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Abstract

This paper proposes a planar projection DV-hop location algorithm (PTCDV-hop) based on
the LED semi-angle at half power (SAHP, which accounts for LED SAHP characteristics in
visible light communication (VLC)) and uses the DV-hop algorithm for range-free
localization. Distances between source nodes and nodes positioned in three-dimensional
indoor space are projected onto a two-dimensional plane to reduce complexity. Circles are
structured by assigning source nodes (projected onto the horizontal plane of the assigned
nodes) to be centers and the projection distances as radii. The proposed PTCDV-hop
algorithm then determines the position of node location coordinates using the trilateral-
weighted-centroid algorithm. Simulation results show localization errors of the proposed
algorithm are on the order of magnitude of a millimeter when three sources are used. The
PTCDV-hop algorithm has higher positioning accuracy and stronger dominance than the
traditional DV-hop algorithm.
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1. Introduction

Public demand for location services has increased with developments in communication

network technology [1]-[2]. As statistics indicate people spend 70% of their time in family,
office, and other indoor environments, demands for indoor positioning are growing in
urgency. Global positioning system (GPS) currently plays an important role in the field of
positioning; however, it is difficult to receive GPS satellite signals in indoor environments.
Visible light communication (VLC) has become a new type of green communication
technology as communication networks have developed, using white light LEDs to conduct
high-frequency light and dark scintillation signals and actualize high-speed data transmission
[3]-[5]. VLC technology may be conveniently applied and has a high positioning precision,
low cost, and low power consumption. Furthermore, it is well-suited to indoor environments.
In 2011, China announced an elimination roadmap for incandescent lamps, allowing the
LED to become the next generation of lighting technology. Researchers have thus worked
hard to put forward numerous techniques for achieving system performance with advantages
such as low cost and high positioning precision [6].

Location algorithms can categorized as either range-based or range-free. Significant
research exists regarding VLC range-based algorithms.For example, Hyun-Seung Kim
calculated distance information by separating received signal strengths from different
sources, achieving an indoor positioning accuracy in the centimeter range [7]; Do T H et al.
proposed an enhanced time difference of arrival (TDOA) algorithm for indoor positioning
without LED-ID by using visible light radiated from LEDs to locate receiver positions with
high estimation accuracy (3.6 cm) in computer simulation [8]; and Nan W et al. proposed the
MLED-RSS positioning algorithm based on received signal strength (RSS), utilizing
multiple LED transmitters for indoor positioning, effectively solving the block or shadow
effect existing in visible indoor locations, and producing simulation results demonstrating
the high localization accuracy of the MLED-RSS positioning algorithm [9]. Xudong W et al.
proposed an improved TDOA localization algorithm with centroid weighting, achieving an
average positioning error 3 cm below the SNR of 2dB [10]. In [11], Xueli Zhang et al.
analyzed the Cramer-Rao lower bound (CRLB) and indoor noise interference of an RSS
algorithm to achieve centimeter-level positioning accuracy. A new alpha-stable distribution-
based relative positioning model using time of arrival (TOA) measurements to obtain the
relative positional relationship between two locators was proposed in [12]. In [13], a
statistical ranging error model was proposed for non-line of sight (NLOS) environments
based on empirical ranging data, substantially improving positioning accuracy and achieving
seat-level accuracy for 99% of tested nodes. Finally, in [14], 3D positioning was estimated
using RSS and angle-of-arrival (AOA)-based hybrid positioning algorithms, achieving 7.3
and 67.2 cm mean positioning errors. Above all, positioning errors have been reduced in
range-based methods.

Range-free location algorithms such as the DV-hop, characterized by their low cost, low
power consumption, strong anti-noise abilities, sand simple hardware, have received much
attention from researchers. For example, Li et al.[15] proposed an efficient and secure range-
free localization scheme based on outlier elimination and the vector refinement process. An
outlier elimination method was introduced into the localization process by filtering
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inaccurate beacon nodes in the presence of malicious beacon nodes, and the results
demonstrated significant improvements in localization accuracy relative to the traditional
DV-hop algorithm. In [16], an approximate formula for the optimal RSS threshold value,
showing the minimum error for a particular network to be localized, was derived as a
function of the total number of nodes and the network size, allowing the error to be
minimized and maintain applicability to both small- and large-scale networks. Their results
confirmed that utilizing the proposed RSS threshold-based connectivity configuration
significantly improved the localization accuracy of DV-hop in a practical environment
without any extra hardware. Little research, however, has investigated the DV-hop algorithm
in the VLC field, and existing studies failed to consider positioning accuracy variations in
different LED receiving angles.

This paper proposes a projection DV-hop location algorithm (PTCDV-hop) that uses the
DV-hop algorithm in range-free localization and is based on the LED semi-angle at half
power (SAHP), accounting for LED SAHP characteristics in VLC. Distances between source
nodes and nodes to be positioned in three-dimensional indoor spaces are projected onto a
two-dimensional plane to reduce complexity. Circles are structured by assigning the source
nodes (projected onto the horizontal plane of the positioned node) as centers and the
projection distances as radii. The proposed PTCDV-hop algorithm then determines the
location coordinates of the node to be positioned using a trilateral-weighted-centroid
algorithm. Simulation results demonstrated the localization error of the PTCDV-hop
algorithm is on the order of magnitude of a millimeter when three sources are used. The
PTCDV-hop algorithm had higher positioning accuracy and stronger dominance than the
traditional DV-hop algorithm.

The remainder of this paper is organized as follows: the system model is presented in
Section 1l, the PTCDV-Hop algorithm is introduced in Section Ill, Section IV analyzes the
simulation results, and Section Vpresents concluding remarks.

2. The system model

2.1 VLC System Model

The VLC system channel transmission model is shown in Fig. 1 [17]. The source S
sends out the modulated optical signal X (t), and the destination D uses the photodiode to
receive the signal Y (t).

Optical receive

] signal _| | M| Photostectic | signal o
Source S | ) |channelh(!)| | an?,eeéicorr:cRI o) |Dest|nat|onD

Noise N(t)

Fig. 1. VLC system channel transmission model

Essentially, the operating principles of a VLC system resemble those of a line-of-sight
wireless communication system. Instead of transmitting and receiving RF signals, VLC
systems transmit and receive optical signals in the visible wavelength region. There are
many modulation methods available in wireless optical communication, including on-off
keying (OOK), pulse position modulation (PPM), differential pulse position modulation
(DPPM) and digital pulse interval modulation (DPIM).
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Intensity modulation/direct detection (IM/DD) systems, primarily of OOK modulation
modes, are widely used in wireless optical communication [18]-[19]. The research in [20]
proposes modified pulse position modulation (MPPMD) and variable pulse position
modulation (VPPM) based on PPM, which minimizes complexity at the receiver. The
MPPMD demonstrated the same bit error rate (BER) performance as traditional coherent
demodulators. Additionally, the VPPM receiver was dramatically reduced when the
multiplication stage and mask generator were removed. Reverse pulse position modulation
(RPPM) was proposed in [21], providing a higher average transmit power and a better SNR
than alternative modulation methods. The RPPM symbol waveform is shown in Fig. 2,
demonstrating that signals are launched in timing gaps provided by the transmitter,
preventing interference. Signals are composed of source and data location information.
DPPM modulation can both solve the interference problem and improve the frequency
utilization [22]-[24]. In [25], it was found that the spectral characteristics of DPIM could be
achieved by employing a relatively narrow bandwidth data transmission. The construction of
a narrow band-pass amplifier circuit requires few components and establishes a unidirectional
VLC system. Experimental results demonstrated that the VLC system could actualize
unidirectional data transmission with a transmission rate of approximately 45.8 Kbit/s within
5 m direct sight distance.

Symbol

RPPM | ||
| I O Ll

Fig. 2. Modulation symbol waveform of RPPM

The average light source transmission power of portable mobile communication devices
should be as low as possible while maintaining an accurate BER due to human eye safety
requirements and power restrictions. Power consumption, however, is less important in
visible light communication than in mobile devices. Higher average power can reduce the
number of LEDs used to meet indoor lighting brightness requirements. This paper applied
the RPPM modulation method to a PTCDV-Hop algorithm positioning system. The VLC
channel transmission process can be expressed as:

Y(t)=RX(t)-h(t)+N(t) (@8]
where R denotes the photoelectric sensor conversion efficiency, N(t)is the white Gaussian
noise, and h(t) represents the channel impulse response. A VLC system channel is expressed
as:

n(0)= 210 Yoo (o) (1) (v cos(r)o{ 1 2
0<y <FOV
where d is the distance between the source and destination; c=3x10°m/s; FOV denotes the
source field angle; A represents the receiving area of the photodetector; o and y represent the
radiation and receiving angles, respectively; T,() is the gain of the optical filter at the
destination; g(y) is the gain of the optical condenser; and m is Lambert's radiation
coefficient such that m = -In2/In(cos¢,, ) where ¢,, represents the LED SAHP.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 9, September 2019 4545

Encapsulating the LED affects its luminous intensity. The LED radiation pattern in a VLC
system is generally regarded to follow a Lambert's distribution. The LED luminous intensity
and its emission angle obey the cosine model [26]:

P(¢)=P,cos¢ (3)
where P, is the central luminous intensity of the LED. Thus, the luminous intensity becomes
half when ¢ =7/3 (equal to ¢, = z/3). As such, systems have better signal intensity, channel

conditions, and communication effects when ¢ <¢,,, scilicet in the coverage of LED SAHP.

2.2 VLC Indoor Positioning Model

The VLC indoor positioning model shown in Fig. 3 represents a room with a 5mx5mxHm
positioning space, where H is the known room height. Several white LED light sources
( s.s,---S, ) are arranged on the ceiling of the room at known

coordinates (x,¥;,z)-(%,. ¥, 2,)-(%. ¥,z ). PN represents the node to be located, which may be
located at any position in the room with unknown coordinates(x,y,z). The white LED light

sources and the PN node can communicate with each other through the VLC system.In order
to reduce energy consumption, the powers that be energy adaptive clustering hierarchy
(LEACH) protocol [27] can be used for networking.

0 =

- 5m ——> X

Fig. 3. VLC indoor positioning model

3. PTCDV-Hop Algorithm

3.1 Traditional DV-hop Algorithm

The traditional DV-Hop algorithm was proposed by Dragos Niculescu, among others
[28][29], and relies on the routing hop number to identify a location without relying on
sensor signal information. This reduces device costs and has a high adaptability. The
location of the unknown node is estimated using preexisting information on the beacon
node and the minimum hop number from the unknown node to the beacon node [30]-[32] .
The steps of the traditional algorithm are as follows:

Step 1: The source node broadcasts its location information to the neighbor node,
including the number of hops, and initializes the value to zero. The positioning node
records the minimum number of hops required to reach each source node, and larger hop
numbers are ignored. The hop value then adds one to the neighbor source node.
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Step 2: The source node calculates the average distance using a formula in accordance
with the location and number of other source nodes it recorded. The distance between the
node to be located and corresponding source node can then be determined.

Step 3: This distance can be calculated using the trilateral positioning coordinates
once three distances between the locating and source nodes are obtained.

Sl ) ()
Hopsize, =2 ()]

> Hops,

j#i

where Hopsize, is the average distance of every hop; (x.y) and (x].,yj) represent the
coordinates of source nodes i and j, respectively; and Hops, denotes the number of hops
between nodes i and j.

These steps are shown in Fig. 4.

Anchor nodes broadcast packets containing their own locationsand the
minimum number of hops

l

| Calculate the average hop distance of anchor nodes |

L

| Calculate the distance from an unknown node to an anchor node |

1

Estimation of coordinate positions by three - side measurement when the
locating node obtains at least 3 distances to the source node

End of position

Fig. 4. Flowchart of traditional DV-hop algorithm

3.2 Projection DV-hop VLC algorithm

The PTCDV-hop VLC algorithm is shown in Fig. 5. The distance between the source
node and the node to be positioned in a three-dimensional indoor space are mathematically
projected onto a 2D plane to reduce the adverse effects of 3D space topology on indoor
positioning results.
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Fig. 5. Positioning model of the PTCDV-Hop VLC algorithm

Node PN is assumed to be within the source node SAHP coverage to ensure the best
communication effect. The distance between the source node s, and node PN isRr, calculated
as follows:

Rz\/(xi—x)2+(yi—y)2+(zi—z)2,i:1,2,3 %)
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The minimum angle of incidence between nodes s, and PN is «,, , calculated as follows:
aipzarcsin%,i =12,3 (6)

where d represents the vertical distance from node PN to the roof plane andd=H -z .

Because ¢, =7/3, a,,,,=7/6 and therefore the range of incidence angles «, is[z/6,7/2].
Due to the uncertainty of the location of the node PN, the actual incidence angles «,, are
distributed between %m~7'2 50 the average value of (aipmin+7r/2)/2 is taken as an estimated
angle of incidence. Subsequently, «, is calculated as follows:

T . d .
aip=(2+arcstj/2,| =123 (7)

The average hop distance of the VLC network is calculated using the known source node
coordinates with Equation (8):
D" AHS,
AHS = - i=3 (8)

|
The hop distance between s,and PN is then projected onto the horizontal plane according
to Equations (5)-(8) as follows:

d .
LipZ(AHS'COSOlip"'tanaJ/Z,lzlfzxs' (9)

ip
3.3 The Trilateral-weighted-centroid Algorithm

Circles 0,,0,,0, were structured by taking the three source nodes s,,S,, S, projected onto the
horizontal plane of node PN as the centers and the L, ,L,,,L,, from Equation (9) as the radii of
the circle. Coordinates (x,y,z) of PN are then calculated by the trilateration as

U, =06 =x) + (v, - )’
Lo =(% _X)Z +(Y, - y)2
By =(%=x) + (v, - y)’

Ideally, the three circles would intersect at one point in Equation (10); however, in reality
they intersect each other to form an overlapping area because of measurement errors. The
coordinates of node PN are therefore replaced by the centroid of the overlapping region,
identified using the centroid algorithm. The intersection coordinates (x.,,, Yo, Z,) Of circles
0,,0, are therefore calculated as

(10)

Lip 2 (X1 - Xou)z + (Y1 - you)Z
L22p :(Xzfxou)z'*'()'z*)’ou)z (11)
L?Zp = (Xa - )(012)2 +(Y3 - YOIZ)Z
Similarly, the intersection coordinates of (X, Yois: Zoss )s (Xo2s Yozs: Zozs)» @Nd the centroid of
the overlap region are obtained using the weighted centroid. Coordinates (x,y,z) of node PN
are thus,
Xo1z + Xo13 + X023
3
Yoz + Youz t Yoas (12)
3
Z012 + ZOl3 + ZOZ3
3

X=

y:

=
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3.4 Process of the PTCDV-Hop Algorithm

Step 1: Node PN is randomly placed within the SAHP coverage of source nodes s,,S,,S, in
the interior space of the roof. The coordinates of s,,s,,s, are known;

Step 2: Three different angles of incidence «,,,«,,,«,, are obtained from Equations (5)-(7)
and the coordinates of s,,S,,S, .

Step 3: The hop distances between s,,s,,S,and node PN projected onto the horizontal
plane areL,,L,,L,,, and can be calculated using Equations (8)-(9) and «,,,e,,,a,, from Step
2;

Step 4: The coordinates of node PN are calculated using Equations (11)-(12) and
L, Ly, Ly, from Step 3.

This positioning process is repeated from Steps 2—4 if node PN changes its position. Fig. 6
shows Steps 1-4 of the process of the PTCDV-Hop algorithm.

C Location start )

Set the positioning node P randomly located within the SAHP coverage of
the sourcenode s,,s,,s, in theinterior space of the roof

l

Calculate three different angles of incidenceare @, @,,.a,, with the
Eq. (5)-(7) and the coordinates of S;.S;.S,

Calculate the hop distance between the S,,S,,S, and node P projected
onto the horizontal planes by the Eq. (8)-(9) and three different angles of
incidences

Calculating the coordinates of the node P through the Eq. (11)-(12) and
the horizontal planes

( End of position )
Fig. 6. PTCDV-Hop algorithm process

4. Simulation Results And Analysis

The simulation used parameters of H =3 and room model space 5mx5mx3m. Fig. 7 presents
a comparative diagram of the estimated and real locations of the node to be located PN using
three sources. The X, Y, and Z axes of the graph represent the length, width, and height of the
room model, respectively. The circle represents the real position of PN, and the triangle
represents the estimated position calculated by the PTCDV-Hop algorithm.

A estimated position
O real position

Fig. 7. Comparison of estimated and real PN positions
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It can be seen from Fig. 7 that the positioning accuracy is higher when the PN nodes are in
the center of the room, and lower when the PN nodes are at the edge of room. This is
because when the PN nodes are within the half power angular radiation range of the source
node, the received signal strength is large;thus, the positioning accuracy is high. In contrast,
when the PN nodes are at the edge of the room, outside the range of the half power angle
radiation of the source node, the received signal strength is poor; thus, the positioning error
is large. In order to improve the positioning accuracy of the PN nodes at the edge of the
room, we conducted related studies. In one such study, we investigated the distribution of
source nodes in the room, and proposed an IRT-N triangular array based on LED half power
angle to improve the indoor LED half power angular radiation range, eliminate the "blind
zone" of half power angle radiation, and reduce the located error [33]. At the same time, in a
follow-up study, we are currently enhancing the algorithm proposed in this paper to improve
the positioning accuracy of the PN nodes at the edge of the room.

Fig. 8 shows the root mean square error (RMSE) results of repeated PTCDV-Hop
algorithm positioning for a random point using three sources in an indoor space. The abscissa
indicates the positioning number and the ordinate represents the RMSE value. As shown, the
RMSE value of multiple positioning results for the same point fluctuates slightly because of
the influence of random errors, and the average RMSE value is approximately <2.5 cm. The
simulation experiment showed that the PTCDV-Hop algorithm could achieve high
positioning accuracy with errors <2 cm.

1 I L I 1 L 1 L 1
0 10 20 30 40 50 60 70 80 90 100
positioning times/n

Fig. 8. RMSE values of PTCDV-Hop algorithm

To obtain an approximate value for the positioning RMSE in the room model space, the
room floor was selected as a reference plane. Fig. 9 shows the positioning RMSE results
using three source points and a point PN located at any location on the floor of the room. In
the figure, the X and Y axes represent the length and width of the room, and the Z axis
indicates the positioning RMSE result value corresponding to the ground position. The source
coordinates used for this point were (159,304,300) , (455,455,300) , and (296,166,300). It can be
seen that the positioning errors at different locations on the room floor differ, and that the
RMSE results show a general centralization trend. The RMSE value is smaller and the
positioning accuracy higher when PN approached the source location. Similarly, the RMSE
values were larger and positioning accuracy lower when PN was far from the source location.
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RMSE/cm

Fig. 9. RMSE distribution of PTCDV-Hop algorithm.

Fig. 10 compares the RMSE average value and number of source nodes for the purpose of
PTCDV-Hop, TOA, DH-RLS, and traditional DV-hop algorithm. The line with symbol
“diamond” represents the TOA algorithm, that with symbol “circle” represents the traditional
DV-hop algorithm, that with symbol *“asterisk” represents the DH-RLS algorithm, and that
with symbol “upward-pointing triangle” represents the PTCDV-Hop algorithm. It can be seen
that the average RMSE of the PTCDV-Hop algorithm is smallest, as the line with symbol
“upward-pointing triangle” generally remains below other lines for the same source numbers.
This supports the conclusion that the PTCDV-Hop algorithm has the best positioning
accuracy among all algorithms. It should be noted that the downward trend in the graph
shows a slight undulation because parameters such as the number of hops and average hop
distance in the communication network are different at each position owing to the random
determination of each source and PN during the simulation positioning process. Thus, it can
additionally be determined that the average RMSE of the four positioning algorithms tend to
decrease as the number of sources increase within a certain range.

average of RMSE/cm

Number of sources/n

Fig. 10. Comparison of RMSE average value
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5. Conclusion

LED-based VLC technology has developed rapidly, becoming regarded as one of the most
promising communication technologies of the future by combining communication with day-
to-day lighting, thereby reducing the cost of communication equipment and benefitting the
applicability. Compared to radio frequency communication, optical communication reduces
electromagnetic radiation and electromagnetic interference, and is more conducive to long-
term use. VLC systems may thus be deployed in indoor environments for communication
and positioning. This paper proposed a PTCDV-hop location algorithm based on LED SAHP.
The algorithm projects the distance between source nodes and a node to be positioned
(located in a 3D indoor space) onto a 2D plane. Circles are defined by taking the source
nodes (projected onto the horizontal plane of the node to be positioned) as the centers and
the projection distances as the radii. The proposed algorithm then determines the location
coordinates of the node to be positioned using the trilateral-weighted-centroid algorithm.
Simulation results verified the rationality of the theoretical analysis and the advantages of the
proposed algorithm.
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