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Abstract: In order to improve the accuracy of the data fusion filter, a tightly-coupled ultra wide band (UWB) /inertial navigation sys-
tem (INS)-integrated scheme for indoor human navigation will be investigated in this paper. In this scheme, the data fusion filter em-
ploys the difference between the INS-measured and UWB-measured distances as the observation. Moreover, the predictive adaptive
Kalman filter (PAKF) for the tightly-coupled INS/UWB-integrated human tracking model with missing data of the UWB-measured
distance will be designed, which considers the missing data of the UWB-based distance and employs the predictive UWB-measured dis-
tance. Real test results will be done to compare the performance of the Kalman filter (KF), adaptive Kalman filter (AKF), and the
PAKEF'. The test results show that the performance of the AKF is better than the KF. Moreover, the proposed PAKF is able to maintain
the performance of the filter when the UWB-based measurement is unavailable.
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1 Introduction

In recent years, the topic on the human localization
has received great attention[l- 2l which will satisfy the in-
creased demand of the pedestrian navigation. Con-
sequently, many approaches have been proposed37. The
proposed approaches include two aspects: 1) the localiza-
tion technology, 2) accurate data fusion filter.

In localization technology, global navigation satellite
systems (GNSS)®l have been widely used, and one fam-
ous example is the global positioning systems (GPS)Ml.
There are many examples based on GPS, e.g., the dy-
namic target GPS localization algorithm has been de-
signed(10l. A robust single GPS navigation and position-
ing algorithm has been proposed!ll. It should be emphas-
ized that although the GNSS can provide accurate navig-
ation information in outdoor environments, its perform-
ance is poor in indoor environments since its signal is eas-
ily impaired in indoor environments due to the obstruc-
tions from buildings. In order to compensate for the out-
age of GNSS, location based service (LBS)-based ap-
proaches have been designedl3: 12-14, Many short-range
communication technologies have been employed for this
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topic, such as radio frequency identification (RFID)[!5)
WiFill6l, and ultra wide band (UWB)[7. RFID has been
used to provide the human position information/!8], mean-
while, an indoor localization algorithm with passive RFID
tags is designed[!8]. The WiFi has been used for indoor
localization!9. It should be pointed out that accuracy of
the RFID-based and WiFi-based method is meter-level,
which is not suitable for the high precision indoor naviga-
tion and positioning. In order to improve the accuracy of
the location precision, the ultra wide band (UWB) is em-
ployed for the indoor environment. For instance, a fast
3D localization in multipath for UWB wireless sensor net-
works is proposed2). Meanwhile, a UWB-based indoor
human localization system has been proposed. It should
be pointed out that the LBS-based approaches men-
tioned above depend on the prearranged reference nodes
(RNs), however, the RNs are not easily arranged in some
places. In order to overcome this problem, the self-con-
tained method has been proposed, which employs the in-
ertial measurement unit (IMU) to provide the navigation
information of the target human alone. And the inertial
navigation system (INS) is one of the most widely used
examples. For instance, robust self-contained pedestrian
navigation by fusing the IMU and compass measure-
ments has been designed for indoor environment2ll. Ped-
estrian tracking with shoe-mounted IMU has been pro-
posed??, It should be pointed out that the INS is not
good at long-term working due to error accumulation.
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In order to overcome the GNSS-based, the LBS-based,
and the INS-based shortcomings, the integrated localiza-
tion scheme has been used[?325. One can find many ap-
proaches to the topic of integrated navigation for the out-
door and indoor environment. For instance, in order to
obtain  higher  precision navigation information,
INS/GNSS-integrated system has been proposedl® 26l a
GPS/(BeiDou navigation satellite system) BDS/INS
tightly-coupled integration has been used7. For the in-
door environment, the INS/UWB-integrated system for
the indoor human localization has been proposed[28].
Meanwhile, the handheld devices-based pedestrian dead
reckoning (PDR)/INS/WiFi-integrated system has been
used for indoor pedestrian navigation?). Tt should be
pointed out that although the integrated localization
scheme is able to overcome the shortcomings of the single
localization technology, the outage of the single localiza-
tion technology may prevent the integrated navigation
system from working.

On the other hand, the performance of integrated nav-
igation also depends on performance of the data fusion fil-
ter. And the Kalman filter (KF) is widely used in the
field of the data fusion for the integrated navigation/30-34],
which demonstrates definitive improvements on the op-
timal estimation. For example, the KF is used to correct
the error drift of the INSB5 36], And the KF is designed
for pedestrian localization37). It should be pointed out
that the KF-based filters have to utilize the accurate
noise statistics to obtain good performancel384l. More-
over, in the field of the data fusion filter for the pedestri-
an tracking, the missing data is not considered in the ap-
proaches mentioned above.

In this paper, in order to improve the accuracy of the
data fusion filter, a tightly-coupled UWB/INS-integrated
scheme for indoor human navigation will be investigated.
In this scheme, the data fusion filter employs the differ-
ence between the INS-measured and UWB-measured dis-
tances as the observation. Moreover, the predictive ad-
aptive Kalman filter (PAKF) for the tightly-coupled
INS/UWB-integrated human tracking model with miss-
ing data of the UWB-measured distance will be designed,
which considers the missing data of the UWB-based dis-
tance and employs the predictive UWB-measured dis-
tance. The main contribution of this work is to design a
KF-based filter to fuse the INS-derived and UWB-de-
rived measurements with missing data. Real test results
will be done to compare the performance of the Kalman
filter (KF), adaptive Kalman filter (AKF), and the
PAKEF. The test results show that the performance of the
AKF is better than the KF. Moreover, the proposed
PAKF is able to maintain the performance of the filter
when the UWB-based measurement is unavailable.

The work is organized as follows. The tightly-coupled
INS/UWB-integrated pedestrian tracking scheme with
missing UWB-dated data will be discussed in Section 2.
Then, the predictive adaptive KF will be designed in

Section 3. The real indoor tests of human localization us-
ing the proposed predictive adaptive KF are discussed in
Section 4. Finally, conclusions are given in Section 5.

2 Tightly-coupled INS/UWB-integra-
ted pedestrian localization scheme
In this section, the tightly-coupled INS/UWB-integ-

rated scheme and the system model used in this paper
will be investigated.

2.1 Tightly-coupled
ted scheme

INS/UWB-integra-

The tightly-coupled INS/UWB-integrated scheme is
shown in Fig.1. In this scheme, the UWB-measured dis-
tance dY,i€ (l,g) and the INS-measured distance
dlie (1,g) are computing simultaneously. Here, ¢ is the
ID of the reference node (RN), and ¢ is the number of the
RN. In this paper, only the projection distances are con-
sidered. The difference of dY and d! is used by the PAKF
to estimate the INS position error, which is used to cor-
rect the INS position.

Up

Predicti
adaptive

Kalman

filter

Human
position

East

Fig.1 Block diagram of the tightly-coupled INS/UWB-
integrated scheme

2.2 System model

In this subsection, the state and the measurement
equations are designed. In this paper, an INS error model
with 15-elements is used, which we have used in [42, 43].
The state equation used in this work is listed in (1).
Where the attitude, velocity, and position errors vector of
INS at time index ¢ are denoted as ¢, dV;", and 6P} re-
spectively, (V? ,slt’) are the vectors of the accelerometer’s
bias and gyroscope drift at time index ¢, T is the
sampling time, w: ~ N (0, Q) is the system noise. Cy' and
S (f¢) can be computed by (2).
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oy I3ys O3x3 03x3 03x3 —I53Cy'T Pr—1
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A% O3x3 O3x3  Osxs Isxs O3x3 Vi
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It should be emphasized that the i-th UWB-derived J ad{,t ad{,t i
. . . . . . O3x3  0O3x3 0 O3x3 Osxs
distance is easily unavailable in indoor environments, OPr: OPn
which will affect the positioning accuracy of integrated ads,  odb,
scheme. In this paper, the variable of,i € (1,2,---,g) is 03x3  Osx3 Y — 0 Osxs D33
. ’ ty It Y Ht: aPE,t aPN,t
employed to indicate the UWB-derived missing data. . .
When o} =1, it means that the UWB-derived dis-
tance is available. The INS-measured distance between 0 0 adé,t 8d£7t 0 o 0
the RN and the target person at time index ¢ can be [ TS OPg,  OPn. 8x3 3X3—g><15

written as follows:

df,t:\/(P,;t ~ PR+ (Pho = P), =120 3)

where Pé,t and PJ{,’t denote the INS positions in east and
north directions at time index t, P}(;) and PI(\,i) denote the
positions of the i-th RN in east and north direction.

Here, (3) can be rewritten by the first-order Taylor
expansion at real position of the target person (Pg,+, Pn,:):

dl, = \/ (Pou—PY) + (P - PY) +

di
adl, ady,
= 5P, LAY i =1,2,--- 4
8PE,t E,t+ aPN,t Nty ) 4y g ( )

where (6Pg,:,0Pn,) is the INS position error in n-frame
at time index t. To the UWB-based distance, we can get
the following expression:

Ay =diy + i, i=1,2,--,g. (5)

Thus, we can obtain:

6diy =di, —dY, =
ody,

OPg

ody,

6P, P, i=1,2,---,g. 6
Bt + 8PN,7: Nty y 4y » g ( )

Then, the measurement equation when a; =1 can be
written as

dd1 di, —d?,
5d di, —ds
.2,t _ 2,t 2,t — H.X, + v, (7)
0dg,t | 5y dye—dge |,
N e’
Y:

where vy ~ N (0, R,) is the measurement noise, and
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The detailed derivation of the measurement equation
can be found in [42]. Once the i-th UWB-based distance
is unavailable, af =0, and the observation for the data
fusion filter can be predicted by

Oyt di, —di,
8d; H.F, 1 X1 (i, 1 ‘
.’t = ttl.tl(l ) i€ (1,2,-+-,9)
5d9’t gx1 d!I%i - dQth gx1
————
Yi
)
where dd;¢,i€ (1,2,---,9) denotes the unavailable

UWB-based distance. H¢F;_1X¢—1 (i,1) denotes the i-th
row and the 1st column of the H F;_1X;_1 (i,1). Thus,
the system with missing data can be represented by

Xiyjp—1 = F1 X1 +wia

I U
di —diy

H.F, 1 X, 1 (i,1)

t

(10)

Q
sy
-

I U
dgt —dg,t gx1

Y, = ol (HtXt\t—1 + Vt) + (1 - 04;) ffag,r

3 Filters for indoor pedestrian tracking

In this section, the adaptive KF (AKF) and the im-
proving predictive AKF (PAKF) for the system pro-
posed in Section 2.2 will be designed.

3.1 Adaptive Kalman filter

For the data fusion filter, the KF has been widely
used, however, it should be pointed out that the perform-
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ance of the KF depends on the model and the noise stat-
istics. When the data fusion model is designed, it is hard
for the fixed noise description to satisfy its actual applica-
tion. In order to overcome this problem, the AKF has
been proposed, which employs the dynamic noise descrip-
tion. The pseudo code of the AKF for the systems (1)
and (3) is sketched in Algorithm 1. Compared with the
basic Kalman filter, the adaptive Kalman filter computes
the R, at each time index (line 8-11).
Algorithm 1. Adaptive Kalman filter

1) Data: Y;, Xo, Py, Q, Ro
2) Result: X,
3) begin

>~

fort=1:00do

Xt|t—1 = FtXt—l

P11 = Ft71Pt71FtFEl +Q

K; = Pt\t—lH;r(HtPt\t—lH;F + Ry)
X, = tht—l + K. (Y: — HtXt|t—1)
P, =(I-K:H;)Py_,

)

-1

~N
O — DD DO —

© oo

10) v =Y — HtXt\tfl - Tt
11) re=1—-de)ri1 +de1(Ye — Hi Xyp—1)
12) R, = (1 —di—1) Ri—1 + di—1 (vev] — H Py HY')
1 b
13) di—1 = bt’0<b<1
14) end for
)

3.2 Predictive adaptive Kalman filter

For the system (10), the pseudo code of the improv-
ing predictive adaptive Kalman filter is sketched in
Algorithm 2. In the improving predictive AKF algorithm,
the outage of the UWB-based data is considered (line

—8). The variable a; is employed to indicate the UWB-
derived missing data, and the predictive UWB-based dis-
tance is used as the observation for the filter when the
UWB is outage.

Algorithm 2. Predictive adaptive Kalman filter

1) Data: Y;, X0, Py, Q, Ro
2) Result: Xt
3) begin

fort=1:0c0do
Xt|t—1 =FX;
P, = F,_1\P, . F' +Q
if of =0 then

i, —dy,
HF, 1 X1 (4,1)

D Ot

EN| =
—_ DD =

8) Y=
d-(I]’t - dgt gx1
9) end if
10) K *Pt\t H (HtPt\t HF +Rt)
11) Xy = X1 + Ke(Yi — Hi Xy01)
12) P, (I Kth)Pt|t 1
13) v =Yi — H Xy 1 — 14

14) ro = (1 —de)re—1 + di—1 (Y2 —HtXt\t 1)
15) R = (1 —di—1) Ri—1 + di—1 (vevf — H Py HY)
(1-b)
16) di— (1,bt)0<b<1
17) end for
18) end

4 Real indoor test

In this section, the real test for the verification of the
performance of the improving PAKF proposed in the pa-
per will be investigated, which has been done in the Ma-
chine Building of the University of Jinan, China. Firstly,
the test environment and the setting will be designed.
Secondly, the performance of the KF and AKF will be
compared. Finally, the outage of the UWB will be simu-
lated and the performance of the AKF and the PAKF
will be investigated.

4.1 Test environment

Figs.2 and 3 sketch the test environment and the
equipment used by the target human in the test.
Moreover, Fig.4 displays the structure of the experiment-
al platform used in the test. The UWB localization sys-
tem used in the test includes the 4 UWB RNs and the
UWB BN. Here, the UWB RNs are fixed on the known
coordinates. And the UWB BN is fixed on the target hu-
man. In this test, the UWB localization system to provide
the UWB-based distance dY,i € (1,g) between the UWB
RN and the target human. Meanwhile, the foot-mounted
inertial measurement unit (IMU) is used to provide the
INS-based position, which is used to compute the INS-
based distance d!,i € (1,g) between the UWB RN and
the target human. As shown in Figs.1 and 4, it should be
emphasized that we employ the projection distances since
only the 2D localization is considered. Moreover, in order
to provide the reference value, we employ the following
steps:

1) Build the mapping between the distance l; from
the start point and the reference position at time index ¢.

Fig.2 The test environment

@ Springer
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Encoder

\ Foot-mounted

IMU

RN3

<—T RS232

o] |
\

RS232 L '

Computer

Target human

Fig.4 Structure of the experimental platform used in the test

2) Measure l; via the encoder.

3) The reference position value at time index t can
be computed via the encoder measured by the encode and
the mapping built in the first step.

For the filter, in this paper, we set T = 0.1s,
Q =10"" x Iisx15, Ro = 107" x Isx15, b= 0.95.

4.2 Performance comparison between INS
and UWB

In the real test, the target human walked from the
start point to the end point following the planned refer-

ence path. In order to improve the accuracy of the INS

@ Springer

position, the zero velocity update (ZUPT) is used by the
INS (so-called INS+ZUPT). The principles of the ZUPT
can be found in [35], which is to use the data fusion filter
to correct the error drift of INS via the measurement
when the feet fall on the ground. The planned reference
path, the trajectories measured by the UWB and INS
with ZUPT are shown in Fig.5, which are denoted as
black line, green line, and blue dashed respectively.
Meanwhile, the positions of the UWB RNs are also
marked in Fig.5 (cross). From Fig.5, it can be seen obvi-
ously that the path estimated by the INS appears the er-
ror accumulation. Although the ZUPT can reduce the
INS position error effectively, it still has the challenge of
long-term working. At the end of the test, the error of the
INS position is big, which demonstrates that the INS
solution is not good at long-term navigation. Compared
with the INS solution, the position provided by the UWB
is always close to the reference path. The size of the IMU
used in the paper is 48 x 28 x 13mm (length X widthx
height), and it weighs 20g, the performance of the IMU
used in this paper are summarized in Table. 1.

4
2 L
0 + 4
—~ 2} A Start point
g o End point
g —4 . + Reference node
S UWB
Z 6 | INS+ZUPT
Reference path
-8t y
— 1 0 L
-12 - . . * *
-12 10 -8 -6 —4 -2 0

East (m)

Fig.5 The reference path (black line) and the trajectories
measured from the INS with ZUPT (blue dashed) and UWB
(green line). Color versions of the figures in this paper are
available online.

Table 1 Performance of the IMU used in this paper

Accelerometers Gyroscopes Magnetometers

Axes 3 3 3

Full scale +5g +300deg/s +8Gauss

Analog-to-digital

converter (ADC) bit 16 16 12

Update rate 1-100 Hz 1-100 Hz 1-100 Hz

The INS-derived and UWB-derived east and north po-
sition errors are sketched in Figs.6 and 7. In Figs.6 and
7, the INS position error is depicted with blue line, and
the UWB position error is depicted with green line. From
Figs.6 and 7, we can get a conclusion similar to that in
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Fig.5. The INS position errors are bigger than the UWB
both in east and north directions, which demonstrates
that the INS solution has error accumulation. Compared
with the INS position error, the east position error of
UWB is basically maintained between —0.5m and 0.5m,
and the north position error of UWB is basically main-
tained between —1m and 1m. It can be seen easily that
the UWB solution is stable, as it does not have the error
drift. Moreover, Table 2 lists the mean-square errors
(MSEs) of the position estimated by the INS and UWB.
From Table 2, we can see that the MSEs of the position
in east direction and north direction estimated by the
UWB are 0.04m and 0.11m, which are smaller than that
value of INS.

1.5
E 1ot —INS
5 — UWB
3
5 05 ¢
E it
|
<}
M |
[}
=
S-05}
E
-1.0 s " " " "
5 10 15 20 25 30

Time (s)

Fig. 6 The east position errors of the INS and UWB

0: “"]!leyj/\w h

-1.5

—INS
20t —UWB

Position error in north direction (m)

-2.5

5 10 15 20 25 30
Time (s)

Fig. 7 The north position errors of the INS and UWB

Table 2 MSEs of the position estimated by the INS and UWB

MSE (m?2)
Method
East North
INS 0.42 1.36
UWB 0.04 0.11

4.3 Performance comparison between KF
and AKF

In this section, the performance of the KF and the
AKF will be compared. Fig.8 displays the trajectories
measured from the KF and AKF. Here, the KF-derived
path is depicted with a blue line, and the AKF-derived
path is depicted with a red line. From Fig.8, one can find
that both the KF and the AKF are able to provide the
path of the target human and reduce the position error
effectively compared with the UWB solution (depicted
with green line). Compared with the KF-derived traject-
ory, the performance of the AKF is better. One can see
easily that the KF-derived trajectory has great errors in
the final stage of the experiment. While the AKF-de-
rived trajectory is always close to the reference trajectory.

4
2 -
o + 4
— 27
g
= 4 A Start point
5 * o End point
z + Reference node
67 UWB
——KF
-8t —— AKF 1
— — Reference path
710 L
=12
—-12 -10 -8 -6 -4 -2 0

East (m)

Fig.8 The reference path (black line) and the trajectories
measured from the UWB (green line), the KF (blue line) and
AKEF (red line)

In this subsection, the KF-derived and the AKF-de-
rived solution are compared with the UWB solution only
because the INS position error is bigger than the UWB
solution, which has been discussed in Section 4.2. The
east and north position errors derived by the KF and
AKF are shown in Figs.9 and 10. From Figs.9 and 10,
one can find that both the KF and AKF are effective in
reducing the localization error for the target human. The
position errors of the KF and the AKF are smaller than
that value of the UWB in both the east and the north
directions. At the end of the experiment, one can find
that there is a big position error for KF, its value is even
bigger than the UWB-solution. Compared with the KF-
derived position error, the AKF-derived performance is
stable. When there is a big position error for KF, the pos-
ition error of the AKF is still lower than the UWB-de-
rived position error. Table 3 lists the mean-square errors
(MSEs) of the position estimated by the UWB, KF and
AKF. From Table 3, we can see that the MSEs of the po-
sition in east and north directions estimated by the KF

@ Springer
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are 0.06 m and 0.09m respectively, which are bigger than
that value of UWB due to the big position error at the
end of the experiment. The MSE of the position in east
and north directions estimated by the AKF are 0.03m
and 0.06 m respectively, which are the smallest.

4.4 Performance comparison between
AKF and PAKF

In this section, the performance of the AKF and the
PAKF will be compared. From Sections 2 and 3, it can
be seen that the PAKF proposed in this paper is de-

2.0

—UWB
—KF
—AKF

—_
W
T

o
T

e
o

D
wn O W
-

Position error in east direction (m)

2.0 }

2.5

5 10 15 20 25 30
Time (s)

Fig. 9 East position errors of the UWB, KF and AKF

1.5
1.0
0.5
0

LLg
wnm O W
-

Position error in north direction (m)

[ N
Rl N
“wn O wn O

Time (s)

Fig. 10 North position errors of the UWB, KF and AKF

Table 3 MSEs of the position estimated by the UWB, KF and

AKF
MSE (m?2)
Method
East North
UWB 0.04 0.11
KF 0.06 0.09
AKF 0.03 0.06

@ Springer

signed for the available UWB-measured distance. Thus,
in this section, three outage areas are simulated (#1, #2
and #3), which is shown in Fig.11 (depicted with red
line). It should be emphasized that the simulated outage
areas are different in this paper, as follows:

1) In the #1 simulated outage area, only one un-
available UWB-measured distance is simulated. Since this
situation happens often, the size of this simulated outage
area is 20 sample points.

2) In the #2 simulated outage area, two unavailable
UWB-measured distances are simulated. The size of this
simulated outage area is 15 sample points.

3) In the #3 simulated outage area, three unavail-
able UWB-measured distances are simulated. The size of
this simulated outage area is 5 sample points since this
situation does not happens often.

4
2 L
0 + ) +
e 27 A Start point ) jZ |
= o End point
£ 4 + + Reference node | |,
> —— UWB g
o INS+ZUPT >
Reference path | Y/
3 r — Outage » T
_10 L
_12 L L 1 I L
-12 -10 -8 -6 —4 -2 0
East (m)

Fig.11 The reference path (black line), the trajectories
measured from the INS with ZUPT (blue dashed), the UWB
(green line) and the missing data of UWBs (red line)

The east and north position errors derived by the
UWB and the PAKF are shown in Figs.12 and 13, re-
spectively. Table 4 lists the MSEs of position measured
by the INS, UWB, AKF and the PAKF. In Table 4, the
“NaN” means “not a number”, which indicates the value
is unavailable. In Figs.12 and 13 and Table 4, the UWB
position error is depicted with a green line, the PAKF po-
sition error when the UWB-measured distance is avail-
able is depicted with a blue line, and the PAKF position
error when the UWB-measured distance is unavailable is
depicted with a blue line. From Figs.12 and 13, we can
see that there are three outages for the UWB, which the
UWB-based measurement is unavailable. To the PAKF,
it can be seen that the proposed method is able to work
with the UWB-based missing measurement.

5 Conclusions

In this paper, a tightly-coupled INS/UWB-integrated
scheme for the indoor human localization has been de-
signed. In order to improve the accuracy of the data fu-
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Fig. 13 North position errors of the UWB and PAKF

Table 4 MSEs of position measured by the INS, UWB, AKF

and the PAKF
MSE (m)
Model
East North

INS 0.42 1.36
UWB NaN NaN
AKF NaN NaN
PAKF 0.03 0.03

sion filter, the adaptive Kalman filter has been used as
the main filter. Meanwhile, the outage of the UWB-meas-
ured distance has been considered. And the filter for the
tightly-coupled INS/UWB-integrated human localization
with missing measurement has been designed. The main
contributions of this paper are listed as follows:

1) The INS-measured and UWB-measured distances
have been employed as observations for the data fusion
filter.

2) The PAKF has been proposed, which employs the
predictive UWB-based distance to maintain the perform-

ance of the AKF.

The experimental results show that the performance
of the AKF is better than the KF. Moreover, the pro-
posed PAKF is able to maintain the performance of the
filter when the UWB-based measurement is unavailable.
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