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Abstract—Obtaining relative spatial localization information
of target objects is crucial in scenarios such as robotics
operations and augmented reality. In this paper, a strategy
based on data fusion of ultra-wideband (UWB) sensors and
barometric pressure (BMP) sensors are proposed to identify the
three-dimensional (3D) localization information of indoor
targets. The height estimation of the target is calculated from the
difference in barometric pressure measured by two
high-precision BMP sensors. The measured height values with
the distance values measured by the UWB sensors are used to
target localization based on a geometric model. Finally, the
localization is dynamically optimized by triangle center-of-mass
method and Kalman filtering. Based on the designed indoor 3D
localization system, the target node's location measurement
information in the stationary state, and the trajectory
information obtained from localization in the motion state are
obtained and compared with the actual location. The
experimental results show that the sensor fusion system can
achieve real-time localization and trajectory recording, which is
convenient for scenarios such as robot operation.

1. INTRODUCTION

Localization technology is an important part for robots to
perceive the environment, obtaining precision location
information can help robots achieve more accurate unmanned
operation or human-robot interaction [1-3].

Wireless sensors commonly used for ranging and
localization include Wi-Fi, Bluetooth, ultra-wideband (UWB),
radio frequency identification (RFID), millimeter-wave radar,
ultrasonic radar, and so on, which measure distance by
received signal strength Indication (RSS) or communication
time [4-9]. UWB sensor has a wider measurement range
compared to Bluetooth and RFID, and stronger
anti-interference performance compared to Wi-Fi [10].
Because of the advantages of UWB's anti-multipath effect,
high penetration, low power consumption and high range
accuracy [11-12], UWB technology is widely used in smart
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factories for localization and management of equipment or
personnel, smart training in stadiums and other places where
precise localization is required [13-15]. UWB sensors measure
distance by calculating the time spent in communication of
transmitting and receiving very short pulse signals [16]. The
UWB localization method generally arranges three or more
base stations in the environment, and the measurement and
calculation of distance information between the target and each
base station to achieve accurate localization of the target
[17-18].

Compared to single sensor ranging, multi-sensor data
fusion is attracting increasing attention because it can combine
the advantages of different sensors to obtain more accurate and
stable information [19]. Yang et al. proposed a non-line of
sight (NLOS) error compensation method for UWB indoor
localization by combining acceleration data from an inertial
measurement unit (IMU) to improve the accuracy of the
localization system [20]. Similarly [21] has been studied
two-dimensional (2D) planar space localization, which leads to
errors when applied to actual three-dimensional (3D) spatial
scenes [22].

In this paper, a multi-sensor fusion strategy based on
ultra-UWB sensors and high-precision barometric pressure
(BMP) sensors for indoor 3D spatial localization method is
proposed. To improve the accuracy of UWB localization in
indoor 3D spatial, we use dual BMP Sensors to estimate the
altitude of the target and fuse it in the UWB 3D localization
model. First, we designed the structure of marking the base
coordinates and fixed three UWB base stations in this frame
that determines the relative locations, which is more portable
and convenient compared to the decentralized base stations
setup method. Moreover, the distance data of the measured
target location and the three UWB base stations were rectified
and filtered to improve the accuracy of the raw UWB data. For
the barometric altimeter measurement, the data of the
barometric altimeter at the target is transmitted to the base
coordinate localization system through the WiFi wireless
communication function [23] of the ESP8266 chip, and we
tested and found that the data drift changes of the barometric
pressure values from two BMP sensors with the same model in
the same indoor space tend to be consistent, and the altitude
values of the target barometer are estimated from the
difference between the barometers data.

Based on the geometric model, the BMP sensor is fused
with the UWB sensor to derive three sets of coordinate
estimates of the target locations. The best estimates of the
target node locations are obtained by triangle center-of-mass
algorithm and Kalman filtering, and the trajectory of
localization is made more accurate and smooth.



Our main contributions are:

e The distance data measured by the UWB sensor
device is filtered and corrected, and the sensor

distance measurement accuracy is obtained 3 cm.

Comparing two barometers in an indoor environment
with the same trend of data drift, the altitude estimated
by the barometer difference is more accurate
compared to the data measured from a single
barometric value.

Verified the possibility of a sensor fusion strategy
based on UWB sensors and BMP sensors for 3D
localization, which provides a new solution for target
localization in robotics operations, augmented reality
(AR), and other fields.

The concrete structure of this paper is as follows: The
second part describes the hardware of multi-sensor localization
system. The third part introduces the target localization based
on data fusion strategy. The fourth part verifies the
effectiveness of the algorithm through specific experiments.
The fifth part summarizes the results of this study, expounds
the advantages and disadvantages of the system, and presents
future work.

II. HARDWARE SYSTEM

This study designs an indoor 3D localization system
combining UWB range sensor and BMP altitude sensor. The
system consists of a UWB ranging module group, two
high-precision barometric altitude sensors with the same type,
two ESP8266 modules for wireless data transmission, and

power supply modules, and the system is divided into two parts:

the base station frame (Fig. 1(a)) and the target frame (Fig.
1(b)). The coordinate location of the localization measurement
is relative to the base coordinate origin in the base station
frame.

(a) The base station frame. )

(b) The target frame.

Figure 1. Indoor 3D localization system hardware.

A. UWB Sensor Distance Measurement

The UWB module used in this study uses a DW1000 chip
manufactured by DecaWAVE with centimeter-level ranging
accuracy. The processor of the module reads the raw data from
the chip, converts the data into distance values between the
UWB target node and each UWB base station node using the
time difference of arrival (TDOA) algorithm, and sends the
ranging data through serial communication.
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Figure 2. Data correction of UWB ranging module.

There is an error between the measured value of this UWB
sensor and the actual value, and the error value tends to
increase as the real distance value increases. Our correction
work records the average of 250 filtered range measurements
between the UWB target node and the UWB base station node
every 0.05 m within a range of 3.5 m, and compares the
recorded measurement data from the UWB module output
with the actual distance value, the three fitting equations for
correcting the measured output value of this UWB module
were obtained separately by the data fitting function of
MATLAB’s Curve Fitting Toolbox. As shown in Fig. 2, the
fitted equation can be defined as:

x D?

Dy =24x107° x D}, +0.7725x Dy, —12.38 . (1)

where D,y is the raw data output from the UWB module and
Dy is the fitted corrected data.

The error variation problem was solved by the correction
process. After the distance measurement data of the UWB
sensor was filtered and corrected, the noise fluctuation of the
static measurement value was reduced from a large change of
about 10 cm to about 3 cm, and the stability and accuracy of
the UWB module distance measurement was improved.

B. Dual BMP Sensors Height Measurement

The BMP sensor used is the MS5611 high-resolution
sensor introduced by MEAS company. The measured
barometric pressure and temperature data are used to obtain the
altitude value of the measurement location [24] by using:

ez

where Hp,,o 18 the altitude value measured in meters, Pparo i the
barometric pressure value measured in Pa, and Py is the
reference value of barometric pressure at sea level and it is
equal to 101325 Pa in normal conditions, 7 is the temperature
in °C.
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Hbaro = 1_[ (2)

Airflow, temperature, and other factors can affect the
performance of the BMP sensor, for this reason, the measured
values of two MS5611 BMP sensors in the same indoor
environment were tested. As shown in Fig. 3, the raw
barometer data are successively processed by weighted
average filtering and Kalman filtering to remove the noisy
data.
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Figure 3. Filtering of barometric pressure measurement data.

The target BMP sensor is placed at a straight line distance
of 2 meters from the base station BMP sensor with a height
difference of 0.5 m, and their barometric data comparison and
height estimation are shown in Fig. 4. Within one hour of the
test, the two BMP sensors drifted by 5.56 m and 5.21 m,
respectively, and it can be observed that the estimated height
value of the BMP sensor decreases with the increase of the
barometric pressure measurement.
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Figure 4. Measurement data of dual BMP sensors in one hour.

While the barometric pressure values measured by sensors
at the same time and the estimated altitude values have the
same overall trend, after the initial barometric pressure values
of the target BMP sensor and the base station BMP sensor are
calibrated, the data drift of the estimated altitude values
occurred by the difference calculation is only 0.46 m within
one hour, and the data drift in a short time is mostly offset. The
estimated altitude is more accurate compared to the single
sensor, and the frequency of barometer correction can be
reduced over a long period of time.

The barometric pressure data at the target location is sent to
the main processor at the base coordinates through the WiFi
wireless communication function of the ESP8266 chip. The
height value (Hareer) estimated by the dual BMP sensors is:

P 0.19 P 0.19
Hipger =| | 2222 | | ZEZ | |%Kpomp » 3
target ( PO ] [ PO temp ( )

where Ppge is the barometric pressure value measured at the
base station location, P is the barometric pressure value at
the target location, the unit measurement of the barometer is Pa,
and Py is the reference value of the barometric pressure at sea
level, and the temperature parameter value Kiepp is set to 44330
due to the small effect of the temperature change on the height
estimation in the indoor environment.

Before estimating the altitude, the calibration of the initial
barometric pressure value of the target location BMP sensor is
achieved by keeping the target location BMP sensor at the
same height as the BMP sensor at the base coordinate origin
and close to any of the UWB base station nodes.

C. Localization System Structure

The structure of the system is shown in Fig. 5, the base
station framework contains three UWB base station nodes
(UWB_B1,UWB B2, UWB_B3), the BMP base station node
(BMP_B1) and the controller module as a server. The target
frame contains a UWB target node (UWB_T1), BMP target
node (BMP_T1) and the main controller module as a client.
The power supply of the system is provided by rechargeable
batteries.

* Target Frame

MCU | .
[ UWB_TI ] (server) BMP_TI

7 7 B B
.
.
|
.
.

- MCU
Serial k
. ) (client)
Base Station | gl MCU Computer
Frame
Figure 5. System structure diagram.

UWB B is fixed at the location 0.31 m in the negative
direction of x-axis, UWB B2 and UWB B3 are set
respectively at the location 0.26 m in the positive and negative
direction of y-axis in the base coordinate system. The
communication between UWB sensors is based on
ultra-wideband, and the measured three distance values are
sent to the sub microcontroller (Sub MCU) uniformly by the
serial port (UART) of UWB BIl, and sent via 12C
communication when the main MCU requests data from the
sub MCU.

The BMP base station node B1 is set at the origin of the
coordinate axis, and the barometric pressure value measured
by the BMP sensor is transmitted to the controller via 12C
communication. The server microcontroller (MCU(server))
generates the server data from the collected data of the BMP
target node T1, and reads it by the client main microcontroller
(MCU(client)) via WiFi communication.

Eventually, the target 3D location information estimated by
the main controller based on the fusion algorithm is sent to the
computer recording the data through the serial port. The
hardware parameters of the sensors used in the system are
shown in Table 1 and the parameters of the controller used are
shown in Table 2.
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TABLE L

SENSOR HARDWARE PARAMETERS

Sensor Types Ultra-Wideband Sensor P Barometric
ressure Sensor
Model DW1000 MS5611
Names in the System UWB (B1,B2,B2,Tl) BMP (B1,TI)
Working Voltage 5[V] 3.3[V]
Communication Mode Ultra-wideband, UART 12C
Measuring Speed 4 [Hz] 20 [Hz]

TABLE II. MICROCONTROLLER HARDWARE PARAMETERS

Microcontroller Model NodeMCU Arduino Nano

Processing Chip ESP8266 ATmega328P
. MCU(client),

Names in the System MCU(server) Sub MCU
Working Voltage 5[V] 5[V]
Communication Mode UART, 12C, WiFi UART, I12C
Serial Communication Speed 115200 [Hz] 115200 [Hz]

III. SENSOR FUSION LOCALIZATION STRATEGY

A. 3D Localization based on Sensor Fusion

Since UWB sensors cannot directly estimate the height
variation, the 3D localization algorithm based on UWB
sensors requires at least four UWB base stations and uses more
UWRB sensor ranging base stations to increase the localization
accuracy [25]. As for the 2D planar localization algorithm for
UWB sensors, ignoring the variation of the actual target
location in the vertical direction will reduce the accuracy of
planar localization. In this study, the designed method of
measuring height with dual BMP sensors has good indoor
height estimation performance, so we propose to use dual
BMP sensors to improve the accuracy of 3D localization using
only three UWB base stations.

In the geometric model of the 3D localization system
shown in Fig. 6, three UWB base station nodes UWB B2,
UWB_B3, and UWB_BI1 are located respectively at three
points A(0, -OA4, 0), B(0, OB, 0), and C(-OC, 0, 0), and the
distance lengths AP, BP, and CP between them and the UWB
target node P are measured by the UWB sensors. The distance
length PQ between the target node location P and the
coordinate axis x-y plane is the absolute value of the height
value Hyqger estimated by the dual barometric sensors.

Figure 6. Geometric model of 3D localization system.

In practical measurements, the estimated target node P
often lies in the range of a spatial region due to the error of
UWRB sensor ranging, and the triangle center-of-mass method
can be used to estimate to a more accurate localization value.
Under the model of Fig. 7, the estimated target location can be
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located at any point on the circular intersection line of the
sphere formed by the distance measured by any two UWB base
stations. The gray part of the figure shows a plane formed by
the height values measured by the BMP sensors, which can
determine the target location at two specific location points on
this circular intersection line. Considering that in some cases
the error of the UWB sensor range may cause the two spheres
not to intersect, the location of the target point is set to the
middle of the non-intersecting outer sphere and inner sphere in
the calculation of this model.

8 > .{ Pac’
Pa 9, /Y,

»

\ A A
(a) Base station A and B. (b) Base station A and C. (c) Base station B and C.

Figure 7. Target point locations estimated by any two UWB base stations
with BMP sensors.

In the geometric relationship between UWB base station 4
and C as in Fig. 6, the point P4c perpendicular x-y plane at
point O, P4cG perpendicular AC intersects at point G, GK
perpendicular y-axis intersects at point K. The size of the area
of triangle ACP4c can be obtained from Heron's formula (4)
and calculated to the length of the high GPc, and the length of
AG is found in triangle A GPc using the Pythagorean theorem.

f=0.5x(AC+AP+CP) ,
Snacrye =N X (S = AC)x(f = APy )x(f = CPyc) -

By comparing the lengths of AP4c and CP,c, the location
of point G on the AC line relative to points 4 and C is analyzed.
In the case G in this figure is located between AC, then the
coordinates of point G are obtained based on the coordinates of
point A. In the triangle GP4cQ use the Pythagorean theorem to
find the length of GQ and obtain the coordinates of point Q
through the geometric relationship, that is, the coordinates of
the P4c point on the x-axis and y-axis. In addition, find the
other intersection point P4c' on the other side of the straight
line AC as in Fig. 7(b). Similarly, the coordinates of the
intersection location Pp, P4s’, Psc and Ppc’ of UWB base
station 4 and B or UWB base station B and C can be obtained.

4)

The main controller calculates three sets of six intersection
locations obtained from the two UWB base station ranges and
the altitude values measured respectively by the BMP sensors,
and obtains the coordinates of the three closest points in the
three sets of data to obtain P4p, P4c, Psc, and thus the estimated
best target location coordinates P(P,, P,, P:) expressed as:

1
P, :EX(PABJ +Pyc & +PBC7x)
1
Py=§><(PABJ+PACJ+PBCJ) : ©)
P, = Htarget



B. Kalman Filter based Location Estimation Optimization

However, the sensor fusion localization system is affected
by the data fluctuation of sensors and the environment, the
trajectory composed of target location points calculated by the
geometric model will have errors with the actual value. In
order to optimize the location estimation of the target node,
the monitoring of the time variation quantity »¢ is added to the
operation of the localization system, and the displacement s,
velocity v, and acceleration a of the target node are calculated
by combining the before-and-after location information, and
another Kalman filter method is used to analyze the
before-and-after motion information of the target node to
predict and update the coordinates of the target location.

The prediction part of the Kalman filter calculates the a
priori estimate (6) and the prediction error covariance (7),
using the best estimate X,.;" at the previous moment (¢-/) and
the external control quantity U, to obtain the a priori estimate
X, at the current moment ¢, and using the updated system
covariance P,; at the previous moment and the system process
noise Q to obtain the a priori error covariance P;” at the current
moment.

X' =E- X, +F-U, , (6)
P =E-P_-ET+Q, (7)
where
1 At 0 0 0 0] (A272 0 0 |
01 00 0 0 At 0 0
00 1 At 0 0 2
P L opo| 0 af20
0 0 0 1 0 O 0 At 0
00 0 0 1 Af 0 0 Al/2
00 0 0 0 1] o A |
ax
* ’
Xi :[Sxt—l Vol Svar Vv Sz Vzt—1:| » Ui=lay |
a

and E is the state transfer matrix, F is the control matrix, and
the system process noise Q is set to diag(0.03, 0.03, 0.03, 0.03,
0.03, 0.03).

The update part of Kalman filter consists of Kalman gain,
optimal estimate, and update system covariance. The
displacement, velocity, and acceleration of the target node are
taken as the system observations, and the system observation
equation is established, and the Kalman gain Kg; at time ¢, the
optimal estimate X,", and the update system covariance P; at
time t are calculated using the a priori estimate X,.; " and the a
priori error covariance P,” of the prediction part and the
system observation Z; at this moment, which are calculated as
(8-11):

Zi=H-X +V, , (®)

Ay -H"

th:,—T >
H-F_,-H +R

©)
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Xt*=Xt'+th-(Z,—H-Xt') : (10)

B=(1-Kg-H)-P , (1
where H is the measurement system parameter, / is a unit
matrix, and the observation covariance R is set to diag(1, 1, 1,
1, 1, 1). Consequently, the coordinate values of the target node
locations are optimized by Kalman filtering.

IV. EXPERIMENTS AND ANALYSIS

In order to verify the performance of the proposed 3D
localization system, localization experiments and data analysis
were performed in the stationary and moving states of the
target nodes.

A. Static Target Localization

The target node was placed at a stationary location in
indoor space, and the actual coordinates of the target node with
respect to the base station system were (1.80, 0.75, 0.45) m.
3671 sets of localization data were obtained through a long
time test of 20 minutes. The comparison of the coordinate data
identified by the localization system, the Kalman
filter-optimized coordinate data, and the actual coordinate data
is shown in Fig. 8, with the same scale range in the figure.

Actual location

——— Sensor fusion measurement location
Kalman filtered location

16 . . . .
0 200 400 600 800

Time(s)

1000

0 200 400 600 800
Time(s)

0 200 400 600 800
Time(s)

1000 1200

Figure 8. Static target localization results.

The target localization estimation on x-axes and y-axes
was based on the estimation of altitude by the dual BMP
sensors. The experimental result data were relatively stable on
x-axes and z-axes, while the data on y-axes fluctuate in a
slightly larger range. The analysis of experimental data for
static target localization is shown in Table 3. The superiority of
the designed dual BMP sensors for height measurement over a
long period of time compared to the single BMP sensor can be
observed again through the graphs and tables.



TABLE III. ANALYSIS OF THE STATIC TARGET LOCALIZATION RESULTS
Coordinates Actual Average Maximum Starfda!rd
Value [m] Value [m] Error [m] Deviation
X-axis 1.800 1.805 0.116 3.519
Y-axis 0.750 0.781 0.212 7.213
Z-axis 0.450 0.454 0.121 3.626

When the error of the y-axis coordinates is maximum, the
error distance from the actual coordinates is 0.1976 m.
However, the maximum errors of x-axis, y-axis, and z-axis do
not occur simultaneously, and the error distance between the
coordinates expressed by the average value of the
measurement and the coordinate of the actual location is 0.032
m. On the other hand, if the target node can be judged to be at
stationary state, the accuracy of static target localization can be
improved by calculating the average of its output coordinates.

B. Moving Target Localization Trajectory

To test the localization effect of the target localization
system in 3D space, the moving reference path was set as the
edges of two mutually perpendicular rectangles, which can
detect the target movement in six directions in three
dimensions. The target node moved along the set path. The
experimental results of the moving target localization
trajectory are shown in Fig. 9, where the black line is the actual
moving reference path, the blue line is the location trajectory
estimated by sensor fusion, and the red line is the final
trajectory optimized by Kalman filtering, and the coordinates
of'the initial point of the location trajectory estimated by sensor
fusion are (0.8631, -0.5803, - 0.3176) m, and the coordinates
of the end point are (0.8754, -0.5826, -0.3208) m.
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Figure 9. Moving target localization results.

The distance data measured using only three UWB sensors
cannot determine the positive or negative of altitude, and part
of the data cannot be calculated to the real number solution of
the target altitude due to the accumulation of measurement
errors. In this paper, the dual BMP sensors method was
designed to analyze the height value of the target more reliably
and estimated the coordinates of the target by the designed 3D
localization strategy.

The result shows that the coordinate trajectory output by
the localization system is in good alignment with the reference
path as a whole, and the trajectory before the end of the
trajectory is again close to and almost coincides with the
trajectory after the starting location. The final trajectory
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optimized by Kalman filtering combining velocity and
acceleration changes can reduce the influence of larger error
points and smooth out the overall target node motion trajectory
as can be seen more clearly in the local enlarged view of x-y
plane. The experiment verifies the stability of the system in
measuring vertical height and the accuracy of 3D spatial
localization.

The corrected UWB sensors can measure targets within a
radius of 3.5 meters, and more correction of UWB sensor
measurements is needed for indoor localization in the face of
longer ranges. Meanwhile, for dynamic target localization, the
unstable airflow generated when the target suddenly moves or
rotates can cause small changes in the barometric pressure
measured by the target BMP sensor, which has a transient
effect on the altitude estimation.

V. CONCLUSION

In this paper, we presented a sensor fusion strategy for
indoor 3D localization of target node based on UWB ranging
sensors and BMP height sensors. This provides a new
measurement method for target localization. The base station
node and the target node transmit the information acquired by
the sensors through wireless communication. Two
high-precision BMP sensors measure the relative location
height, and two of the three UWB sensors obtain three sets of
estimates of the target node location coordinates based on the
geometric model, respectively, and use the triangle
center-of-mass method to obtain the best estimate, and then
use Kalman filtering to further optimize the 3D localization of
the target node to achieve dynamic trajectory tracking of the
target nodes.

Compared with [26] on improving the performance of
height estimation by a single BMP sensor using UWB sensors,
our study removes most of the BMP sensor measurement
noise by filters, and estimated altitude from the differential
barometric pressure values identified from the dual BMP
sensors, and observes that the data drift of the height values
estimated by the dual BMP sensors within one hour is only
about one-twelfth of the data drift by a single BMP sensor.
This greatly improves the observation of altitude values by the
BMP sensors and provides a more accurate localization
accuracy based on sensor fusion.

In addition, only three UWB sensor base stations are used
in this study, which reduces the cost compared to the method
of using at least four or more UWB base stations to improve
3D localization accuracy. The designed indoor 3D
localization strategy can be applied to robot operation, scene
understanding, and augmented reality.

Future research plans to analysis multipath effects by UWB
signal intensity information, fuse IMU sensors to obtain more
target localization reference information, and verify the
location estimation performance of the system for dynamic
movement of the target in more indoor areas for application in
robot operations.
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