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Abstract

This paper presents the accuracy investigation results and functionality of
Ubisense RTLS positioning system. Three kinds of studies were conducted:
test of calibration accuracy, analysis of theoretical accuracy of the
coordinates determination as well as accuracy measurements in field
conditions. Test of calibration accuracy was made with several different
geometric constellation of reference points (tag positions). We determined
changes of orientation parameters of receivers and disturbance of
positioning  points  coordinates against chosen reference points
constellations. Analysis of theoretical accuracy was made for several
receivers spatial positions and their orientations. It allowed to indicate
favourable and unfavourable measurement area considering accuracy and
reliability. Real positioning accuracy of the Ubisense system was
determined by comparison with coordinates measured using precise
tacheometer TCRP1201+.

Results of conducted experiments and accuracy analysis of test
measurement were presented in figures and diagrams.
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1. Introduction

The Indoor type spatial positioning systems are a particular group of positioning
systems. They allow for the real time determination of spatial positions of humans,
animals or other items inside closed rooms.

Such systems usually utilize electromagnetic waves of various frequencies.
Applied positioning solutions are also different.

The Indoor type positioning systems are applied in many sectors of humans'
activities, such as logistics, health care, sport, defense, breeding animals, or various
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industrial sectors. The Indoor systems may be very useful for various emergency
operations, performed in conditions of threats for human health and life. The RTLS
system developed by Ubisense is one of the Indoor type positioning systems.

2. Principle of operation of Ubisense system

The Ubisense RTLS (Real Time Location System) utilizes the UWB wavelength (ultra
wide band — frequency between 6 — 8 GHz) and the additional channels of 2.4 GHz.
Such a solution allows for effective elimination of noises caused by the signal
multipath (Fig. 1). This problem was described by O. Gremigni and D. Porcino in
(Gremigni & Porcino, 2006).

With UWB the direct path signal can be With conventional RF, reflections in in-building

distinguished from the reflections, making environments distort the direct path signal, making
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Fig. 1. Advantages of using UWB to positioning - Ubisense

The system consists of immobile receivers (sensors), miniature, mobile
transmitters (tags) (Fig. 2, 3) the controlling centre; the most important elements of
this centre are the concentrator and the PC computer with Ubisense Location Engine
(ULE) software package.
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Fig. 2. Ubisense RTLS components - Ubisense Introductionary Workshop

The system allows for simultaneous tracing of many tags. The tag positioning is
performed with the frequency up to 10 Hz. The basis for the tag positioning is the
combination of two methods: the angular method (AoA — angle of arrival), being a
kind of the angular intersection and the pseudorange method (TDoA -time difference
of arrival), which delivers information about the difference of the tag distance from
particular sensors.
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Fig. 3. Typical placement of the sensors - Ubisense Introductionary Workshop
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Fig. 4. Idea of determining of tag position - Ubisense

At the moment when the pulse emitted by the tag is received, every sensor
determines two angular components of the tag direction. One of the sensors is the
master sensor. For every other sensor the system allows for determination of the
time difference of the signal arrival, and, as a result, the difference of the distance.
Together with angular values, difference of the distance is used for the tag
positioning. The general idea of determining of tag position is shown in Fig. 4. The

tag position is the geometric location of intersection of appropriate positioning
surfaces (Fig.5).
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Fig. 5. View of positioning lines and result obtained by Ubisense Location Engine User
Manual
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3. Investigation of theoretical and practical accuracy

Accuracy of the positioning of Ubisense RTLS were the subject of many
investigations described in (Stephan et al, 2009; Gremigni & Porcino, 2006;
Muthukrishnan & Hazas, 2009; Coyle et al, 2007; Curran et al, 2011; Zhang et al,
2007).

The system accuracy tests performed by the authors were focused on the
following three issues:

- testing the accuracy of the system calibration,

- testing the theoretical accuracy of positioning,

- testing the practical accuracy of positioning.

3.1 Calibration of the system

After placing the sensors the system calibration should be performed. It aims at
determination of the following elements for every sensor:
- spatial position: X, Y and Z,
- angles which determine the sensor axes orientation in the assumed
coordinate system: Roll, Yaw and Pitch (Fig. 6.).

T Yaw
= | =

Roll ™/ *" Pitch

Fig. 6. Sensor’s orientation angles - Ubisense

The spatial coordinates, which are required for positioning, are determined with
the use of geodetic methods, using an electronic tacheometer. A special procedure
of the ULE routine is applied for determination of angular parameters. Following the
manufacturer's recommendations (Ubisense, 2008-2009), sensors should be leveled
using a level tube. This allows for assuming the null value of the Roll angle (Mandeljc
et al, 2010).

Several variants of the calibration procedure exist. Only the simplest variant was
accessible in the version of the system, which was tested by the authors; it uses the
individual tag position. For this position coordinates should be determined with the
use of a total station.

Due to inaccessible internal procedures implemented in the ULE software, testing
the calibration accuracy consisted of its multiple repetitions for various tag positions
in relation to the stations C4, E6 of the sensors (see Fig. 7). For each position of tag
we got the new calibration parameters.
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Fig. 7. Configuration of the set used for testing calibration accuracy

The version of the system, which consisted of two sensors, was used for testing.
In order to check calibration results, a series of control measurements were
performed for each preliminary calibration. They consisted of three-fold determination
of two sensors with known coordinates. The parameters of calibration were
independently made 3 times for each of five tag positions. Results of test
measurements are presented in Table 1.

Table 1. Results of calibration test

Calibration | Pitch C4 | YawC4 | PitchE6 | Yaw E6 X1 Y1 Z1 X2 Y2 Z2
grad grad grad grad [m] [m] [m] [m] [m] [m]
Tag 1 15,4835 | 45,5165 | 4,30521 | -26,8684 | 96,32 92,44 | 8,43 106,40 | 91,90 | 8,53

96,33 92,44 | 8,41 105,95 | 91,95 | 8,66

96,30 92,42 8,42 105,92 | 91,95 | 8,89

Std. Dev. 0,02 0,01 0,01 0,27 0,03 0,18

Tag 2 11,7249 | 43,8779 | 3,70696 | -25,9352 | 96,43 92,48 8,21 107,37 | 92,01 | 7,96

96,45 92,45 | 8,27 107,31 | 92,00 | 8,00

96,43 92,46 8,23 106,59 | 92,02 | 7,82

Std. Dev. 0,01 0,02 0,03 0,43 0,01 0,09

Tag 3 11,1820 | 45,1511 | 2,61231 | -26,8474 | 96,32 92,55 | 8,17 105,66 | 92,37 | 7,84

96,32 92,56 | 8,17 105,51 | 92,37 | 7,94

96,34 92,58 8,20 105,65 | 92,36 | 8,14

Std. Dev. 0,01 0,02 0,02 0,08 0,01 0,15

Tag 4 12,2897 | 45,0506 | 3,82562 | -26,216 96,36 92,59 | 8,24 106,11 | 92,33 | 8,14

96,39 92,55 | 8,28 106,51 | 92,43 | 8,05

96,37 92,57 8,27 106,60 | 92,27 | 8,11

Std. Dev. 0,02 0,02 0,02 0,26 0,08 0,05

Tag 5 13,2197 | 43,4716 | 4,13872 | -25,6608 | 96,49 92,56 8,31 107,55 | 92,38 | 8,23

96,46 92,59 | 8,28 106,80 | 92,33 | 8,44

96,48 92,58 8,30 106,60 | 92,34 | 8,31

Std. Dev. 0,02 0,02 0,02 0,50 0,03 0,11
Average 96,39 92,52 8,28 106,47 | 92,20 | 8,21
Std. Dev 0,07 0,02 0,02 0,50 0,03 0,11
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The relatively high conformity of determined coordinates of control points No. 1
and 2 may be seen from the above table. The highest variations occur for the X
coordinate of point 2. However, the disadvantageous position of this point should be
noticed (far from the sensors). Although relatively high variations of the Pitch angle
(reaching 4°) for the C4 sensor occur, this component does not have the strong
impact on determination of coordinates of control points (variations of the Pitch angle
strongly influence the Z coordinate).

The performed test proved the satisfactory accuracy (repeatability) of calibration
parameters, providing that in the case of points of disadvantageous positions, the
impact of this procedure considerably exceeds declared accuracy of point
positioning, specified by the manufacturer, i.e. 0.15 m (Liu et al, 2007).

3.2 Investigation of theoretical accuracy of the system

The objective of this analysis is to specify the impact of configuration of geometric
components of the system on the tag positioning, as well as the accuracy of
positioning with the use of a set of receivers, basing on measured angles and
differences in distances. The mean errors of coordinate determination, obtained as a
result of the analysis, characterize the possible system abilities. The real accuracy
will be usually lower due to disturbances of the system operations, mentioned above.
Thus, results of performed analyses may be used for interpretation of discrepancies
obtained in experimental measurements.

The analyzed area

In order to present the spatial distribution of estimated values of errors of X,Y and Z
determination, the following area was assumed for further considerations:

tv
B a®

Fig. 8. Sketch of the test field

Positions of receivers are marked as A, B and C (see Fig. 8). The origin of the
assumed plain coordinate system is the station A (X=0, Y=0). Other two stations are
placed in the corners of the square of the side of 30 m. It was assumed that all
receivers are located in the horizontal plane Z=0. Besides, the analyzed area was
extended by 10 m in every direction and it creates the square of the side of 50 m.
This corresponds to the range of coordinates between X=-10m to X=40m, and Y=-10
m to Y=40m. The analysis was performed for two horizontal planes, at the altitudes of
Z=0m and Z=10m.
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Depending on the variant of the analysis, it was assumed that two (A, b) or three
(A,B,C) receivers will be used. Due to limitations in extension of angles registered by
the sensors, it is not possible to simultaneously determine the tag positions in an
arbitrary point of the analyzed area. In the real case, the area possible for
determination will become a common part of appropriate sectors, which correspond
to particular sensors. The analysis of the area defined in this way results from the
fact, that - depending on the sensors' orientation - the common area may be an
arbitrary part of the analyzed area.

Accuracy assumptions

Values, which are measured by receivers in order to determine the tag position, are
horizontal angles, vertical angles and differences in distances. In order to evaluate
the accuracy of the tag positioning, besides the positions of the tag and the receivers,
also the accuracy of measured values should be known. The method of preliminary
accuracy analysis, applied by the authors, is based on mean errors. The mean error
correspond to the standard deviation value of Gauss distribution for the observation,
equated with the random variable.

The documentation, which was made available by the system manufacturer, did
not contain information concerning the accuracy of operations performed by the
sensor subsystems. More information may be found in accessible scientific papers.
The issue of positioning accuracy was the subject of research described by K.
Muthukrishnan and Mike Hazas (2010). Results obtained by them differ for various
test sites. Besides, considerable diversification of accuracy between horizontal and
vertical angles were suggested; however it has not been confirmed by other works
and by information presented by the manufacturer. Different values were obtained by
Ying Zhang, Kurt Partridge and Jim Reich (2007). They estimated the accuracy of
determination of the horizontal and vertical angles as 0.01 — 0.03 radian. For the
presented work, the direction determination error was assumed as £0.02 radian. The
value of £0.3 m was assumed as the mean error of the difference of distances.

WALL3D software package was used for calculations. Its basic objective was to
develop results of surveys; however, due to its high flexibility it was possible to adapt
this package to specific operations of the Ubisense system.

e d\Waldek\PW_PRO~1'\WALL3D\WALL3D.EXE
0

Fig. 9. WALL3D window

The diagrams shown in Fig. 10 a, b and c present results of the accuracy analysis
for particular coordinates, for one of the possible variants. It is the variant with three
receivers, for the horizontal plane, Z=0. The role of the "master" sensor is played by
the sensor B.
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As it may be seen from the diagrams, the accuracy of determination of horizontal
coordinates X and Y is satisfactory and it varies within a small interval. Due to the
assumed assumptions, the distribution of errors of determination is similar for both
coordinates. The "weak" places are areas invisible by the sensors, which are placed
in the corners of the analyzed area.
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Fig. 10a. Distribution of predicted accuracy of X coordinate

Fig. 10b. Distribution of predicted accuracy of Y coordinate
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Fig. 10c. Distribution of predicted accuracy of Z coordinate

The characteristics of the distribution of errors for the third coordinate (Z) is slightly
different. Those errors are characterized by the higher variability, and the distance
between the point and the sensors is the dominating factor which influences the
value of the Z coordinate determination error. Regardless this, it should be stated
that the Z coordinate is the coordinate which is determined with the best spatial
accuracy.

3.3 Estimation of real accuracy of the system in the test field

In order to determine the real accuracy of the Ubisense RTLS system, the measuring
test was performed, which covered the entire area of its operations. The floor of the
Big Hall of the Warsaw University of Technology was used for testing. The test
complied comparison of the tag coordinates, read out from the RTLS system and
coordinates measured by means of Leica TCRP 1201+ total station. The same total
station was used for determination of sensor coordinates, what ensured the
connection between the coordinate systems of the total station and the RTLS
system. Each position of the tag of the Ubisense RTLS system was determined three
times. The accuracy characteristics of the Leica TCRP 1201+ total station allowed for
consideration of differences between coordinates obtained from the Ubisense system
and the total station as true errors of the first values. Several tests were performed
for various configurations of the sensors.

The distribution of the true errors of X, Y and Z coordinates, obtained from testing,
is presented in diagrams (see Fig. 11 a, b and c).
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[em]

Fig. 11a. Distribution of coordinate X deviation

[em]

[m]

Fig. 11b. Distribution of coordinate Y deviation
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Fig. 11c. Distribution of coordinate Z deviation

As it may be seen, the measuring test confirmed the accuracy values declared by
the manufacturer for advantageous geometric conditions. High values of coordinate
errors occur at the edges of the tested area and in disadvantageous geometric
conditions. The results of test confirm the accuracy forecasts, obtained as a result of
the preliminary accuracy analysis, which is presented in section 3.2 of this paper.

4. Concluding remarks

Performed analysis and measuring tests allow for formulation of the following final
conclusions:

the preliminary accuracy analysis of the tag positioning may be useful at the
stage of planning the placement of the system sensors. This facilitates the
achievement of the optimum accuracy in particular conditions and it allows for
forecasting critical areas, i.e. areas of lowered accuracy of coordinate
determination,

the analysis of results developed for various configurations of location of the
sensor allowed for noticing that the area of the highest accuracy of coordinate
determination is the area between the sensors, in particular, when the sensors
are mutually turned to each other,

in order to obtain the optimum accuracy within the entire analyzed area, the
sensors should be possibly evenly distributed at the edge of the area,
assuming that the increased number of sensors considerably increases the
accuracy of reliability of the determined values of their coordinates,

the system calibration is an important element. Calibration parameters directly
influence the determined tag positions. Multiple determination of the sensors'
orientation elements should be applied and points, which are the basis for the
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sensors' orientation angles, should be evenly distributed within the "working"
area of the system,

e finally it should be stated that both, the results of preliminary accuracy
analysis, as well as results of performed measuring tests confirm the accuracy
declared by the system manufacturer.

Such systems will be undoubtedly developed, since considerable demands for
local navigation systems occurs within areas, which are not visible for satellite
navigation systems, as well as for solutions using direct observations.
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