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ABSTRACT

An experimental system was developed using low-cost
commercial off-the-shelf (COTS) UWB positioning
system to augment GPS/MEMS INS systems where UWB
positioning infrastructure is available. A multirser
fusion algorithm was designed for this system which
offers high-resolution and high-accuracy 6DOF (3D
position and 3D orientation) data. An experimerdvadd
promising results showing good stability and seamle
transitions in which inertial sensors are stabilizgith
different combination of position aiding sources.
Dynamic Position accuracy of 20 cm was obtainedreshe
UWB position measurements were available, and a
tactical-grade IMU was used as reference.

1. INTRODUCTION

Precise positioning using Ultra-Wide Band (UWB)
impulse radio technology has recently seen many
applications, mainly in indoor environments. Exaespl
include tracking assets in warehouses, analyzietd fi
positions of soccer players, improving productivity
assembly lines, and etc. [3]. The UWB based pasitp
systems offer positioning accuracy of typicallyeavftens

of centimeters which is sufficient for many applioas
[2,3,4]. This level of positioning accuracy is made
possible mainly by the UWB receiver's ability to
precisely measure the time-of-arrival (TOA). Altlybu
there are other technologies that offer even moeeige
ranging and positioning capabilities such as laaaging
and ultrasound systems, UWB impulse radio technolog
has many advantages that make it attractive, famgike,

its ability to penetrate through non-metallic olgec
robustness against multipath propagation, low gnerg
requirements, small form factor, and low-cost. pitgl
commercially available UWB RFID “tag” weighs a few
tens of grams, has a range of a few tens of metests a
few tens of dollars, and have a battery life oféang at
transmission rate of 1 Hz [2,3,4]. The UWB pulses
emitted by those tags are sensed by a network of



synchronized receivers that measure the time-éifies-
of-arrival (TDOA) or angle-of-arrival (AOA) to
determine the position of the emitter. Recently, a
combination of UWB positioning system (based onhbot
AOA and TDOA) and MEMS inertial sensors has been
investigated to improve the performance of indoor
pedestrian navigation performance [5].

In this paper, we present a sensor fusion appraach
which a low-cost GPS/MEMS INS system is seamlessly
augmented by a low-cost commercial off-the-shelf
(COTS) UWB positioning system to offer high accyrac
position and orientation (6 DOF) tracking capalat
where UWB positioning infrastructure is availabl@w-

end GPS/MEMS INS has been under intense research
recently and their performance is improving [7].€Th
initial test results obtained from this experimesgtem
promising. The sensor fusion algorithm remains Istab
through varying environments in indoors and outdoor
where different sources of position aiding inforimat
may be available. Furthermore, a tactical-grade IMU
reference system is used to analyze the sensaonfusi
algorithm performance and assess the positioning
performance of an UWB positioning system.

Section 2 briefly describes a commercially ava#abl
UWB positioning system which is used in this st
shows how position estimates are obtained from TOA
measurements. A MEMS IMU with an integrated UWB
tag is also briefly described. The most important
highlights of the sensor fusion algorithm are then
described and finally an overview of the experimsetup

is given.

Section 3 shows the experimental results, and osimis
are summarized in Section 4. Section 5 offers some
discussions on the results and future researchtiire.

2 Methods
A. System Description
a. UWB Positioning System Hardware Description

The UWB positioning system used for this study is
commercially available from Time Domain Corp. [2].
This system consists of a network of synchronized
receivers, which detect the time-of-arrival of a
transmission from a particular transmitter. Theereers
can identify each transmitter whose ID is embedddtie
data it sends. The hardware’s ability to detect T@it
fine time resolution and the system’s ability toimain
receiver network synchronization allows one to obta
position accuracy of a few centimeters. TOA
measurements in this low-cost system are made using
envelope detection algorithm implemented in an agal
circuitry which achieves high time resolution ofoab 40

pico-seconds (0.04 ns). In terms of range thisstedes to
1.2 cm resolution [2].

The UWB transmitters are active RFID “tags”, whate
designed for small form-factor, long battery lig;d low
cost. Operated at 1 Hz, those tags have nomin&riat
life of 4 years and weigh only 22 grams includitng t
battery. Those transmitters have somewhat limitedye

of around 20 meters mainly because the low-cosgdes
is not intended for the transmitted pulses to legrated
over time at the receiver side to enhance receiver
sensitivity. Omnidirectional antennas are used ath lthe
transmitter and receiver sides for this system. &om
systems use directional antennas to increase range.

Network synchronization is maintained in the chain
receivers by the Synchronization and Distributicamé!

[2]. This unit not only distributes DC power to the
individual receiver via Ethernet cable but alsovmtes 50
MHz synchronization pulse that is used to maintain
network synchronization. The TOA measurements made
by the receivers are also transported via this iin¢he
form of UDP packets.

b. Calculation of Position from Time-of-arrival (TOA)

The position calculation procedure based on time-of
arrival (TOA) measurements is briefly describedeher
Figure 1 shows two receivers (readers) recordimg-tf-
arrivals of a received UWB pulse from the transenitt
(tag). Figure 2 shows the time line of events & th
receiver side, each having an arbitrary clock bias.
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Figure 1. Transmitter-receiver Geometry for Two
Receiver Configuration
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Figure 2. Receiver Event Time-line for the two Rexrs



The TOA measurements are modeled as

where is the unknown time of transmission,s the
position of the reader i, is the position of the tag, is
the clock offset for reader i andis white noise. In a

calibrated system, the reader positions and claakels
are known. Hence the 4 unknownsand , need to be

solved.

= + -

‘+ d + 1)

A commonly used approach to find the position &f tig
is to eliminate the unknown by constructing time-

difference-of-arrival (TDOA) measurements from paif
TOA measurements. Since TDOA measurements
inevitably introduce measurement correlation, a enor
preferred approach from Kalman filter design paoarft
view is to work directly with the TOA measurements.
Since the UWB TOA measurements are akin to GNSS
pseudorange measurements, the position solution is
obtained in a similar manner to GNSS [1].

c. Receiver Deployment Configuration

The receiver deployment configuration is an impuatrta
factor that determines the spatial distribution of
positioning uncertainty and availability. Given eceiver
geometry, geometric dilution-of-precision (GDOP)
represents the influence of transmitter-receiveynystry

on the theoretically achievable accuracy [1]. Fég®
shows the DOP distribution for the experimentaupet
Note that the transmitter range and obstructiomes rat
taken into account here. The VDOP (vertical dilotad-
precision) in this receiver geometry suffers frdm fact
that the receivers were installed almost on the esam
horizontal plane. However, those VDOP values sofiir
quite reasonable vertical position accuracy for tmos
applications. To improve the VDOP the receiversustho
be arranged at different heights to get differeaitival
baselines.

XDOP YDOP

Figure 3. Dilution-of-precision visualization. The
horizontal DOP values are small and rather unifdion
this receiver configuration. On the other hand, YHeOP
(noted as ZDOP) values suffer from the fact thithed
receivers are almost on the same horizontal plane.

c. Description of GPS/MEMS INS with Integrated
UWB Transmitter

Specifically for this experiment, an UWB transmitteas
been integrated into an Xsens MTi MEMS IMU [6]. The
inertial data from the MTi is synchronized with tb&/B
transmitter by providing synchronization pulse vre
external trigger output of the MTi. The samplingeraf
the MEMS IMU was set to 200 Hz, while the
transmission of the UWB transmitter is initiated?@tHz.
The GPS position and velocity were obtained sephrat
from an Xsens MTi-G GPS/MEMS INS unit with
integrated high-sensitivity L1 GPS receiver. Thi®$
receiver has acquisition and tracking sensitivify-160
dBm.

Figure 4: MEMS IMU and UWB Transmitter integrated
in a single Xsens MTi Package in which the emitté¢B
pulses are synchronized with the inertial sensdada

B. Sensor Fusion Algorithm

The sensor fusion algorithm employs a 15-state ldalm
filter in a loosely-coupled architecture. The fite states
are position, velocity, orientation error, gyroseobpias,
and accelerometer bias, each with three componéhes.



measurement updates include UWB position, GNSS
position, and GNSS velocity updates.

The UWB position measurement is modeled as;

= + o+ (2)
where is the position measurement expressed in UWB
frame, is the rotation matrix between the global

frame and the UWB frame, expresses the position of

the origin of the local global frame in UWB framend
is the measurement noise, which is dynamically

modeled as zero-mean white Gaussian noise scaled by
DOP factor. Like GNSS, the DOP values only depemd o
the geometry [1].

The position and velocity measurements from GNSS ar

tracking sensitivity of -160 dBm. A small patch amba is
used and also shown in the figure.
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Figure 5: Experiment Setup: Integrated MEMS
IMU/UWB tag (smaller orange box), GPS/MEMS INS

modeled as zero-mean Gaussian noise with standard a ynjt with high-sensitivity L1 GPS receiver insitarger

deviation as follows. The position and noise measient
noise are scaled dynamically, however, with theusaxy
estimates provided by the GNSS receiver from egdoch
epoch.
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C. Experimental Setup

The goal of this experiment is to first test théefi
stability which should operate seamlessly in défar
environments (indoor/outdoor) with various combioat

of aiding data availability. Depending on the tiraad
place, UWB and GNSS aiding data maybe availabtbeat
same time, neither is available, or only one ofnthis
available. The second goal of this experiment is to
evaluate the dynamic position and orientation ascyr
For this we use a tactical-grade IMU referenceesysin
which a centimeter-level position accuracy can be
maintained with zero-position and zero-velocity ated

at 10 to 15 second intervals and applying RTS shingt

[8].

The measurement setup is shown in Fig. 5, which was

strapped down to a small cart. The smaller of the t
orange boxes is an Xsens MEMS IMU with an UWB
RFID tag integrated and synchronized to the inkertia
sensor data. The inertial sensor data in turn is
synchronized to the reference tactical-grade IMb) thie
external trigger of the tactical-grade IMU. Thissares
that the reference system, MEMS IMU, and the UWB
RFID tag are synchronized with each other. The G&8

is obtained from the larger orange box which isda L
GPS/MEMS INS unit with integrated magnetometer and
barometric altimeter. The GPS has acquisition and

orange box), and a tactical-grade IMU (grey box).

Fig. 6 shows the surrounding measurement environmen
as seen from above. The building walls and the ipgrk
lot on the north side of the building are shown.

-— mhﬂ v D -
Figure 6: Google Earth view of the surrounding
environment for the experiment.
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The six UWB receiver locations inside the buildiage
shown in Fig. 7. The measurement sequence is lasviol

1. Starting point is at the intersection of two cigcle
marked by (x). See Fig. 7.

2. Walk along the two circles (larger circle first in
clockwise direction) by making a figure eight
maneuver and come to rest at (x).

3. Walk towards the door leading to the parking lot
(shown in Fig. 8.) and walk outside to the
parking lot.

4. In the parking lot, make a turn towards east and
walk approximately 10 meters and come to rest
for a few seconds (see Fig. 9).



5. Walk back towards west and re-enter inside
through the same door and come to rest at (x).

6. Make another figure eight maneuver and come to
rest.

m—)
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Figure 7: Blue print of the building together wite
UWSB receiver locations (orange) and the schemdtic o
trajectory (red). Black (x) shows the start/endrppaif
measurement.

UWB receivers can be easily installed. Figure 8aghthe
location of the UWB receivers (receivers 3 and 4 ar
hidden from view). Receivers 1, 2, 3, and 4 weremted

on the column and 5 and 6 were attached to thegeil
The two circles and the door leading to the parkingre
also marked in red. Taking the position on the rfloo
directly underneath Receiver 1 antenna to be tiygnoof

the UWB positioning coordinate system, the receiver
positions were determined with a tape measure.

Receiver network calibration is necessary to edéma
clock offsets (the clock offset term in Eq. (1)mang the
receivers. For this, a separate measurement
performed in which a tag was placed at a knowntjposi
so that clock bias could be solved for.

was

4

Figure 8: Experiment setup inside (UWB receiver
locations are marked by circles). Receiver 3 araie}
hidden from the view. The door leading to the pagkot
is shown by red rectangle.

The outdoor environment for this experiment wastequi
challenging for the GPS receiver as shown in Figtse
UTC time at the start of this experiment was Aud(st
2008 at 10:49:49.

+

Figure 9: Experiment setup outside showing thevaby
towards south and west. (a challenging environniemt
GNSS).

3 Results

The position vs. time plot in Fig. 10. shows theeth
coordinates north, west, up in blue, green, and red
respectively. Position uncertainty is shown in {hlet
below. The figure eight pattern at the beginning and

of measurement can be clearly recognized as sihusoi
patterns. At approximately 40 seconds, a transitiom
indoor to outdoors occurs. At this point, no moré/B
position measurements are available. This is glearl
indicated by a gradual increase in position ungastaas
position fix was not yet available from the GPSeiger.

At approximately 50 seconds, the first GPS fixlisained
and the horizontal position uncertainty stabiliresabout

2 meters. At about 85 seconds, another transitélst
from outdoor to indoors where UWB position
measurements are available again. This can beasan
quick decrease in the position uncertainty.
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Figure 10: Position and position uncertainty venéi

The 2D trajectory along with building boundaries ar
shown in Fig. 11. The last UWB position measurement
available when going outdoors is marked by 2. Ae¢h
the first GPS position fix was obtained. After gpin
towards east for about 20 meters there was a pefiod
about 10 second of no motion indicated by 4. Thst fi
UWB fix after walking back towards west and walking
towards the door is shown by 5. At this point, figaire
indicates a horizontal position drift of approximigt 5
meters, which is consistent with the estimated tjsi
uncertainty of 2 meter standard deviation (see E®.
Because the position uncertainty is correctly medgethe
Kalman filter is able to make a smooth transiti@ecito

the indoor environment with UWB position
measurements. Note that after reentering the Imgj)di
GPS position fix moves towards north and wanders
around in the upper left area in Fig. 11. Those GPS
position fixes obtained below 20 dBHz, however, aver
still used by the Kalman filter position updateghniigh
measurement noise estimated by the GPS receiver.
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Figure 11: 2D Trajectories showing the referencesém)

and MEMS IMU/GPS/UWB sensor fusion algorithm

(blue), as well as the raw aiding data from GPS
(magenta) and UWB positioning system (red).

Fig. 12 shows the two figure eight patterns maderee
going outdoors and after coming back to indoors
demonstrating good position stability.
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Figure 12: Figure eight patterns made before going
outside and after coming back inside showing good
stability.

The enlarged figure (Fig. 13) shows the robustoéshe
sensor fusion algorithm when UWB position fluctsage
the lower right corner of the lower circle. In tlgisea, the
line of sight to receiver 3 and 4 (see Fig. 7 9hstructed
by the two columns and thus gives large fluctuation
position solution.



The effect of systematic error in UWB positioningtem
can be seen in the upper right corner of the |aivefe in 2

Fig. 13. Here, the sensor fusion algorithm tend®liow 0
the biased UWB position measurements. The source of B 4
this systematic error seems to be the clock bikisration T4
procedure. This procedure can be improved in otder 5 o
minimize such systematic errors. g '87
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Tacticle-Grade MU Figure 15: Orientation error vs. Time. Startup effean
L ows be seen in the beginning. There seems to be arstite
— Sensor Fusion error that gives heading error of -2 degrees. Eritor
T
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Finally, Table 1 summarizes the 6 DOF dynamic
Yo #8% performance of the sensor fusion algorithm measured
against the reference tactical-grade IMU, which was
processed for indoor and outdoor separately. Natethe
startup portion has been omitted for this purpds¢he
,+,),\,/,,, systematic error in the UWB positions measurem@rgs
to 40 cm shown in Fig. 13) could be improved widitér
clock bias estimates, it would be possible to redtie

I
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|
I
I
- 1
3 -35 -4 -4.5 5 -55 -6 -6.5 -7

' o

West (m) position error to even a lower level. Also, the diag
error for indoors seems to be larger outside, &Ml is
Figure 13: Enlarged view of 2D trajectory indoors probably also due to the systematic error (see Fy.in
UWB positioning system. The outdoor positioning
The sensor orientation in terms of euler anglesshoavn performance of 3.6 m RMS is actually quite reastmab
in Fig. 14 and orientation error can be seen in Efg In under such a challenging environment for GNSS Fge
the orientation error plot, startup effect on tleading can 9).
be seen. The heading error, however, settles degeees,
which may suggest there is a systematic error gl Table 1: Summary of Sensor Fusion Algorithm
One of the possibilities is the alignment error thé Performance (Dynamic)
reference system from its inertial frame to thebglo Position Error | Orientation Error
frame, which was determined using gyro-compassing RMS RMS
measuring the Earth’s rotation rate. This method ca (m) (degrees)
cause a few degrees of alignment error in heading. 0.1
Indoor 0.2 0.1
: 2.4
o ‘ ‘ 0.2
EE’OM_“WW 1 Outdoor 3.6 0.2
= ‘ ‘ 1.9
0 50 100 150
20 ‘ ‘ 4 Conclusion
§§0 In this paper, we have demonstrated a sensor fusion
2; 2 00 0 approach in which a low-cost GPS/MEM _Il_\lS_system is
0 ‘ ‘ augmented by a low-cost COTS UWB positioning system
E’gzoo\/—\/\—/”, to offer high-resolution and high-accuracy indodd 3
=2 position and 3D orientation tracking (6DOF) where
x-400; ‘ infrastructure is available. A loosely-coupled sens

0 50 , 100 150 fusion algorithm was implemented in a Kalman filigth
. . . Time (s) . _ GPS and UWB measurement updates. A dynamic position
Flgu_re 14. Or!en_tatmn vs. Time. (_somg to outsidela accuracy of less than 20 cm (RMS) was obtained
;:ommg_ ba;': ":js'de ctan be seen in the pitch due to experimentally when UWB position measurements were
raversing the door step. available. In this experiment, the sensor node eahfor



about 2 minutes though indoor and outdoor envirartme
encountering various combinations of measurement
sources (inertial only, UWB aiding only, GPS aiding
only, UWB + GPS aiding both available), and theidhi
results exhibited a seamless transition throughout
suggesting a reasonable modeling of the uncemainti
Finally, orientation accuracy of sub-degree RMS rfalf

and pitch and a few degrees for heading were adafain

5 Discussion

The largest error source outdoors is the GPS pasiti
error and the fact that heading is difficult to eh& for
walking type of motion especially in challenging
environment. The positioning performance of the
GPS/MEMS INS in this loosely-coupled implementation
is heavily dependent on the quality of GPS position
solution. Fusing magnetometer measurements could
improve this situation.

For indoors, there may be two things that contgbut
significantly to the position error. The first ishet
systematic error in the UWB positioning system esult

of calibration error of the receiver clock bias@he
second is the UWB to global frame alignment error.
Those error sources can be mitigated by perfornang
more careful clock bias calibration procedure aettep
aligning the UWB positioning coordinate system by
careful surveying. Other less labor intensive méshare
also worthwhile investigating for quick deploymeaot
UWB positioning systems.

We have chosen to take a loosely-coupled sens@nfus
approach but it would be beneficial to go to tight
integration which offers better robustness, ranged
outlier rejection capability. In tightly-coupled reme,
position can be aided with less than four TOA
measurements.

In terms of filter stability, this short experimeyielded
promising results. However, it calls for a moreessive
testing to ensure filter stability in various sitioas. For
example, we may choose to start the experimeniousd
and go indoors. The GPS measurements have ratjer hi
uncertainty compared to UWB positions, which matkes
biases less observable. Longer GPS/UWB outage ¢houl
also be part of stability testing.
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