Journal of Southeast University (English Edition)

Vol. 34, No. 4, pp. 451 —458

Dec.2018 ISSN 1003—7985

An indoor positioning system for mobile target tracking
based on VLC and IMU fusion

Zou Qian  Xia Weiwei  Zhang Jing

Huang Bonan

Yan Feng Shen Lianfeng

(National Mobile Communications Research Laboratory, Southeast University, Nanjing 210096, China)

Abstract: An indoor positioning system (IPS) is designed to
realize positioning and tracking of mobile targets, by taking
advantages of both the visible light communication (VLC) and
inertial measurement unit (IMU). The platform of the IPS is
designed, which consists of the light-emitting diode (LED)
based transmitter, the receiver and the positioning server. To
reduce the impact caused by measurement errors, both inertial
sensing data and the received signal strength (RSS) from the
VLC are calibrated. Then, a practical propagation model is
established to obtain the distance between the transmitter and
Furthermore, a
hybrid positioning algorithm is proposed by using the adaptive
Kalman filter (AKF) and the weighted least squares ( WLS)
trilateration to estimate the positions of the mobile targets.
Experimental results show that the developed IPS using the
proposed hybrid positioning algorithm can extend the
localization area of VLC, mitigate the IMU drifts and improve
the positioning accuracy of mobile targets.
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the receiver from the RSS measurements.

n recent years, the applications of wireless sensor
I networks are becoming increasingly essential in our
daily life. Location information becomes important in lo-
cation-based services ( LBS) with the popularization of

mobile communication and the Internet""

. The global po-
sitioning system ( GPS) cannot support indoor positioning
due to the blocking of electromagnetic signals and mul-
tipath interference. Numerous research and solutions for
GPS complementation have emerged in the past decades.
Among the radio indoor positioning systems, the system
based on visible light communication ( VLC) is more ac-
curate than those based on wireless local area networks

(WLAN) and radiofrequency identification ( RFID),
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more stable than that based on Bluetooth ( BT), and
cheaper than that based on ultra-wide band (UWB) e
Optical wireless communication has gained much atten-
tion, which transmits the data through air using infrared
(IR) and VLC"™.
ferred due to no electromagnetism, long lifespan, low
cost and no health risks. VLC with a light-emitting diode
(LED) has a shorter wave than the radio frequency in re-
ducing multipath effects in an indoor environment. The
positioning techniques used in location estimation are
based on the geometric properties of triangles including
triangulation and trilateration''. Since VLC is limited by
the field of view, the triangulation method based on the
angle of arrival ( AOA) is not suitable. The trilateration
method based on time of arrival (TOA) or time difference
of arrival (TDOA) requires that the transmitter and receiv-

Positioning based on VLC is pre-

er keep strict synchronization. Therefore, these methods
are not applicable for VLC positioning. In this paper, the
method based on received signal strength (RSS) is used
since it is easy to achieve and can provide better accuracy.

Measurement from the
(IMU) accounts for the relative estimation of position
with low cost and reasonable accuracy. IMU consists of
accelerometers, gyroscopes and electronic compasses and it

inertial measurement unit

can measure the acceleration and angular velocity'” . How-
ever, IMU has long term drift and is sensitive to initializa-
tion of positioning. Hence, it is necessary to enhance the
positioning accuracy with calibration and it also needs to
be used with the integration of other measurements'” .

There is some research on realizing indoor positioning
based on VLC®™ ™, which communicates via wired con-
nection in a limited positioning range. As for the IMU
positioning system, due to its error-accumulation, it is
not reliable enough for indoor positioning independent-
ly"'™'. The indoor environment has many barriers for
VLC positioning and the IMU cannot reduce the drifts by
itself. To solve the practical problem and take advantages
of VLC and IMU, an indoor positioning system ( IPS)
based on VLC and IMU is developed to extend the locali-
zation area of VLC and reduce IMU drifts.

In this paper, an IPS is developed by using the hybrid
positioning algorithm, which consists of the LED trans-
mitter, receiver and localization server. Before positio-
ning, the calibration and normalization of VLC RSS and
IMU data are conducted. Then, an RSS propagation em-
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pirical formula is given to obtain a higher positioning ac-
curacy. A hybrid positioning algorithm is proposed based
on the adaptive Kalman filter ( AKF) and weighted least
squares ( WLS) trilateration which fuses the VLC RSS
and IMU data together to calculate the positioning solu-
tion. The hybrid positioning algorithm is evaluated by
using the developed platform with the experimental results.

1 System Description

The IPS shown in Fig. 1 consists of three main parts:
the LED-based transmitter, receiver and positioning serv-
er. The receiver is equipped with an advanced RISC ma-
chine ( ARM),
transmits the information to the server. Then, the positio-
ning server applies the hybrid positioning algorithm to es-
timate and display the positioning results.

which collects measurement data and
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Fig.1 System architecture of the indoor positioning system

1.1 LED-based transmitter and protocol design

The transmitter consists of the controller, gateway and
LED transmitter. The controller serves to control and set
the parameters of gateway. The gateway is a programmed
device of the field programmable gate array (FPGA). It
executes controlling instructions and transmits the mes-
sage to LEDs or to another gateway. The LED transmitter

VLC receiver

L

includes the driving circuit and LED. When the gateway
receives the controlling commands, it can change its con-
figurations or activate its transmitters.

To ensure a good performance of the VLC system, the
on-off keying (OOK) modulation is used at the transmit-
ter due to its low complexity and high transmission rate.
The signal is encoded into “0” or “1” by Manchester en-
coding. All the LEDs transmit their own ID data during
their own time slot. The frame structure includes the
header, unique identification ( UID) of the transmitter,
data and tail.

1.2 ARM-based receiver

There are three main parts: the IMU, VLC receiver
and ARM in the receiver, as shown in Fig. 2. ARM is
not only used for data transformation, but also works as a
controller and gateway. The VLC RSS and IMU data will
be collected by ARM with timestamps, and then ARM
sends the data to the next gateway or server. ARM can
change the configurations and transmit the feedback mes-
sage to the server.

IMU consists of a three-axis accelerometer and a three-
axis gyroscope ( magnetometer sensors are often unrelia-
ble), which has been generally aligned during manufac-
turing and placed horizontally on the mobile target. The
coordinate system on the grid body of IMU is assigned to
be the body frame, and the inertial navigation coordinate
system is assigned to be the global frame corresponding-
ly. The VLC receiver with avalanche photodiode ( APD)
and analog-to-digital (AD) converts the optical signal in-
to an electrical signal and then obtains the RSS and the ID
data. The RSS measurement and the corresponding ID
will be put into a fixed-length frame and then sent to
ARM by FPGA.

1.3 Positioning server

The hybrid positioning algorithm is applied in the serv-
er, which is composed of three modules. The network
control module plays a significant role in improving the
performance of communication and positioning. In this
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Fig.2 Framework of the ARM-based receiver
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paper, only one receiver is considered, so the details of
this function will not be discussed here. The data storage
and processing module reads the raw data package, and
it saves the necessary data and final positioning solutions
into the database. After the position solution is obtained,
the module can send the real-time position to the display
module.

2 Measurement Preprocessing

In this section, the measurement calibration is de-
scribed in detail. The bias and drifts of calibration for-
mula will be updated to improve the accuracy of the
measured data. Then, a propagation empirical formula is
proposed to calculate the distances from reference points
to the mobile target based on RSS.

2.1 Measurement calibration

With the measured acceleration a and angular velocity
w of the mobile target, the acceleration and angular ve-

locity after calibration'”” are shown as

a=Ca+b, +n, (1)
w=Cw+b, +n, (2)

where b, is the acceleration bias; b, is the angular ve-
locity drift; and C; is the rotation matrix that can trans-
form the measurement data from the global frame to the
body frame based on quaternion'’. The process and
measurements are modeled as linear Gaussian. The noise
n_and n_ are i. i. d Gaussian sequences with variance
2, respectively.

In this system, the RSS is denoted as the received
power of the electrical signal. Before the distance calcu-

2
o, and o

lation, the calibration procedure is required. A set of
RSS = {RSS,, ..., RSS,, ..., RSS.} are collected with
known horizontal distances r = {r,, ..., r,, ..., r.}. Cis
the number of the measured RSS. The calibration formu-
la of RSS, is given as

u, = U(RSS,) =G (RSS, +b) +n, (3)

where G is the gain; b, is the bias; n, is the noise, which
is assumed to be additive Gaussian noise with covariance
0'_,2». As time progresses, the errors of RSS measurements
will be affected by the resistance temperature coefficient.
During positioning, the gain and bias will be updated
based on the RSS propagation model.

2.2 RSS propagation model

According to the Lambertian law'"', the receive pow-

er of the electrical signal is calculated considering the ir-
radiance angle, the effective area of the receiver photodi-
ode, the filter gain and concentrator gain. The Lamber-
tian law requires that the medium must be homogeneous
and the incident radiation must be strictly parallel, which
are difficult to fulfill in a practical environment. Howev-

er, there is a snoot attached to the LED to increase the
U9 Therefore, the real in-
door positioning system cannot meet the strict environ-

effective luminous intensity

ment requirements of Lambertian law.

To obtain a more accurate horizontal distance from the
receiver to LEDs, a novel empirical formula is given
with the data RSS and horizontal distance r. With the
vertical receiver and horizontal transmitter, the measure-
ments of VLC RSS and horizontal distance are collected
to fit the empirical formula. The height of LEDs is
2.25 m, and the horizontal distance r; is calculated by
the empirical formula R (u;) with normalized RSS u,
from Eq. (3) which is shown as

r;=R(u;) =p, +p1”i+p2u? +p3”? +p4uf (4)
where p, =58, p, = =76, p, = -11, p, =116, and p, =
—84. The fitting precision is high and the empirical for-
mula is reliable in this IPS. Finally, the comparison be-
tween the empirical formula and Lambertian law is

shown in Fig. 3. It is clear that the empirical formula is
closer to the real data than the traditional model.
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Fig.3 Comparison between empirical formula and Lambertian
law

The normalization is required during positioning, and
G and b, in Eq. (3) are shown as

1

O = max( RSS,) (5)

b, = arg min Z |r, =R(U(RSS),) > (6)

(by i=1

where U(RSS,), = U(RSS, | b, =0) and R(-) is the
RSS propagation function the same as that in Eq. (4).
Before positioning, the calibration parameters b

b,,, G and b, can be calculated to calibrate the measure-
ments before the hybrid positioning algorithm is used.
During positioning, the calibration parameters are upda-
ted by Eq. (5) and Eq. (6).

av?

3 Hybrid Positioning Algorithm

The receiver placed on the mobile target is required to
start under the illumination range of VLC to obtain an in-
itial position. First, the measurements of acceleration,
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angular velocity and RSS are calibrated. Then, the dis-
tance from the receiver to the LED can be calculated by
the empirical formula, and the coordinate of the mobile
target can be given by the proposed algorithm.

3.1 AKEF with dynamic model

Since the calculation of velocity v, and yaw angle «, of
the mobile target are modeled by linear Gaussian noise,
the Kalman filter is adopted to obtain a higher accuracy
with a lower computational complexity. The prediction
process and measuring process are represented as

x, =Ax,_ +W, (7
2, =Hx, +N, (8)

where k is the discrete-time tracking filter’s time-index
for positioning, and the state vector x, and the measure-
ment vector z, are defined as

x,=[ve o 4q i‘.)k]Tr ze=1ld,, ('.U.z,k]T 9

where a, and @, are the predictive values of acceleration

and angular velocity, respectively; a_, and w,, are the
measurements of acceleration and angular velocity, re-
spectively.

After calibration, acceleration and angular velocity can
be obtained asa =[a, a, az]T andw=[w, o wy]T,
where «, 8 and y are Euler angles. The yaw angle « is
the moving direction, and v, and «, of the mobile target

can be calculated by

a, , +a,
V=V, +72 T+n,, (10)
W, tw
=y At ‘2 ‘T+n,, (11)
where a, = || a,, +a, +a,|; &,=w,; &, =

(@, , +@,)/2; and T denotes the update interval. The
noise of v, and q, are i. i. d Gaussian sequences with va-
riance o and ¢. The state matrix A and observed ma-
trix H are given as

1 0T O
01 0 T 0 010

A: H: 12
001 0of’ [0 0 0 1] (12)
0 0 0 1

W, and N, are the noise vectors in the prediction
process and observed process, which are presented as
T
Nk:[nac,k nav,k]

(13)

T
Wk = [ Wv, k Wa, k Wac, k Wav, k] 4

Theoretically, noise w,, and w_, are equal to n,, and

n,; and w w n, . and n, , are i. i. d Gaussian

ac, k2 av, k>

. . 2 2
sequences with variance ¢, and o]

av?

respectively. How-
ever, in practice, the process noise covariance matrix

and the measurement noise covariance matrix are time-
varying so that the tracking will be diverging'™'. There-
fore, the AKF with a fault-tolerant memory attenuation
is adopted to ensure the robustness when the covariance
matrix is not positive!”. Q, and R, denote the covari-
ance matrices of W, and N,, which are shown as

0,.,=(1-£)0, +¢{,[diag(7y) ]
R, =(1-¢)R, +{, [diag(K,T, K:)]

k+1

(14)

where /, =(1 -p)/(1 -p
is a forgetting factor in the range from 0.95 to 0.995"*';

) is the amnestic factor; p

7, =(2, —Z.1) (24 —zklm)T is the residual between the
measurement and prediction.

3.2 WLS for trilateration

The illustration of the algorithm based on trilateration
is shown in Fig.4. Suppose that the corresponding hori-
zontal coordinate (X“), W)) of LED i is known, and the
horizontal distance r, from the receiver to LED i can be
calculated by Eq. (7). [, is the displacement calculated
by IMU data, /, =v,7. When more than one RSS meas-
urement is collected, the coordinate of mobile target (x,,
y,) can be calculated as

(xk—X(”)2 +(yk_Y<l))2 =r?,k
(5, = X" +(y, =YY" =1
.k k  k (15)
(xk_X(m))Z +(yk _),(m))z :r’ZnYk
(xk_xk—l)z-'—(yk_yk—l)zzli

Assume that the measurements are influenced by an
i.i.d Gaussian random variable with zero mean, the
method of ordinary least squares (OLS) used for coordi-

nates S, =[x, y,]" is adopted as

A, S =b (16)
where
2(X" —x,_ ) 2YV -y, )
20X -x ) 2(Y7 -y )
Ls = : :
2(X™ —x,_) 2(Y" =y,
X2 yn? —ri,{ —()ci_I +yi_, —li)
b = X224 sz _ri,k _(xifl +yifl _li)
LS — .

(m)* m) * 2 2 2 2
X"y =T = (X + Y = 1)

To improve the accuracy of coordinate S, in estima-
tion, LS is weighted based on the distances and weight
W, is presented as
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— lk -

1 - m
2 ro + 1
=
| - NS
W, = zri‘k +1, (17)
=
1 -— rm,k
L z ro + 1A
=1

Therefore, the coordinate S, with the minimum mean
squared error of b, and A, (S, in WLS is described as

[x yk]T =arg(kv?)1in[ (b _ALSSk)T Wis(bs —AS) ]
(18)

However, in the actual positioning environment, the
light from the LED is sheltered or dissipated and the po-
sitioning area is limited by the illumination area. As
shown in Fig. 4, there are three cases when taking the
situation that the receiver receives different numbers of
RSS measurements into consideration.

Case 1 When multiple RSS measurements are col-
lected, the calculation is demonstrated as Eqgs. (14) to
(17).

Case 2 When only one RSS measurement is collect-
ed, the position of mobile target S, can be calculated by

X =Xy
(x, _'xkfl)z +(y, _yk—l)z =li
(=X + (=Y =1,

(19)

Case 3 When no RSS measurement is collected, if
the initial coordinate is given from the VLC positioning
solution, the coordinate of mobile target S, can be calcu-
lated by

x,=x,_, +lcosa,_, }

. (20)
Y=Y tlsinag,

where «, , is the yaw angle at time k — 1. Due to the

(a)

4 Experimental Results

In this section, the experiments are set up to evaluate

RE RS )

drifts, the error of results from IMU positioning will in-
crease over time and the initial coordinate is required.

Take four LEDs as an example in Fig. 4. Using the
triangulation positioning algorithm to calculate the coor-
dinate in Case 1 needs no less than three reliable RSS
measurements. Therefore, the available VLC positioning
area only includes area 3 and area 4. With the IMU data,
the position can be calculated when receiving less than
three RSS measurements or even when the mobile target
is away from the illumination area. The hybrid positio-
ning algorithm is described in Algorithm 1.

Algorithm 1 AKF-WLS algorithm for data fusion
indoor positioning
Input: a, w, (X", Y"), .., (X, ¥™)}, {RSS,,
.. RSS,, ...,RSS_ .}, {ry, .cces s oes 1} @, @, {RSS,,
... RSS }..
Output: Position estimation (x,, y,).
Initialize G via Eq.(4), b,., b, and b, =0.

Obtain the fitting function as R(u), update b; via
Eq. (5).
Calculate U(RSS;), a, and w, by the calibration of
a, @, RSS,, via Egs. (1) to (3).
fori=1,2,....,k do
Update b,,, b,,, G and b,
end for
Calculate v, and «, by the AKF via Egs. (3) to (14)
if {RSS,,...,RSS,, 1, #() then
Calculate r,, via Eq. (6)
if size {RSS,,...,RSS, }, >1 then
Update weight W ¢ via Eq. (17)
Calculate position by the WLS via Egs. (15)
and (16)
Obtain optimal position via Eq. (18)
else
Calculate position via Eq. (19)
end if
else
Calculate position via Eq. (20)
end if

ac” av’

S5V

(b) ()
Fig.4 [Illustration of the hybrid positioning algorithm of three cases. (a) Case 1; (b) Case 2; (c) Case 3

the proposed IPS and hybrid positioning algorithm. The
localization scenario is a space of 1.5 m x3 m and the
vertical height is 2. 25 m. The mobile target is a crawler
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car which moves horizontally with a velocity of 0.4 m/s.
To achieve the initial position, the mobile target is re-
quired to start in the effective range of VLC positioning.
There are nine LEDs as shown in Fig. 5. The gravity is
9.791 883 m/s’, and the latitude is 31.220 2 rad.

—— VLC+IMU
R IMU-only
VLC-only
P - —-WiFi+IMU
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* Transmitter
« WiFi AP
200 & Start point
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0 50 100 150
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Fig.5 Position solutions of different algorithms and real posi-
tion

Fig. 5 illustrates the positioning results of the proposed
hybrid positioning algorithm in this IPS with the algo-
rithms using IMU-only, VLC-only and tightly-coupled
integration of WiFi and MEMS sensors'™”
tion diameter of each LED is about 0. 8 m. The area that

. The irradia-

receives more than two RSS measurements is 44% of the
illumination area, which means that the available range
of the proposed hybrid positioning algorithm is two times
that of the VLC-only algorithm. The mobile target
moves from coordinate (80 cm, 280 cm) and stops at
coordinate (20 cm, 260 cm). Since the initial position
of IMU-only is given from a real position, the results
from IMU-only are close to the real position at the begin-
ning. Comparing the position solutions from the pro-
posed hybrid positioning algorithm with the solutions
from IMU-only algorithm, the position errors of IMU-
only increase steadily. Only when the mobile target is in
the LED illumination area, can the VLC-only algorithm
provide positioning solutions with a high precision. The
figure also shows that the solutions from integration of
WiFi and the IMU algorithm lack smoothness with low
accuracy.

The curves in Fig. 6 represent the cumulative distribu-
tion function (CDF) of position errors when the mobile

06 ——VLC+HMU
O04r £, . ——IMU-only
02 ——VLC-only

: ——WiFi+IMU

1 1 1 1 1 1 1 1 1 ]
0 05 10 15 20 25 30 35 40 45 50
Position error/m

Fig.6 Cumulative distribution function of position errors

target has moved approximately 50 m. The experimental
results show that the CDF of VLC-only is similar to that
of the proposed hybrid positioning algorithm, but the
VLC-only algorithm can provide good results only when
the mobile target moves under the illumination area. As
time progresses, the maximum error of the IMU-only al-
gorithm increases to about 5 m. The maximum error of
the proposed hybrid positioning algorithm is less than
2 m, which is better than that from the integration of
WiFi and the IMU algorithm with the maximum error of
4.86 m. The results of the proposed hybrid positioning
algorithm show that it has calibrated the cumulative er-
rors of IMU measurement and improves the positioning
accuracy.
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Fig.7 Relationship between average position errors and nor-

malized RSS. (a) VLC-only; (b) VLC +IMU

Fig. 7 shows the relationship between average position
errors and normalized RSS. The average position errors
from the proposed hybrid positioning algorithm and
VLC-only algorithm are compared. When the mobile tar-
get moves with high normalized RSS, the position results
from the proposed hybrid positioning algorithm are simi-
lar to those of the VLC-only algorithm. As the normal-
ized RSS drops, the position errors of the VLC-only al-
gorithm increase, but the position errors of the proposed
hybrid positioning algorithm can be limited within
0.1 m. In Fig. 8, the distributions of localization errors
from the proposed hybrid positioning algorithm and
IMU-only algorithm are investigated when the mobile
target moves 1 lap and 10 laps. The figure shows that
90% of position errors of the proposed hybrid positioning
algorithm are no more than 0.2 m. Only if the mobile
target is away from the illumination range for a long time,
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Fig.8 Position errors range distribution of 1 lap and 10 laps.

(a) The IMU position error of 1 lap; (b) The IMU position error of 10

lap; (c¢) The AKF-WLS position error of 1 lap; (d) The AKF-WLS
position error of 10 laps
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Fig. 9 Position errors cumulative distribution function with

different velocities. (a) With velocity of 0.4 m/s; (b) With veloci-
ty of 0.8 m/s

will the errors increase larger than 0.25 m. The average
error of the proposed algorithm is 86% that of the IMU-
only algorithm average error. Due to the cumulative er-

rors, when the mobile target moves 10 laps, the average
error of the IMU-only algorithm increases to be around
two times that of the average error of 1 lap. At the same
time, the proposed hybrid positioning algorithm can limit
an average error under 0. 15 m after 10 laps, which is
60% that of the IMU-only algorithm. The CDF in Fig. 9
shows that the increase of velocity will affect the per-
formance of positioning. When the mobile target has
moved approximately 50 m, the maximum error of the
proposed algorithm is about 3 m lower than that of the
IMU-only algorithm with the velocity of 0.4 m/s and the
gap is up to about 3.5 m with the velocity of 0.8 m/s.
As shown in the figure, the comparison between the pro-
posed hybrid positioning algorithm and IMU-only algo-
rithm illustrates that the proposed algorithm provides a
much more precise positioning accuracy than the IMU-
only with higher velocity. Therefore, the IPS based on
the proposed hybrid positioning algorithm can not only
extend the VLC localization range, but also calibrate the
positioning of the IMU.

5 Conclusion

An indoor positioning system is designed by applying
a hybrid positioning algorithm which fuses the VLC RSS
and IMU data for mobile target tracking. The alignment
before localization can reduce the measurement errors of
IMU and VLC RSS. Experimental results show that the
developed IPS using the proposed hybrid positioning al-
gorithm can extend the positioning range of VLC positio-
ning, mitigate the drifts of IMU data and reduce the po-
sitioning error. The developed IPS using the proposed
hybrid positioning algorithm has been demonstrated to be
a very competitive method for indoor positioning, which
can provide a promising approach for indoor positioning
research.
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ET VLC 5 IMU REMBIMERIEZENEMLRSE

i tF EEHEH K

i

% hEF

(FAXFHFHELARELERT, HF 210096)

FEE A A T B 45 (VLC) Fe lHm 338 5, (IMU) , &3t T 2 R 245 2 4 (IPS) , I3 45 3h 4 1R 8 2 A%
Fosk 3z, iZ IPS T+ & O AL MELKNE BRERELRSEI AN AT R G T3 Rz E, 17
TR B A IEREAE R F T LR 845 RSS B3 — AL REARE A AT RIS AT E. R, @i & 56
FRAEAEAE R, RSS K AE P A A B Al B A IEH. I, B T —FHRESZ AL LA AER
FRZIER B AT DR AN ZRE T B HUIRGILE. FREREN, RATRRESEALL R0
IPS #t4% 4 & VLC #9242 X 38, w432 IMU %45 32 S 85 sh ik 0 R ASAT .

KR TN AL AL TRREAE RN 0 A%

R E 4 EE . TN929. 5



