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ABSTRACT:

Aiming at the problem that the Ultra-Wide-Band (UWB) positioning accuracy is reduced in the Non-Line-of-Sight (NLOS)
environment, a UWB positioning accuracy evaluation mechanism is introduced. This paper analyzes the geometric distribution of
UWB equipment theoretically to evaluate the positioning accuracy of the UWB system. Furthermore, it optimizes the geometric
distribution of UWB and optimizes the UWB positioning algorithm model to improve the positioning accuracy. A set of UWB
positioning accuracy estimation process is proposed. Through theoretical analysis and simulation, a model of the influence of the
geometric distribution of base stations on the UWB positioning precision is established. The obtained model provides a reference for
setting and adjusting the measurement noise in the Kalman filter for UWB/Inertial Navigation System (INS) integration positioning,

which improves the combined positioning accuracy.

1. INTRODUCTION

Outdoor positioning technology based on Global Navigation
Satellite System (GNSS) or GNSS/ Inertial Navigation System
(INS) integration has been successfully applied and
commercialized (Balland, 2012). However, in indoor areas, the
availability of GNSS signals can be poor or even unavailable.
Therefore, additional sensors are required to achieve indoor
positioning (Poulose et al., 2019). The algorithms currently
used for indoor positioning mainly include geometric
positioning, dead reckoning, database matching, and their
integration. Among them, geometric positioning, especially
distance-based multilateration, is the most commonly used
method.

Most indoor positioning solutions now use wireless
technologies such as WIFIL, ZigBee, and Ultra-Wide-Band
(UWB). Among them, UWB has the characteristics of low
power  consumption, large  bandwidth,  high-speed
communication, high time resolution, high data rate, and short
wavelength (Park and Rappaport, 2007). Thus, this paper
chooses UWB as a part of the positioning solution. A challenge
for UWB positioning is that its ranging precision and maximum
measuring distance will be significantly reduced due to the
influence of Non-Line-of-Sight (NLOS) and multipath.
Therefore, this paper adopts the integrated positioning system of
UWBJ/INS to improve the positioning precision. Once
initialized, the INS can provide independent navigation without
the need to receive external signals or interact with the external
environment. This feature ensures navigation continuity and
reliability when UWB performance is degraded by NLOS or
multipath effects (E1-Sheimy and Li Y, 2021).

This paper will build a personnel positioning platform based on
UWBV/INS integration and implement the corresponding
Extended Kalman Filter (EKF) algorithm for wearable

application scenarios. On this basis, performance improvements
are made for the difficulties in practical applications. Aiming at
the challenge of UWB ranging and positioning precision in
NLOS environments, a UWB positioning precision evaluation
mechanism is introduced. Specifically, this paper theoretically
analyzes the number of UWB devices and their geometric
distribution to evaluate the positioning precision of UWB
systems, and further optimizes the number and geometric
distribution of UWB devices, to optimize the UWB positioning
algorithm model to improve the positioning precision.

2. UWB AND INS POSITIONING ALGORITHMS AND
ANALYSIS

The specific contents of this chapter are arranged as follows:
Sections 2.1 and 2.2 introduce the algorithms of UWB
positioning and INS respectively; Section 2.3 analyzes the
UWB positioning accuracy, applies the Dilution of Precision
(DOP) to the UWB positioning system, and gives the derivation
of DOP; Section 2.4 introduces the Kalman filter algorithm that
fuses INS and UWB information.

2.1 INS Mechanization

INS is currently one of the most important autonomous
navigation systems. It uses 3D gyros and accelerometers to
measure 3D angular velocities and specific forces, respectively.
The measurements are used to continuously track the 3D
attitude between the device's body frame (i.e., b-frame) and the
navigation frame (i.e., n-frame). With the obtained attitude, the
specific force vector can be transformed from the projection in
the b-frame to that in the n-frame. Then, the gravity vector is
added to the specific force to get the device acceleration vector
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in the n-frame. Finally, the acceleration vector is integrated
once and twice to determine the 3D velocity and position
changes respectively (Groves, 2014). The specific process is
shown in Figure 1.
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Figure 1. INS mechanization process.

2.2 UWB Positioning Algorithms

The basic principle of the UWB positioning system is similar to
that of the GNSS positioning system. The UWB base station
and mobile tag have a similar role to the satellite and receiver in
the GNSS positioning system, respectively. The principle of
geometric positioning can be used to complete indoor
positioning. Therefore, the mathematical model for UWB
positioning is

i)z - \/(xz - xu) 2 + (yz - yu) z + (zz - zu) 2 + bp + €pi (1)

where (z,, ¥, ,2,) is the node coordinate to be estimated;
(z:, ys, 2:)is the coordinate of the base station; p; is the

measurement value of the distance from the node to the i-th
base station; b, is the bias in the distance measurement value;

€,,; 18 the random error in the distance measurement.

After error perturbating and linearizing Equation (1), the
ranging error model is

Ap; =~ L Az, — yij Y Ay, — Zi - z Az, + Ab,+¢€,; 2)
T; Ti T;
where
Apf =pPi— bz
Az, =z, — I,
Ayu =Yu— gu
Az, =2, — Z,
Ab,=b,—b,

f‘i = \/(:;:u - m1) ? + (:'}u - yz) : + (2“ - Zl) ’

~ stands for approximate distance.

After measuring the distance from the tag node to multiple base
stations, the ranging error model can be constructed in the form
of a matrix.

z=Hx-+v 3)

where

Ap,
Apg

L€pn, |

The least square method can be used to estimate the error vector
X.

x= (H'R'H) 'H’R 'z 4)
where
R=[(v—E®)(v—EW)"]

After x is estimated, it is fed back to the navigation state vector
X and x is cleared, as shown in Equation (5). Keep iterating

until the least square converges. One way to judge convergence
is whether the modular value of the coordinate error vector in x

is less than a preset threshold value. When the value is less than
the threshold value, the least square method is judged to
converge at this time and the iteration is finished. When the
number of iterations exceeds the corresponding threshold value,
there is still no convergence, then the solution of the position
least square method fails. Navigation state vector X is the

position coordinate to be estimated, and the initial value can be
set to the positioning result at the last time.

X=X+x,x=0 )

2.3 Analysis of UWB Positioning Accuracy

DOP describes the geometric strength of the configuration of
the visible satellite on the GPS accuracy (Tahsin M et al., 2015).
The UWB positioning system is similar to the GNSS
positioning system. Thus, in this paper, DOP is applied to the
UWB positioning system. The number and geometric
distribution of UWB base stations and the DOP value are
theoretically analyzed. The DOP value is further used to
evaluate the positioning precision of the UWB system and
optimize its base station number and geometry, to optimize the
parameter settings of the positioning algorithm to achieve a
better indoor positioning solution. It can be seen from Table 1
that the smaller the DOP value, the better the geometric
distribution.
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DOP Value Ratings
1-2 Ideal
2-4 Excellent
4-6 Good
6-8 Moderate
8-20 Fair
20-50 Poor

Table 1. DOP ratings (Tahsin M et al., 2015).
If the random error term of Equation (3) is ignored
x=(H"H)'H"z 6)
Then the covariance matrix of x is

cov(x) =E(xx")
—E((H"H) 'H’zz"H(H"H) ")
= (H"H) 'H'zz" H(H'H) "
= H"H) 'H cov(z)HH"H) "

(7

cov(z) represents the ranging accuracy of UWB. Here it is

assumed that they all have the same variance as o, .

cov(x) =E(xx")

=cZ(H'H) " 8)
— o2 (H'H)
Let Q, = (H"H) ' then
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Then, the DOP values in the east, north, and elevation
directions can be obtained as

DOP,=+/G,,
DOPy=+/G,,
DOP,=+/G..

Furthermore, the DOP values for the horizon, vertical, and 3D
directions are calculated as

an

DOP,,, =G, +G,
DOPver Y, Gzz
DOP,=+/G,,+G,,+G..

The positioning precision of UWB is affected by the combined
effect of measurement error and the geometric distribution of
UWB base stations. Measurement errors and deviations can be
expressed as the User Equivalent Range Errors (UERE). If the
measurement errors of all UWB base stations are the same and
independent, the UERE definition can be the square root of the
various errors and deviations. Multiplying UERE by the DOP,

(12)

value gives the expected precision of UWB positioning, as
shown in Equation (13) (Langley, 1999)

UWB Position accuracy =UERE X DOP, (13)
2.4 INS and UWB Information Fusion
In this paper, Kalman filter is used to fuse the information

output by UWB and INS. The state equation and measurement
equation are

{6xk+1:¢k+1,k6zk+wk (14)

21 = Hypp162p 00+ v
where (Farrell and Barth, 1999)
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where Opy, vy, €., a,, w, is the error of position, velocity,
attitude, accelerometer bias, and gyro bias, respectively; s; is
the acceleration information collected by the IMU; T, is the
time interval of the IMU output; w; is the system noise; vy, . is

the measurement of UWB positioning noise. The prediction
formula of the Kalman filter is

{6$1:+1:‘I’k+1,k5-’15 (15)
Pi.= q’kJrlPk-q)erl,k + Qk
The measurement equation is

Ki= P;+1Hg+1 [Hk+1P;+1HZ+1 + RIH»J -

6ty = 6 T Ky [2540 —Hy 16200 ] (16)

P =[1—K, H.]Pi

where P is the covariance matrix of the state vector éz; K is
the gain matrix of the Kalman filter; Qand R are the system

noise covariance matrix and the observation noise covariance
matrix, respectively; the subscripts £ and k£ -+ 1 represent the

times of ¢, and ¢, ., and the superscript ‘-’ indicates that the

item is a forecast item.
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3. EXPERIMENT AND RESULT ANALYSIS
3.1 Simulation of DOP value

In the UWB positioning system, the DOP value depends on the
geometric distribution of the base stations. In this paper, the
exhaustive method is used to obtain the DOP simulation results
of setting four base stations in a 25 m * 20 m scene and find the
base station arrangement with the smallest average DOP value.
Figures 2 and 3 show the DOP distributions of two different
base station arrangements of ‘solution 1’ and ‘solution 2’. The
DOP value distribution diagram shown in Figure 2 is that four
UWRB base stations are arranged in the four corners of the scene,
and its DOP values are the smallest, which has the best
geometric distribution.

The UWB positioning is simulated by the base station
arrangement of ‘solution 1°, and the Equation (13) is verified.
It is assumed here that the measurement errors of all UWB base
stations are the same and independent. Afterward, four test
points and four UERE values are set to test the relation between
DOP and positioning accuracy. For each combination of test
point and UERE, 100,000 simulations are run, the RMS value
of the error is calculated. The statistical results are shown in
Table 2.
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Figure 2. DOP value distribution for ‘solution 1.
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Figure 3. DOP value distribution for ‘solution 2’.

It can be seen from Figure 4 that the positioning accuracy of
UWB varies with the changes of UERE and DOP values. Under
a certain UERE, with the increase of the DOP value, the RMS
value of the positioning error will also increase; at a certain test

point, the RMS of the positioning error will increase with the
increase of the UERE. As can be seen from Table 2, for a
certain test point, such as test point (12.06, 10.36), its DOP
value is 1.025, and when the UERE is 0.1, 0.5, and 1, its
positioning error RMS is 0.1077, 0.5393 and 1.0788
respectively, but the ratio of RMS to UERE is 1.0770, 1.0786,
1.0788, no matter what its UERE and RMS values are, the ratio
of RMS to UERE is almost equal, and it is very close to the
DOP value of the test point.

UER Position RMS
E Test point/m | DOP error UERE
/m RMS/m

(12.06, 10.36) 1.025 1.776e-15 XXX

0 (9.80,2.10) 1.182 1.831e-15 XXX

(1.78, 0.30) 1.258 1.955¢e-15 XXX

(10.78, 19.30) 1.277 3.552¢-15 XXX
(12.06, 10.36) 1.025 0.1077 1.0770
01 (9.80,2.10) 1.182 0.1097 1.0970
’ (1.78, 0.30) 1.258 0.1212 1.2120
(10.78, 19.30) 1.277 0.1305 1.3050
(12.06, 10.36) 1.025 0.5393 1.0786
05 (9.80,2.10) 1.182 0.5473 1.0946
’ (1.78, 0.30) 1.258 0.6051 1.2102
(10.78, 19.30 1.277 0.6520 1.3040
(12.06, 10.36) 1.025 1.0788 1.0788
1 (9.80,2.10) 1.182 1.1005 1.1005
(1.78, 0.30) 1.258 1.2143 1.2143
(10.78, 19.30) 1.277 1.3092 1.3092

Table 2. RMS of position errors with four test points and
UERE values.
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Figure 4. Positioning error RMS at four simulated results.

3.2 Experiment of UWB

The test environment of the UWB positioning system is a 25.0
m * 20.0 m outdoor area with a wide field of view. The test
environment is shown in Figure 5. When tested outdoors, there
is almost no obstruction between the UWB base station and the
tag node. First, arrange four UWB base stations in the area. The
arrangement of ‘solution 1’ is to place the base station in the
four corners of the scene, and ‘solution 2’ is to place the base
station in the middle of the four sides of the scene. After
calculating, the geometric distribution solution of ‘solution 1’ is
better than that of ‘solution 2’. The DOP value distributions are
shown in Figure 2 and Figure 3.

During the experiment, the UWB tag was attached to the chest,
and then the walking test was performed. UWB tag installation
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as shown in Figure 6. Figure 7 shows the comparison between
the calculated walking trajectories and the real trajectories
under these two different base station arrangement solutions.
The reference trajectories are obtained by setting the traveling
trajectories on the area in advance and measuring them at the
corners of the trajectories. As can be seen from Figure 7, the
trajectories obtained by these two UWB base station
arrangements are not much different, the positioning results are
continuous and close to the real trajectory, and the positioning
precision is at the decimetre-level.

Figure 6. UWB tag installation.

This is because the average DOP values of the two base station
solutions are 1.129 and 1.556, which are both between 1 and 2.
According to the DOP ratings in Table 1, these two solutions
are ideal. In addition, these two trajectories were completed in
two experiments respectively. During the process of traveling,
there may be slight deviations in the trajectories of people
walking, and there may also be ranging errors when measuring
the corner points, resulting in the actual walking track and the
reference track may be different, and there is a certain error.
Therefore, the positioning precision of ‘solution 1’ is not
significantly better than that of ‘solution 2°.

However, in an indoor environment, the positioning
performance may be affected by NLOS and multipath due to
various occlusions such as walls, resulting in a larger ranging
error and a smaller maximum ranging distance. This paper
chooses the positioning method of UWB/INS to reduce the
influence of NLOS.

Trajectories_Compare

— reference X
—— solutionl
14{ — solution2
12
§ 10
8
6 | I
vas\ ———g
25 5.0 7.5 10.0 12.5 15.0 17.5 20.0

x/m
Figure 7. Comparison of the reference trajectory and the
trajectory obtained by the two base station arrangements of
‘solution 1’ and ‘solution 2.

3.3 Experiment of UWB/INS

In this paper, the indoor test is carried out through
experiment/simulation. During the experiment, the ‘Weartrack’
module is used to provide the true value of the position
reference. The ‘Weartrack’” module is a small low-power
wearable positioning system, which was developed by the
MOTION team of LIESMARS of Wuhan University and the
i2Nav team of the Satellite Navigation and Positioning
Technology Research Centre of Wuhan University. The system
can achieve decimeter-level positioning precision after
sufficient landmark point correction and forward-backward
smoothing.

trajectories(delta=0.02)

—— UWBJ/INS
—— Reference
175{ —— UWB

15.0

Figure 8. Comparison of reference trajectory, UWB trajectory,
and UWBYINS integration trajectory when 6, = 6, = 6, =0.02

(60, 61, 6, are the diagonal elements of the observation noise

covariance matrix).

The position provided by the ‘Weartrack’ module is used to
calculate the true value of the distance from the tag node to the
four base stations. Then, NLOS errors are added to the true
distance value to simulate the actual distance measurement
value. Finally, simulated distance measurement values are used
to perform the positioning solution. The positioning results are
compared with the reference truth of the positioning results
provided by ‘Weartrack’ to evaluate the positioning precision.

To verify the influence of the uncertainty of UWB positioning
results on UWB/INS positioning, this paper sets two different
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constant values for the observation noise covariance matrix R,

which has components of

6 0 0
R=|0 6 0
0 0 &

Here =26, =6,=0.02 and 6, =06, =06,=0.2 are set. The

trajectory figure and error figure of the two observation noise
covariance matrices are shown in Figures 8 to 11.
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Figure 9. Comparison of the positioning error of UWB and the
positioning error of UWB/INS integration when
6p=06,=06,=0.02 (8, 61, 8, are the diagonal elements of

the observation noise covariance matrix).

trajectories(delta=0.2)

—— UWB/INS
—— Reference

150

4 6 8 10 12 14 16 18 20

Figure 10. Comparison of reference trajectory, UWB trajectory,
and UWBYINS integration trajectory when &, =68, =08,=0.2

(6o, 61, 6, are the diagonal elements of the observation noise

covariance matrix).

It can be seen from Figures 8 to 11 that after using UWB/INS
integration, the localization error is reduced, and the trajectory
is smoother. The combined positioning results of the two
observation noise covariance matrices with different constants
are compared, as shown in Table 3. Without the influence of
NLOS, using UWB/INS only reduced the MEAN and RMS of
errors by only 2-4 cm. By contrast, under the influence of
NLOS, the maximum positioning error of UWB positioning
reaches 1.5 m; after using UWB/INS, the maximum error is
reduced by nearly 0.4 m, with an accuracy improvement of
26.7 %, which has a certain inhibitory effect on NLOS.

The indoor locating scene in the actual application, because the
influence of the UWB base station to tag node won't be the
same, some obstructions between the base station and tag
caused the ranging error is bigger, the reliability of the base
station to drop. Thus, in the UWB positioning results are
estimates, should consider the weight of each base station's
influence on the tag node. In addition, the observed noise
covariance matrix should change with the movement of
pedestrians at different positions. When UWB is affected by
NLOS or multipath, the reliability of UWB positioning results
is weakened. At this time, the observation noise covariance
matrix should be set larger. This reflects the importance of
setting the observation noise covariance matrix for integrated
navigation performance.
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L4l ™ uws/ns
12
1.0
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Figure 11. Comparison of the positioning error of UWB and
the positioning error of UWB/INS integration when
6p=06,=0,=0.2 (8, 6, 6, are the diagonal elements of the

observation noise covariance matrix).

STD/m | MEAN/m | RMS/m | MAX/m
80,1,2=0.02 | 0.2946 | 0.4813 0.5643 | 1.1713
80,1.=0.2 | 0.2892 | 0.4986 0.5764 | 1.1331
UWB 0.3071 0.5172 0.6015 | 1.5283

Table 3. Statistical values of position errors for UWB/INS
integration with various measurement noises.

4. CONCLUSIONS

Although UWB positioning is a highly precise method, its
precision is affected by bad factors such as NLOS. In this paper,
DOP is applied to the UWB positioning system, and a set of
calculation processes of UWB positioning precision and
reliability is proposed. Through theoretical analysis and
simulation, a model of the influence of base station geometric
distribution on UWB positioning precision in the test scene is
established. In the indoor positioning, it provides a reference for
the arrangement of the UWB base station. As shown in Table 3,
the combined positioning method of UWB/INS has reduced the
STD, MEAN, RMS, and MAX of the positioning error
compared with the positioning method that only uses UWB
technology, which reduces the influence of NLOS and improves
the positioning precision and robustness. The maximum error is
reduced by nearly 0.4 m, with an accuracy improvement of
26.7 %. However, the STD of position errors is only reduced by
1-2 cm, while MEAN and RMS are both reduced by 2-3 cm.
This is because the noise covariance matrix here is set to a
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constant value, so the positioning accuracy does not improve
much. This also reflects the importance of the setting of the
observation noise covariance matrix to the UWB/INS
positioning system.
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