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Fig. 1 Schematic of indoor positioning system
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1. Calculate Sigma point set:
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X = [xex e+ S, T opr ]
depends on the dimension of the state vector X at each moment, where N particles are sampled at each moment
2. Make a one-step prediction of the Sigma point set:
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here is the weight corresponding to the Sigma sampling point set ]
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4. Update mean and covariance
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6. According to the result of particle update, calculate the weight of each particle and normalize it
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7. According to the weight calculation result, the particles are copied and filtered, and the weights are allinitialized to
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I/N, the particle mean is calculated and the result is output to complete the filter estimation.
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Fig. 2 Flowchart of pre-UKF particle filter algorithm

0106005-3



FRIEX

E48% £ 1H/2021 £ 1 B/ FEHL

2.3 HIRHEHE
AU IR AU T8 R B B SRR = e
XU 4R A A6 A5 BRE 0 0 Al b 1 AT A BAE L ax HEL 3E e /S
TAREST L MR i R L VRS 1A 22 A A R
22 81 78 o e BE RS AE 1T A R b AR AR B R T
VL Z W1
TEA b AR AU 18 0 v BE 127 0 [ s 25, Dl
A 7 S ) B A TR R P A W T 22 R
fiff ek FE U RHE IR 5 A5 T TR 4R T 4R 09 A X
[i) B R A7 SR A o O XoF [ 5 8 B 22 i AT 3 — i S Ak
BT REUR . SR AR AR )R ) ik =
deg, =+ (@ —x) "+ —yH*, AO
Kby ) BT HR i RS XOY F i A
bro XM HY f1X,

2, —x,) 2y, —y1)

H= 2(x,—xy) 20, —y5)|>» (1D)
72(14 —x3) 2y, 7y3>7

dy " —dg,  —x, =y, +zx, 4+ y,°

Y= ddls,zz 7ddis,/12 *1722 *yzz JFJMZ JF}HZ ’
ddls,gz 7ddis,r12 *1‘32 73}32 JFJMZ JF}HZ
(12)

:
x-[].

O RE H MY 5 BRI A 2 L AR A
X=H"H) 'H'Y, a4

2.4 EHHWME

DB i 2 /o) K VA, i 5 AR N ) 1 P 2R 7 Y e
B e ARG S

AT U < 8 7 H AR 1Y F% gl i B e 47 P
e AR U M A A AR L T e o B AR Y s s
[ RV E Bl HAE B — U or I & 1), A S0 s
H 5 1932 20 A D 1k RS T 4 1 o) 2 5 19 29 i ik

B d i B NS E LR Oh S5
JEARMRE L EA G 48 I H BRI E . #aT
A B — A D B 20T WA 1 o 032 3 R R

1 2
X, =T, Jr?a,,.At“, (15)

1 A
V=Y +?a,,AzZ, (16)

P Ar g I IR 2, Ny, FR o %01 1 o Ak
Bisa, W, R o Ay 004 6 0 BE . 665 7 3

BT A% BB R 5 A A Al B 45 SR A B RS T
PORGBE . ARAE LA UL B, T A5 A T AT R 2
vy S A R 1] 2 (0,00, X B R AN AL K
B o Ly Bl R RS S A U B A
JE 1) i A 2, RIAT A5 A6 A% 0 i ok AR ) IR R R Q

%Q=E}ﬁ}ﬂﬂ%%%ﬁiﬂﬁ%%@%ﬁ
e H B AR B, Ak 2R A5 5 MPUG6050 1 57
VeSO MR 9 5% B LA 0 0. 1, %% 9 R —
0.
B}

FLURE B AR 6 35 5 76 24 A 20 ¢ 9 A bR A
(34T L

—_ =

i A’

=z, T, 2a,1. 13

Vi Vi1 ?ayAtz
P, =P, +0. (1)

P, Sy W2 P I7 2550 1 . 058 SR R AR AL
A TT 22 9 A 0 A

, (19

L
g s .
( ’Pz. +R
L
2

1

’ —a At
oy oy L TOA/RSS 2

Vi Vi Y TOA/RSS ?ay INE

(20)
1 R
?CL»,AIZ
1

?a y At :

G, e IR /R S48 a5 4 . (200 AR
PRGBS AT 25 R . (2D A B AR T AR5 AL
R 3 BL iz 3l 73 A W0 I AR 0 e /s R Al S R A5 AT
i LU AT S B 0 K B Y B2 T

3 AR Kot

h 5 UE T 4 RE N 7 U B A SO R R L i
TSN F L AER TEH R 5 mo 3 m B E

P, CAD)

0106005-4



FRIEX

#4855 £ 1 H/2021 £ 1 B/ EEH,

WEE L BE 4 A LED R IR =R AR 73500 Tay =
1,1,3). Tx,=(1,4,3), Tx;=(4,1,3),Tx, =
(4,4,3), HRMESEME 1 PR,

*x1 iHSHK

Table 1 Simulation parameters

Parameter Value
Half power point half angle ¢, /(%) 50
Lambert index m 1. 5684
LED transmit power/W 12
Optical filter gain T, (¢) 1
Refractive index 1.5
Receiving field of view/(®) 70
Indoor space size/m 5X5X3
Vertical distance between light 9 15
source and receiving plane/m ’
Wall reflectance factor p;, 0.3
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Indoor Visible Light Localization Method Using
TOA/RSS Hybrid Information

Cao Yang, Dang Yuchao", Peng Xiaofeng, Li Yue
School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongging 400054, China

Abstract

Objective Compared with wireless local area network (WLAN) /ultra wide band( UWB) and other electromagnetic
wave wireless communication technologies, indoor visible light communication technology has the advantages of low
cost and an advantageous edge. Research on the indoor localization method based on received signal strength(RSS),
time of arrival( TOA), time difference of arrival( TDOA), angle of arrival (AOA), and other classical localization
algorithms is the key to realizing localization technology. However, compared with traditional electromagnetic wave
wireless communication technology, in the visible light communication environment, the localization methods based
on most localization algorithms are not mature, and the improvement in the localization performance is often limited
by the singular localization information. In this paper, TOA and RSS data are combined to reduce the effect of
nonlinear errors on the localization accuracy in indoor visible light communication environments. Combined with the
inertial sensing data at the receiving end, the robustness and low localization delay of the proposed localization
method are guaranteed. Additionally, the localization accuracy of the system is further improved.

Methods Four sources are evenly distributed on the ceiling to simulate the indoor environment with a length and a
width of 5 m and a height of 3 m. A channel model of indoor visible light communication is established, which has a
direct line of the sight link and a multiple order reflection indirect line of the sight link. Then, the distribution of
indoor received optical power is obtained, and the empirical formula of signal strength and distance is established
using the mapping relationship between the received optical power and linear distance, between the source and
receiver. Moreover, the time stamp record is used to measure the signal transmission time at the receiver. The
particle filter based on an unscented Kalman filter is used to combine TOA and RSS data to improve the accuracy of
distance estimation. Furthermore, the least-square method is used to estimate the localization coordinates. Finally,
based on the inertial sensing data of the receiver, the movement trend is analyzed, and high-precision localization
results are obtained.

Results and Discussions Based on the channel model, a localization simulation is conducted. A total of 625 test
points are selected in the room, and the localization results are obtained by coordinate estimation. The indoor
localization error fluctuates from 1.6 to 3.2 cm, and the overall localization error is low lying with a small center and
rising edge, exhibiting only a small fluctuation range. First, the simulation parameters are fixed, and the localization
performance of the proposed localization method, RSS method based on trilateral localization, and traditional
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fingerprint localization method are compared. For the proposed localization method, the probability of the localization
error at less than 3 cm is 98. 1% and the average and maximum localization errors are 2. 02 and 3. 39 cm,
respectively. For the traditional fingerprint localization method, the probability of the localization error at less than 3
cm is 40.8% and the average and maximum localization errors are 3.11 and 6.12 cm, respectively. For the RSS
method based on trilateral localization, the probability of the localization error at less than 3 cm is 1.6% and the
average and maximum localization errors are 5.61 and 9.67 cm, respectively. Second, the localization performance
of 12-, 6-, and 3-W LEDs is compared. Under 12-W transmitting power, the probability of the localization error at
less than 3 ¢cm is 98.1% and the average and maximum localization errors are 2. 02 and 3.39 cm, respectively.
Under 6-W transmitting power, the probability of the localization error at less than 3 cm is 91.2% and the average
and maximum localization errors are 2.52 and 3. 77 cm, respectively. Under 3-W transmitting power, the probability
of the localization error at less than 3 ¢cm is 42.4% and the average and maximum localization errors are 3.18 and
5.08 cm, respectively. Finally, the localization time of the proposed localization method, RSS method based on
trilateral localization, and traditional fingerprint localization method are compared. For this, 30 positioning processes
of the three localization methods are selected. The RSS method based on trilateral localization exhibits the shortest
localization time, while the localization time of the proposed localization method and fingerprint localization method
fluctuates by approximately 1 s.

Conclusions The simulation results are listed below:

1) Under fixed parameters, the maximum localization error of the proposed method is 44.61% less than that of
the traditional fingerprint localization method, and the average localization error is reduced by 35.04% . Compared
with the RSS method based on trilateral localization, the maximum and average localization errors of the proposed
method are reduced by 64.94% and 63.99%, respectively. Therefore, the localization accuracy of the proposed
localization algorithm is better than that of the other two localization methods.

2) The localization performance clearly decreases with a decrease in the LED transmitting power. However, no
significant difference is observed between the performance of the proposed localization method at 3-W transmission
power and that of fingerprint localization method at 12-W transmission power. Moreover, the proposed localization
method shows better performance than the RSS method under 12-W transmission power, thus demonstrating the
robustness of the proposed localization method.

3) The localization time of the proposed localization method is stable. Although it is nearly the same as that of
the traditional fingerprint localization method, the overall trend is stable and it is only slightly longer than that of the
RSS method based on trilateral localization. Thus, the proposed localization method can achieve an improved
localization effect only by sacrificing a small amount of time resources.

In conclusion, the overall localization effect of the proposed method is good, and the localization error do not
fluctuate significantly, thereby ensuring the robustness of the proposed localization method as well as low localization
delay and good localization performance.

Key words optical communications; visible light location; nonlinear error; time of arrival; received signal
strength; information fusion; inertial sensing
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