square method, calculate several solutions of X

v

Using the equation (10) to calculate the coordinates of the RN

v
C = D

Fig. 6. Simulation flowchart

We conducted simulations to evaluate the performance of the proposed system. The
simulation environment setup is shown in Fig. 2. The monitored region was set to an indoor
environment measuring5mx5mx3m. Specifically, there were several reference nodes and a
PN node to be located. The simulation flowchart is shown in Fig. 6. First, we placed RN nodes
on the ceiling of the room such that they were not in the same line. The number of the RN
nodes was N. PN node could be located anywhere in the room. Then, the communication time
between each PN node and the RN node was calculated, and equation (6) was constructed.
Using equations (6)—(9) and the least squares method, we could calculate several solutions for
X. Finally, we used equation (10) to calculate the coordinates of the RN.

I O real position

% estimated position

Fig. 7. Real and estimated PN positions

The real position of the PN node and the position estimated by the SC-TOA algorithm are
shown in Fig. 7. In Fig. 7, the x, y, and z axes represent the length, width, and height of the
model room, respectively. The circle represents the real position of the PN node.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 1, January 2018 286

Five-pointed star expresses the estimated position of the PN node. As can be seen, there is a
positioning error between the estimated and real positions.

The localization performance of the SC-TOA algorithm is shown in Fig. 8. In Fig. 8, the x
and y axes represent the length and width of the room model, respectively. The distribution of
the positioning error over the room for the indoor VLC system can be seen from the figure. In
general, the positioning error in the room is relatively small. However, in the corners of the
room, the positioning error is relatively large, because the RN node receives multipath signals.

error/m

yim o 0 xim

Fig. 8. The location error of the SC-TOA algorithm

The positioning errors of different algorithms are shown in Fig. 9. The abscissa represents
the number of positions and the ordinate represents the positioning error. In Fig. 9, the curve
labeled with hollow circles represents the traditional TOA algorithm. The curve labeled with
five pointed stars represents the SC-TOA algorithm. The error of the traditional TOA
algorithm is lower than 0.9 cm, whereas the error of the SC-TOA algorithm is lower than 0.6
cm, indicating that the latter has higher positioning accuracy.
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Fig. 9. Comparison of location error for different algorithms

Fig. 10, shows the relationship between the average location error and the number of
reference nodes for the two different location algorithms. The abscissa represents the
number of sources, and the ordinate represents the mean location error. In Fig. 10, the
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curve noted by the five-pointed stars represents the SC-TOA algorithm, and the curve
noted by the hollow circles represents the traditional TOA positioning algorithm. The
average location error of the location algorithms decreases as the number of sources
increases. Moreover, the average positioning error of the SC-TOA algorithm is lower than
that of the traditional TOA algorithm in the case of the same number of reference nodes. It
can be seen that the average positioning error of the SC-TOA algorithm is lower than that
of the traditional TOA algorithm by 0.3243 cm, and its positioning accuracy is improved by
45%.

| Iy T T T T T
X3
| Y:0.6903

—©— traditional TOA algorithm
—#— SC-TOA algorithm

I
ol

I X3
Y:0.416

o o o

N w N
T T 1
1 1

average positioning error/cm

o
[
T
1

1 1 1 1 1
4 5 6 7 8 9
number of sources/n

Fig. 10. Comparison of location error and source number
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5. Conclusion

VLC technology based on LEDs is considered to be the most promising communication
technology for the future, because it can be used for both lighting and communication.
Compared to traditional wireless communication at radio frequencies, VLC has several
advantages such as cost-effectiveness, immunity to electromagnetic interference, and a
larger modulation bandwidth. Therefore, a VLC system could be deployed in indoor
environments for both communication and positioning. In this work, a SC-TOA algorithm
based on a VLC system is proposed. The algorithm uses the multiple solutions estimated by
the trilateration method to form the intersecting planes of the spheres. It then calculates the
centroid of the surface area as the position of the unknown node. The simulation results
show that the average positioning error of the SC-TOA positioning algorithm is lower than
that of the traditional TOA positioning algorithm by 0.3243 c¢m, and the positioning
accuracy is improved by 45%. The complexity of the algorithm is relatively low, and it
exhibits improved positioning accuracy. It has good potential for application in hospitals,
shopping centers, apartments for the elderly, and other indoor environments.
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