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Abstract

A research study aimed at developing a novel indmmsitioning system is presented. The realizedess
prototype uses sensor fusion techniques to combfoemation from two sources: an hmeuse developed loc
Ultra-Wideband (UWB) radidrased ranging system and an inertial navigatiotesy¢INS). The UWB syste
measures the distance between two transceiversdoyding the round-tripime (RTT) of UWB radio pulse
Its principle of operation is briefly describedgéther with the main design features. Furthermtire, mait
characteristics of the INS and of the Extended Kalrilter information fusion approach amregented. Finall
selected static and dynamic test scenario expetahegsults are provided. In particular, the adages of th
proposed information fusion approach are furtheestigated by means of a high dynamic test scenario
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1. Introduction
1.1. Indoor positioning

The services based on communication networks amst&otly advancing and are being
used on a larger scale. As a result, the resedrslersor networks has recently generated
considerable interest. In particular, networks witbbile nodes constitute a challenging field,
where research activities are focused on methods sggtems for efficient and reliable
information sharing and processing. User geographication is a fundamental service that
can be provided by a communication network. In oatdapplications, global navigation
satellite systems (GNSSs) are commonly used, prayiceliable position accuracy in the
order of 3 to 10 m, sufficient for many applicasorHowever, GNSSs typically perform
poorly in indoor environments due to the signakmtiation and reflection introduced by
buildings, walls and other structures. Neverthelélssre are many applications in which
accurate indoor position information may be critiog at least, improve efficiency. Some of
these include safety-of-life operations, patient nitwring, industrial automation and
warehouse management. Such applications oftenreefigh position accuracy, mainly due
to the nature of the environment. An accuracy afuald m is typically sufficient to provide
indications of the floor and room the user is int m some cases even higher accuracy is
required. On the other hand, the operational afeapplication of an indoor positioning
system is typically smaller and more controlled comparison with that of an outdoor
application. These features make it possible ttaiha positioning infrastructure and perform
a preliminary calibration procedure during the sygstdeployment phase.
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Many different approaches to solving the indoorigimsng and navigation issues may be
found in the scientific literaturel]. Some are built on a pre-existing communication
infrastructure, such as a Wireless Local Area NetwWiVLAN) [2] or a ZigBee 3] sensor
network, whilst other solutions are designed speadlyy for the main purpose of indoor
positioning. The main advantage of using a pretegs wireless communication
infrastructure is the low cost, coupled with thenéf@ of the availability of a robust and
standardized communication channel that may alagsbd to support the positioning system.
The main drawback is often limited achievable aacyy due to the fact that the systems are
typically not designed for positioning. On the atheand, developing a system primarily
aimed at positioning may require time and resoyrdmg provides better control on
specifications like accuracy, coverage and powasgmption.

1.2. Ultra Wide Band systems

In the context of indoor radio positioning, pulseskd Ultra-Wideband (UWB) is a
technology of interest, mainly due to its fine tewg resolution and its resilience to
multipath signal propagation [1, 4, 5]. Accordirythe widely accepted definition, provided
by the Federal Communications Commission Reguldhnan UWB system is defined as
any intentional radiator having a fractional bardiwi greater than 20% or an absolute
bandwidth greater than 500 MHz. Such a wide spedoatent may be obtained by
generating pulses with transition times smallemtiians. In the pulse-UWB positioning
literature, examples of experimental systems deaigh characterization research activities
can be found; having differences in scope, metlawds applications [5, 7, 8]. Furthermore,
there is a relatively small number of proprietatyyB ranging solutions; mainly intended for
industrial, security or logistics indoor applicat®[9-11]. The performance specifications of
these systems are an indoor accuracy eb@0cm and a maximum operating range in the
order of 16100 m.

1.3. Inertial Navigation Systems and sensor fusion for positioning

An Inertial Navigation System (INS) adds attitudéormation to the positioning system
that might be critical in some applications, makingossible to compensate for directional
dependent disturbances. Furthermore, it incredsedytnamic range of the combined system
and can also eliminate shadow areas — where lessttitee UWB nodes are visible — by
tracking the position for a limited period of tim&hout the need for external measurement.

However, introducing the INS to the system addsrdggiirement of fusing its output with
the information of the UWB ranging system. In theld of information fusion for indoor
positioning, several approaches exist; involving fintegration of different information
sources, such as GPS, INS and local radio techieslofhe most widely studied techniques
are based on Extended Kalman filtering or non-linidgering approaches such as Monte
Carlo methods [1:214].

1.4. Scope

This paper presents a research study aimed arirgpl complete and scalable indoor
navigation system. The system architecture is basedhe combination of local radio
infrastructure and inertial navigation. During tktsidy, we have developed an in-house UWB
ranging system that supports an INS. By implemgns@nsor fusion techniques, the system
provides information about the position, velocitydaattitude of a mobile node. Some of the
results obtained from experimentation using theéesyshave been previously presented in
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[15] and in [16], including a description of the magstem characteristics from a system-
level point of view. Furthermore, an in-depth dission on the signal processing techniques

used and the related issues have been preserjted.in
1.5. Qutline

The outline of the paper is as follows. In Secom@m system overview is presented and the
main features of the UWB radio positioning subsystnd the INS are outlined. Thereatter,
in Section 3, the sensor fusion of the informatoovided by the two sources is discussed. In
Section 4, the experimental setup used to tessyhtem and the test results are presented.
Finally, in Section 5, conclusions regarding thekwvare drawn.

2. System overview

The indoor navigation system consists of the infuasure segment and the user segment.
It is schematically presented in Fig. 1.
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UWRB Transceiver \ Navigation Unit B Detector Controller
Stave | | | UWB Transceiver | PC Start
H master 1 TX
~ L )Y —
Pulse Control
UWB Transceiver _\r MU | | EKF M Generator Lagic PC
Slave 4 ‘MNINM -
Fig. 1. Functional diagram of tteamplete Fig. 2. Architeewf the UWB master
indoor positioningsggm [15]. device [15].

The infrastructure segment comprises a set of UVdBior nodes located at known
positions within the operational area. The usemsag is the navigation unit, which aims to
estimate its location and attitude relative to th&B radio nodes by combining UWB radio
range measurements and inertial navigation. Toeaehithis task, the navigation unit
comprises:

- An UWB ranging device (master unit, see Sectior) agasuring the ranges to UWB

radio nodes (slave units, see Section 2.1).

— An inertial measurement unit (IMU) providing accelon and angular rate
measurements for the INS.
— A PC running the mechanization equations of the B8 an extended Kalman filter

(EKF); where the EKF is used to combine the infdrama from the INS with the

measurements of the UWB ranging system, yieldijagrd navigation solution.

2.1. Ultra wide band radio distance measurements

The principle of operation of the UWB ranging systas based on the indirect
measurement of the distance between transceivai@ned by measuring the round-trip time
(RTT) of an UWB pulsef]. This approach does not require temporal synchabion, which
Is an advantage when compared to other commonly stsategies such as time-of-arrival or
time-difference-of-arrival [1, 4]. However, when aseiring the RTT, the latency introduced
by the responder devices has to be accurately meghsu estimated. In the present system,
this issue is addressed by performing a calibratfagach slave unit [15, 18].
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The system is comprised of a master device andaeslaves. The master transceiver is
capable of measuring RTT. This time interval meagurfunction is performed by a
commercial time-to-digital converter (TDC) integrdt circuit, the TDC-GP2 by Acam
Messelectronic GmbH, with a root-mean-square (RkSplution of 50 ps. A block diagram
of the master is shown in Fig. 2. The slave devaresnot designed to perform time interval
measurements; but will instead — on request aftexeal delay — echo a UWB pulse with
another UWB pulse, thus providing a “round trip”herl slave unit has two modes of
operation: communication mode and responder modg.3& shows a functional block
diagram of the devices in communication mode, while responder mode is illustrated in
Fig. 3b. Using logic circuits, the slave devicestslw between the two modes of operation.
The circuit architectures of both the master arel dlave devices are based on the system
presented in 19], whilst the UWB pulse generator modules have bbailt using step
recovery diodes using the circuit design preseimg¢#0].

a) b)
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RX Reset RF _ Delay | J
\ i 4 Delector L TX
RF Micro )
> Delay 2 Pulse

Detector Controller Generator

Fig. 3. Simplified architecture of the slaves ie tivo operating modes: a) communication mode;
b) responder mode [15].

Furthermore, omnidirectional wideband disc-coneeanéde have been used in the
receiving and transmitting sections of each devkig. 4 shows a picture of one of the
realized prototypes.
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Fig. 4. Picture of the reefi Fig. 5. @qi®n of the system,
prototype of the master devitg]| showing the addressing andsuesment phases,

together with timing information [15].

An example of timing diagram for the operation loé¢ tsystem is provided in Fig. 5. It is
divided in two sequential phases — addressing agasarement. In the first phase, the master
sends an 8-bit unique slave identifier code, usingpff keying with UWB pulses. In this
basic modulation scheme, if a pulse is transmittghin a specific time slot, it is interpreted
as a “1” bit. The absence of a pulse is seen &¥ ait. During the addressing phase all the
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slaves are in communication mode and receive tkessage. At the end of this phase only the
slave corresponding to the unique identifier isvatéd and transitions to the responder state.

The other slaves are disabled for a fixed amountiraé. Subsequently, during the
measurement phase, the master sends ten measuprsast and measures the RTT of each
pulse. The measurement pulses are spaced apprekindais apart. After each pulse, the
measurement result is sent to the PC through al seterface. This procedure is repeated
every 100 ms; hence the system is able to obtaasurement sets (ten measurements) from
slaves at a frequency of 10 Hz. The reason theunea&nts are done in groups of ten is that
the addressing phase is relatively long (approxetgad0 ms) in comparison with the time
between the single measurements (approximately)5 ms

Using only the UWB ranging system described abawth a tracking filter, it is possible
to obtain position estimates relative to the irnthtasture with a bounded error. However, this
solution has a relatively low dynamic range. Fumtth@re, the system is sensitive to external
radio disturbances that may cause integrity issues.

2.2. Inertial navigation

The INS can be divided into a sensor part (the IMdd a computation part which in turn
consist of a sensor model, a gravity model and ar@zhtion equations. In our case the IMU
is an Inertia LinR from MicroStraiff. The IMU contains a temperature compensated MEMS
triaxial accelerometer and gyroscope. The compmurtatare implemented on the PC to which
the IMU is connected. An illustration of the INSnche seen in Fig. 6. Further details not
presented below — derivations and descriptiond®fiNS — can be found in standard inertial
navigation literature [21-25].

INS ‘ Navigation equations Gravity
= model -
g :
Z Y
Accelero- L= % L.oordllnatc Rz J['d.f o f'df "
meters E rotation =1 . m—
= [
: i
IMU 5 t i .
5 Velocity
Gyro- 2 Attitude
= & - " : 3
scopes 5 determination |---- AlGode
7!

Fig. 6. Conceptual diagram of a strap-down INS. @agh arrows indicate points for insertion of aaltlon
(aiding) data [27].

The sensor model relates the IMU output to the specific force and angular rates (an
ideal output) affecting the sensor elements:

ﬂk:g(uk'bk)+n1,k’ (1)

where 0, is the IMU output,g(-) is the sensor model, is the ideal outpuk is a time index,

by is the vector of sensor parameters, apdis a noise term. For the IMU sensor element
type, in the current implementation and the dynaraigge of the intended applications, the

IMU output was modeled as the sum of the true \&ladow-frequency noise component and

a white noise term. For other IMU sensor elemepésyand other dynamic ranges, the use of
sensor models with higher or lower degrees of feechight be desirable.
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The gravity model is a model for the gravitatiomakeleration which will unavoidably
enter into the accelerometer output. Due to thédanoperational area of indoor applications
and the signal to noise ratios of the IMU, a comistgavitational acceleration was used.

The INS mechanization equations describe the padpagof the navigational stateg
(position, velocity, and orientation in three dirsgms) in time:

X = Fra(XuU )+ N, (2)

Here the noise termyy describes the deviation of the INS mechanizatouragons f,_ ()

from the ideal kinematic equations as well as thedrfections of the gravity model.

Given an initial estimate of the navigational stateand inertial measurements for all
k assuming the sensor model to be invertible inrémge of the inertial measurements, and
the estimates of the sensor model paramdigrgiven, the INS can, as a standalone system,
give estimates of the navigational states fok &y propagating the estimates according to:

)A(k+1 = fins()A(w gil(ak ’6 k)) (3)

Due to the intrinsic robustness and integrity @ ithertial measurements, the typically high
sampling rate of inertial sensors, and the fadt tihge derivatives of position and orientation
are measured, high dynamic range and good perfaenfan short time periods are achieved.
Unfortunately, the propagation of the navigationuagpns essentially contains three
integrations, one in the orientation propagatiord d@wo in the velocity and position
propagation respectively. As a consequence, thsosenoise and model imperfections
together with the constant input from gravity wathuse errors in the estimates of (3) to
compound approximately cubically with time. For therrent INS implementation/IMU
performance, this implies unacceptable errors (>&fter only a few seconds.

3. Information fusion

The objective of information fusion is to obtain manformation than is present in any
individual source by combining information from feéiifent sources2p]. As noted above, the
INS has unbounded error growth but provides aam@itained and robust estimation of all the
navigational states and is further capable of hagdiigh dynamics. On the other hand, the
UWB ranging system does not provide attitude infation, has poor dynamic range and poor
robustness to external disturbances, but has bdueders. Combining these two systems
compensates for the shortcomings of both and yie#dter performance than possible from
any individual system. The complementary subsystdraracteristics are summarized in
Table 1.

Tablel. Summary of the complementary properties of theitdiarmation sources (UWB and INS

Navigational Dynamic Self-contained
Stand-alone error A .
states range (high-integrity)
uwB NO LOW BOUNDED NO
UNBOUNDED
INS YES HIGH GROWTH YES
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The inertial navigation and the ranging have a inear dependence on the navigation
states, making the optimal information fusion difli. Hence, some approximate techniques
have to be employe®T]. To limit the system complexity and to facilitataplementation, a
complementary filter structure — implemented with extended Kalman filter (EKF) — was
used. This results in a so called range-aided WN&agram of the filter structure is shown in
Fig. 7. This structure allows full use of the coempkntary properties of the two information
sources.

The complementary filter structure implies that ¢éneors in the estimates of the underlying
system states and parameters are estimated, th#tmethe states and parameters themselves.
In particular, in the current system the errorthie estimates of the navigational states and of
the sensor model parameters (errors in the INS)eatemated. Subsequently the errors
estimates are fed back into the INS, allowing thedrization point of the EKF to be always
kept at zero; that is, any non-zero error estinsatirectly compensated for in the INS.

PC
E _ | Navigation . Navigation
i Equations v Solution
Range
Estimated 4 Prediction
Errors
l- Measured
Range
EKF () -
L+

Fig. 7. Information fusion system architecture,dgzhen the complementary filtering approach [15].
Defining the errodai in the estimatéy, of the quantityai as:
oay, =y —Q,

and assuming that the errors in the navigatiore sdatl sensor model parameters are small,
the INS mechanization equations together with teassr models are used to derive
differential equations for the propagation of thees as:

O 80L.] = {06 DT[] ny @

where the noise termgy describes the combined effect of x and n,x and approximations
(typically discarding higher order terms) madehe tlerivation of (4). The error model (4) is
the fundamental process that the EKF will estim@terivation and descriptions of error
models can be found in [23, 24].

The states of the EKF are the errors in navigatitate and sensor model parameter
estimate, as given by the INS. Therefore, to aed IMS with the range measuremerzof
the UWB ranging system, these measurements habe telated to the same error states.
Based on a known slave positiogie k, t0 Which the ranging is done at time instlRnand
the navigational states estimate (subcomponentiposienotedr, ), a range estimatg can

be calculated. Assuming the error in the range oreasentz, to be zero-mean, this means
that this range estimate can be seen as an estohatgh the true range and the measured
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range. Then, as shown ih7], from the error in the range estimate and rangasurement a
measurement model:

Z = h<(6xk)+ M« (5)

can be derived, where:

h (6, ) = M Slave k— (& k"HA l)‘_" slave k_FA |<

and whera is the error in the range measurement. Furthernaof@;t commonly neglected
in the measurement equations is that the measuterggrand the driving input signal, are

often neither synchronous (exist for the sakhenor appended with any perfect temporal
information with respect to a common time referendais is handled by a zero-order hold
assumption and by estimating time stamps of the aadescribed ir28].

Given the relations (4) and (5) and the covariamées x andn,k, and by propagating (2),
the EKF framework can be applied. Additionally,naded above, any non-zero error estimate
ought to be fed back to the INS. Hence, after {h#ate phase of the EKF, the error estimates

~_1T
6%, 6b; | will be fed back to the navigation states estimatgsand the sensor model

parameter estimatefsK respectively. This will significantly simplify thEKF implementation

as discussed inly]. Details of the Kalman filter can be found in relard estimation
literature,e.g [29].

4. Test results

To calibrate and characterize the system, a sefi@seasurements were conducted. The
measurements were carried out in an indoor officewirenment under line-of-sight
conditions.

4.1. UWB ranging calibration

The basic measurements in the UWB ranging systemtree RTT of the UWB radio
pulses. The RTT depends on the distance the pakséoltravel and the latency introduced by
the hardware (hardware signal path, intentionahydéluffers, detector rise-timetc) in the
slave and master units. Primarily due to varyingliog length and pulse detector threshold
settings, but also manufacturing tolerances ofratbenponents, this latency will vary slightly
from one slave unit to the next. Hence, to propedgvert the RTT measurements into range
measurements, each UWB slave unit needs to beraialth individually. Moreover, for a
proper information fusion in the EKF, the measureimerror variances of the range
measurements — as a function of the true distanc®uld be estimated from the calibration
procedure.

The calibration was done by placing the slavesatually measured (reference) distances
from the master; at each distance 1000 RTT valua® wecorded. The resulting mean RTT
values as a function of distance are shown in &gwhilst the standard deviation values are
shown in Fig. 8b.

A linear fit was performed on the RTT measuremamis subsequently used to transform
the RTT measurements to range measurements. Fomélasurement error variance, an
exponential function was fitted to the standardial®wn of the RTT measurements. By
scaling by the reciprocal of the slope of the Iméaof the RTT measurements, and by
squaring, the relation was converted into variasfdbe range measurements.
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Fig. 8. Results from the calibration phase of thM¢RJsystem: Calibration curves used to convert the
observed RTT into distance estimates [15].
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Fig. 9. Calibration results used to compensaté¢hferrientation-dependent disturbances [15].

Further, due to self-interference from antennaesbhd antenna stand, the RTT showed a
directional dependence. The effect of this depecel@ras measured by placing a slave unit at
a fixed distance while turning the master. At eaatming point 1000 RTT measurements
were taken and the expected RTT based on the RTantpe calibration was subtracted. The
resulting deviation can be seen in Fig. 9. A simleofunction was fitted to the data and
subsequently used to compensate for the directoendence.

4.2. UWB only positioning

The UWB range measurements may be used to proypdsiion estimate as a stand-alone
system; however, in this case they have the liohatmentioned in Section 2. To assess the
characteristics of the range measurements anddtaid-alone positioning performance, the
following experiments were conducted.

— A static test scenario: The four UWB slave unityevidcated in the corners of a 3x3-
meters square and 5000 measurements cyaedistance measurement to all four slaves)
for each unit were collected for the master plaicethe centre (1.50 m, 1.50 m) and for
the master placed off-centre (1.00 m, 1.00 m), $hahthe distance-dependent covariance
would become observable. For each cycle the posdfadhe master was calculated as a
least squares solution giving a position estimastridution. In Fig. 10 scatter plots
together with 68% confidence regions and histograftise position estimates are shown.
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Fig. 10.Static measurement tests results, in tfferdint positions: a) centre of the square test §oesition =
1.5 m, 1.5 m), providing the best geometrical agunfation possible; b) an off-centre position (11nm) where a
larger spread of the estimated positions is natigea

- A low dynamic test scenario: The four UWB slavetsinvere located in the corners of a
rectangle and the UWB master unit was slowly (apjpnate speed 0.1 m/s) moved in a
1x1 meter square trajectory. The master was hekll ¢gonstant orientation to enable the
correction of the orientation dependence of the RWMbdeling the acceleration of the
UWB master unit as random walk, a real-time tragkitter (an EKF) was implemented.
The resulting estimated positions can be seengnlHia.

Y- SRR U [0 Slave positions
: [o) . True trajectory
#  EKF position estimation

y position [m]

05+
i i i i i i i i i
-05 0 05 1 1.5 2 25 3 35 4
x position [m]
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3.5 . . .
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af .
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E o} -
PR &
£ 1.5¢ Z
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Fig. 11. Dynamic tests results. the master was chal@ng a square trajectory, shown in red. Three
measurement scenarios are presented: a) low dyn#Wig-only, with an approximate speed of 0.1 m/shigh
dynamic UWB-only with a speed of the order of magghé of 1 m/s; c) high-dynamic with UWB/INS fusion,
calculated using the same data as b) [15].
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The position estimate is seen to provide good aoyumn this low dynamic scenario. The
slow motion is tracked smoothly and the noise caegb#o the static scenario (least-squares
solution) is suppressed by the tracking filter. &ldhat as the range measurements are
asynchronous, the least-squares solution cannasée@ in a non-static test scenario. Hence,
some assumptions have to be made about the dynamscsione in the driving noise
covariance of the tracking filter.

— A high dynamic test scenario: Measurements were dtse with the same trajectory,
slave constellation, and tracking filter as in tbev dynamic test scenario but with the
master jerked from corner to corner as fast asilplessThe resulting estimated position
can be seen in Fig. 11b. To enable a comparisoh the combined UWB and INS
positioning, no directional correction was done.&Aresult, systematic errors can clearly
be seen. Furthermore, in comparison with the lowadyic test scenario, the limited
dynamic range can be observed in the overshootthencorners and in the jagged
estimated trajectory. The high dynamic test scenigrintended as an illustration of the
limitations of the position estimate based on ramgasurement only. Hence, no attempts
of optimizing the trade-off between noise supp@ssand dynamic range (overshoots)
with respect to average position error have beetemidis however recognized that there
is a fundamental deficiency in information obtairfed high dynamic maneuvers tracked
by the UWB range measurements only.

4.3. Combined INS and UWB positioning

The poor performance in the high dynamic test stersd the UWB-only positioning is
due to the limited dynamic range of the UWB systamd the lack of orientation information.
The INS, on the other hand, provides a high dynaamnge as well as orientation information.
Combining the INS and the UWB will give a high dyma range and the ability to correct for
the orientation dependence of the RTT, thus rengpvire systematic errors in the high
dynamic test scenario of the UWB-only positionitttpwever, the INS based on MEMS
inertial sensors typically only provides relativeentation information in the yaw direction.
Fortunately the yaw orientation estimates of the Ibre coupled with the position and
velocity estimates, which in turn can be coupledh® UWB range measurements via (5).
However, for the coupling between yaw orientatigtireates and position and velocity
estimates to arise, there needs to be a changssitiom and velocity in the yaw plane, that is
horizontal accelerations.

In Fig. 11c the same trajectory as that of the highamic test scenario of the UWB-only
positioning is shown, but with the inertial navigatand sensor fusion applied. In Fig. 12, the
results of another data set are shown, comprisiunglaps along the same square trajectory
(Fig. 12a and 12b). Clearly the effects of the tedidynamic range (overshoots at the corners
and the jagged lines), as well as the systematicsedue to the directional dependence of the
UWB range measurements, have been remoMee.resulting orientation estimate, for both
laps and an initial stationary phase, is shownig E2c. The initial jump to 20° is a mere
filter artifact and the associated orientation estastimation error covariance is large. The
initial INS state vectok,, as well as the error state vectsp, were both initialized to zero,
whilst the estimation error covariances were ih#e to large values. The position, as well
as the roll and pitch, converge swiftly during thitial stationary phase whilst the yaw starts
to converge as soon as there is acceleration irhdineontal plane, and reaches a steady
orientation estimate during the second lap. Thenewus orientation estimates during the first
lap can clearly be seen, especially along the (ister) side of the trajectory of Fig. 12a.
This behavior disappears around the second lapytiach the orientation has converged. The
position discrepancy for the second lap betweenetenated and the manually measured
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trajectory is below 4 cm. However, due to difficedt of measuring the exact position of the
antennae and the system in motion, the uncertaintlye true trajectory is estimated to be of
the same order of magnitude. The same holds fotrtleeorientation; however the correct
behavior of the position estimates around the skdap, as in contrast to the first lap,
indicates that approximately the right yaw has bestimated.

a) b)
! : ) ;“1\; P‘ﬁmaﬂs - a5k RO ¢ Slave positions
;| —#— ERF posilion estimation —s— EKF position estimation
. : 1| m—True trajectory R B . A
] SRTREPETR P - - e Al ) wmmmne. TT€ trajectory
25 o5k
£ 2r E 4
= & 2
% . £
f 1.5 é T PSR
-
1k
85k 15
— - 5 " L I I I i ! L 1
-0 g 0 1 15 2 5 3 4 -0 Q 05 1 15 2 3 3 4
X position {m] X position {m]
c)
A [
: roll
! . N pitch
120 f o
OO
R ; : ; : : : :
2 :
40
200 TR e enenene RERPRPRPRS SRRPETRRS RERPRRRERE -
v] e S
i i i i i i i
0 20 40 60 80 100 120 140
time [s]

Fig. 12. Results from a test on the sensor fusystes, 2-laps square trajectory. a) First lap.d5dBd lap. c)
Orientation estimate vs. time (roll, pitch and yamgles), the first lap starts at approximately 68nsl the
second at approximately 100 s [17].

5. Conclusion

In this paper, an indoor positioning system hasnbedroduced by describing its
architecture and presenting some experimentaltsesihe system is based on the integration
between an UWB positioning system and an INS. &ddr focus has been given to the
description of the system components and theircpi@ of operation. The experimental test
results have shown the system capability to stitieand dynamically measure the position
with accuracy of the order of 5 centimeters in atomled indoor environment. Combining
INS and UWB positioning provides a higher dynanainge and improved performance than
possible with any of the individual systems. Asaalditional benefit, the orientation estimate
is also provided by the system.
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