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Abstract. This paper investigates static and dynamic localization accuracy
of two indoor localization systems using Ultra-wideband (UWB) technology:
Pozyx and DecaWave DW1000. We present the results of laboratory research,
which demonstrates how those two UWB systems behave in practice. Our re-
search involves static and dynamic tests. A static test was performed in the la-
boratory using the different relative positions of anchors and the tag. For a dy-
namic test, we used a robot that was following the EVAAL-based track located
between anchors. Our research revealed that both systems perform below our
expectations, and the accuracy of both systems is worse than declared by the
system manufacturers. The imperfections are especially apparent in the case of
dynamic measurements. Therefore, we proposed a set of filters that allow for
the improvement of localization accuracy.
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1 Introduction

Localization in GPS-denied areas, such as indoor localization, has attracted much
attention due to its possible commercial applications [1]. There are several technolo-
gies which allow objects localization in such areas: Bluetooth [2], WiFi [3], Ultra-
wideband (UWB) [4], inertial navigation [5], Li-Fi [6], LIDAR [7], visual monitor-
ing [8].

This article focuses on UWB technology, which is economically justified and
comprehensive as it combines reasonable costs and relatively good localization accu-
racy [9-10]. Such a kind of indoor localization system is based on anchors (beacons),
placed in known locations, and tags which positions are determined relative to those
anchors. The position of tags is calculated using signal flight time between devices
(TOF) [10]. Two nodes exchange messages and based on received and sent
timestamps of those messages, devices can calculate the round trip time of the signal.
The final tag position is obtained based on the trilateration algorithm that combines
data acquired from the anchors [12]. Several commercial products use this technology
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to localize objects, such as Pozyx [13], DecaWave [14], Zebra UWB Technology
[15], Ubisense [16], BeSpoon [17], NXP’s automotive UWB [18]. Interesting exam-
ples on this topic can also be found in [20-21].

This paper compares the new commercially available UWB system — Pozyx and
DecaWave DW1000, which is the best UWB localization system to our knowledge.
The localization accuracy is compared under the same conditions. Experiments in-
clude both static and dynamic localization of the UWB tag relative to fixed anchors in
a two-dimensional area. Tag node is localized in one of nineteen fixed points inside or
at a short distance from the triangle marked by anchors in static experiments. A line-
follower robot moves along the known EVAAL -based [34] track in close to constant
linear speed motion in dynamic ones. Due to the fact, the theoretical position at any
moment of the robot is known, we can evaluate the difference between the measured
and actual position. The reason behind these differences are reflections, signal attenu-
ation, clock delays, and imperfect characteristics of antennas mounted in the UWB
device generating measurement noise, which influences localization accuracy [19].
Since interferences depend on both environmental and hardware factors, it is almost
impossible to avoid them. Several methods can improve wireless localization accura-
cies, such as optimizing sensors number and position [22], antenna gain [23], machine
learning [24], and filters. We have decided to apply the last option because we believe
it is the most universal; it can work in real-time with a very short delay and often
gives satisfactory results. We use the following filtering algorithms: median, ARMA,
and Kalman filters [27], preceded by trilateration techniques.

The research, which is similar to the one presented in this article, has been per-
formed by Simedroni et al. In [28], the authors studied DecaWave-family UWB de-
vice — MDEK 1001 [31] with 16 cm static average error results. In [29] the variance
of static experiments is about 10 cm, and the accuracy of dynamic experiments is
65 cm for 100% samples (4 anchors). Both static [28-29] and dynamic [29] measure-
ments differ from our research in the way the antennas are arranged, the size of the
scene, the devices used, and the track shape. Most importantly, the results are also
difficult to reproduce, as the ground truth trajectory has a very unregular shape. Jian
Wang et al. in [30] conducted the experiment in which they investigated the UWB
system accuracy. Still, they focused on improving the accuracy by fusing the data
from separate anchors, treating them as independent systems. Unfortunately, the
method of obtaining the ground-truth path is unclear. Here we decided to perform
UWB systems' comparison using the robot following the EVAAL track to ensure
ground truth localization.

The organization of this paper is given as follows. In Section 2, Pozyx UWB and
DecaWave TREK1000 are described shortly. In Section 3, the experimental setup is
defined. The results of real-time localization and error analysis are presented in Sec-
tion 4. In Section 5, we conclude and sketch the directions for further research.
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2 UWSB localization systems

2.1 DecaWave

DecaWave DW1000 [33] is a fully integrated low power, single-chip CMOS radio
transceiver IC compliant with IEEE 802.15.4-2011 ultra-wideband (UWB) standard
[32]. The manufacturer distributes the chip as a part of microcontroller STM32F105
ARM Cortex M3 with LCD and USB interface, which can both power and transmit
data to a computer [25-26]. The set is called DecaWave EVK1000. The DW1000 chip
and microcontroller communicate via Serial Peripheral Interface (SPI). An Evaluation
Kit DecaWave TREKZ1000 used during experiments consists of four EVK1000
boards. To perform 2D localization, at least three anchors and one tag is required. The
UWSB tag is localized relative to the fixed anchors’ position. Every device can act as
both an anchor and a tag. The configuration is set by changing dip switches located on
the PCB board. These switches also allow the change operation channel to 2 or 5
(which correspond to center frequency 3993.6 MHz or 6489.6 MHz), data rate —
110 kb/s, or 6.8 Mb/s, and tag/anchor ID. Of paramount importance is the fact that
anchors are not the same. The anchor with an ID equal to 0 is responsible for commu-
nication between other anchors and the tag. As a result, when it is powered off, inter-
fered with obstacles, or exposed to excessive dumping, the localization system does
not work. That is why anchor 0 location should be chosen wisely.

According to the documentation, the localization accuracy of the tag is +£30 cm.
The maximum measurable distance is about 250 m, but it depends on the data rate and
channel [28]. Moreover, in most countries, it is not possible to use that range due to
legal restrictions on maximal mean Effective Isotropical Radiated Power (EIRP) of
the antenna, which is usually -41.3 dBm/Mhz. As a result, the system measurable
distance is even lower.

2.2 Pozyx

Pozyx is a new localization system that also uses the DW1000 chip, same as in
EVK1000, but it takes advantage of STM32F401 ARM Cortex M4, which is more
advanced than STM32F105. The development Kit used during experiments consists of
8 transceivers. Although every node can act as both anchor and tag, the manufacturer
has drawn a clear line between them and divided the set among four anchors and five
tags. The tag device is constructed to be a shield compatible with Arduino. It con-
nects the microcontroller board using long wire-wrap headers that extend through the
shield. The Arduino communicates with Pozyx via Inter-Integrated Circuit (12C).
Moreover, the tag device does not need an Arduino to work. It can be used by con-
necting a computer to Micro USB as a virtual COM port, which is also a power
source. The tag can determine the position and report on motion data thanks to the
built-in accelerometer, gyroscope, magnetometer, and pressure sensor. Unlike the tag,
the anchor node is boxed and not compatible with Arduino. The only possibility to
receive data from the anchor is to use the serial port.
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While TREK1000 kit configuration is based on dip switches, in Pozyx, all options
are programmable. There are two dedicated libraries: C-like Arduino (Pozyx-
Arduino_library) and Python (pypozyx), which allow changing the same parameters
as in DecaWave, namely: channel, bitrate, and the board function to act as a tag or an
anchor. There are seven independent channels that do not interfere and communicate
with each other, transmitting center frequencies from 3244.8 MHz to 5948.8 MHz.
Bitrate can be set to 110 kb/s, 859 kb/s or 6.8 Mb/s. Although Pozyx has many more
configuration options than EVK1000, the setting up process is more complicated and
longer.

The manufacturer claims that Pozyx accuracy is £10 c¢cm, which is better than
TREK1000. The maximum measurable distance is 100 m, which is calculated, con-
sidering the legal restrictions of EIRP.

3 Experimental setup

The experiment was divided into two parts: static and dynamic. DecaWave and Pozyx
sets were evaluated in both parts with the same data rate - 6.8 Mb/s and on the 5th
channel. DecaWave and Pozyx systems localization was measured separately since
they were operating at the same frequencies. Namely, when the robot was driving at
the track, only one system was operating at a time.

In static experiments, the robot was placed at selected measuring points inside, on,
or outside the track. These points are marked with yellow crosses in Fig. 1. The pur-
pose of the experiment was to verify the static localization accuracy of both systems.
To do it, we collected 200 coordinates with both Pozyx and DecaWave for each
measuring point. This allows us to evaluate error distribution in different tag positions
relative to both systems’ anchors.

Dynamic localization tests are, in general, much more challenging to reproduce
than static tests because they are often conducted using the testing environment,
which is lab-specific. To avoid it, we used the experimental setup inspired by [34].
Our laboratory was too small to build a full test track from [34], so we decided to use
only half of that track.

Please note that the same as in the static experiment, in our dynamic experiment,
the anchors were placed out of the track in such a way that they formed a triangle that
intersects the track. In this approach, some measurement points were inside and some
outside of the triangle. To make the analysis more straightforward, we introduced a
coordinate system with Ao anchor located at (0; 0), A; located at (0; 4), and Az located
in (6; 2). The track and anchor localization is shown in Fig.1. Anchors Ao, A1, A, are
marked with blue triangles, while the track is marked with a black line.

In dynamic experiment we used a robot — MakeBlock Robot mBot V1.1 from
Fig. 2 — following the line on the floor using an optical sensor at constant linear
speed. In each dynamic experiment, the robot passed the track twice, which allowed
us to collect about 2400 (DecaWave) and 3200 (Pozyx) position samples in less than
4 minutes. This is equivalent to capturing 11 samples per second in DecaWave and 14
samples per second in Pozyx. We used a second optical sensor installed on the robot
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to find dynamic reference robot localization, which was triggered when crossing ref-
erence points. The reference points are marked with black lines perpendicular to the
track in Fig. 1. Each time the robot was crossing the reference point, it recorded a
timestamp. The average robot speed was calculated for each section between refer-
ence points basing on timestamp and section length. As a result, we were able to cal-
culate the robot speed with precision, which was sufficient for this experiment. Using
the average robot speed and the timestamps, we were able to find the robot localiza-
tion at any moment. We used this localization as a reference for dynamic UWB local-
ization in our experiment.
5

A anchors
$3 points of static
A A localization _
ar 1 —
\/—l | = optical sensor
checkpoint
A EvAAL-based
3k /track 4

X [m]

Fig. 1. Test track based on EVAAL used in experiments. Anchors Ao, A1, Az are marked with
blue triangles, and the track is marked with the black line. Yellow crosses mark the points of
static localization. Black lines perpendicular to the track (in fact, they are white) are placed
where the optical system is notified about robot localization.

4 Experiment

This section describes the results of experiments that were performed along with the
explanation of the obtained results. The experiments include a static and dynamic
part. Firstly, raw data from both UWB devices are compared in static and dynamic
experiments. Then we demonstrate how the localization accuracy can be improved by
raw data filtration. We believe that the best way to illustrate the experiment results is
to present the localization coordinates on the EVAAL track and the measurement ac-
curacy using the empirical cumulative distribution function (ECDF).
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Fig. 2. Line follower robot used in experiments.

On the top, there are the DecaWave tag and Pozyx tag connected to separate Rasp-
berry Pi. A power bank powers both computers. The robot uses the line follower sensor
to track the line and color sensor to record reference point in the robot’s memory and
blink the red LED when it crosses the white line to notify the optical system about
robot localization. Blue arms form a counterweight, which prevents the robot from
tilting backward.

4.1  Static experiments

As described in the previous section, in static experiments, we manually place the
robot in each of A-T measurement points presented in Fig. 1 and collect 200 localiza-
tion samples from both localization systems. Fig. 3 shows the results of a stationary
measurement in which the data collected by DecaWave is marked in red, and the data
collected by Pozyx is marked in green. As illustrated in Fig. 3, the measurements from
both devices accumulate at designated points. One can notice that the variance of the
raw data obtained from DecaWave is, in general, much smaller than in Pozyx. Simul-
taneously, the center of gravity of the resultant localization samples strongly depends
on the measurement point localization. For example, for measurement points | and J,
the center of gravity of localization results collected by Pozyx are closer to the refer-
ence point than in the case of DecaWave. In R, S, and T points, it is the opposite, the
center of gravity of points collected by DecaWave is closer to the reference points than
in the case of Pozyx. Such deviations are probably the result of reflections from the
walls closely surrounding the track. Moreover, the variance of DecaWave localization
points is similar regardless of the measuring point is inside, on, or outside of the A,
A, A; triangle. In contrast to DecaWave, the measurement variance for Pozyx is
slightly higher when the measurement point is located outside of the Ao, A1, A trian-
gle. For example, at point T situated outside of the track, the variance reaches 0.17 on
X-axis and 0.003 on Y-axis, while for the same point in DecaWave, it is only 0.04 on
X-axis and 0.0003 on Y-axis. The smallest variance of the measurement samples was
obtained in point B for DecaWave (values in both axes of around 0.0001) and G for
Pozyx (values around 0.001). The worst result was in point T in both cases.
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Fig. 3. Measurement points of Pozyx (marked with green dots) and DecaWave (marked with
red dots) in static experiments. Anchors Ao, A1, Az are marked with blue triangles, and the track
is marked with the black line.

4.2  Dynamic experiments

In dynamic measurements, the robot follows the EVAAL-based track with constant
velocity acquiring its position. Every correct measurement (3-5% of measurements is
corrupted in the communication channel) for Pozyx and DecaWave is presented in
Fig. 4. The data collected from DecaWave is marked with red dots, and the data col-
lected by Pozyx are marked with green dots. As illustrated in Fig. 4, localization
points acquired by the DecaWave system are very close to the reference track, except
for the curve at the top. We suspect that this is the result of the reflection from a thick,
brick wall parallel to OX, which was located next to the track. As for the Pozyx sys-
tem, the measurement accuracy is significantly worse than DecaWave. Namely, most
measurement points are shifted relative to the track, and the variance of the localiza-
tion is much higher. On the other hand, surprisingly, the results obtained in the upper
part of the track fit the reference track slightly better than in DecaWave. In general,
the mean localization error for the DecaWave system is around 11 cm, and a median
is approximately 7 cm. The same for Pozyx is respectively: 21 cm and 20 cm. ECDF
(Fig. 5) illustrates that DecaWave mapped the track better than Pozyx, obtaining an
accuracy of 32 cm when the same accuracy was achieved for Pozyx at 160 cm. How-
ever, more than 95% of the samples do not exceed a distance of 50 cm, and this value
better describes the accuracy of Pozyx.
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Pozyx
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Fig. 4. Measurement points of Pozyx (marked with green dots) and DecaWave (marked with
red dots) in dynamic experiments. Anchors Ao, A1, A2 are marked with blue triangles, and the
track is marked with the black line.

4.3  Accuracy improvement

The raw measurement presented in section 4.2 appears to be far from the declared
measurement accuracy of a maximum of 30 centimeters in Pozyx and close to it in the
case of DecaWave. The problem for the Pozyx system is a high variance of
measurement error. Subsequent position samples do not reflect the robot movement in
detail. On the other hand, the DecaWave system has many more failed acquisitions
that must be removed in the localization process. The ideal solution would be to
achieve Decawave accuracy with Pozyx reliability. To meet our expectations, we
decided to improve measurement accuracy for Pozyx applying filters. At the same
time, we check how the same filters affect DecaWave and whether it is possible to
further improve the results.

As a data source for the experiment, we take the raw measurement results from our
experiment described in section 4.2 as filtration inputs. Then we process data with
median filter, ARMA filter, and Kalman filter. Both series are filtered the same
algorithms that, in our opinion, should improve location accuracy by reducing
distribution error. To present the results, the measuring points on the track are
presented, as well as the empirical cumulative distribution functions that allow
checking the filtration effect.

Pozyx
- DecaWave

0 0.2 04 0.6 o8 1 12 14 16
Distance [m]

Fig. 5. The empirical cumulative distribution function of the localization error for Pozyx (green
dots) and DecaWave (red dots) error accuracy in dynamic experiments.
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Median filter

The median filter is a nonlinear method for noise suppression. It operates as neigh-
borhood averaging, which allows for the removal of out-of-range measurement sam-
ples. The number of averaging measurements is defined with window size w. For a
sufficiently large window, the median filter can suppress random noise. The side ef-
fect of this is the delay, which is the result of the filter construction. In our case, the

average delay is g ms, and the robot’s maximum speed is around 1 m/s. In the

series of experiments, we used window size w = 7, assuming that the delay of 350 ms
is still acceptable in our case. The median filtering results are illustrated in Fig. 7 for
Pozyx and Fig. 8 for DecaWave (green dots). In the Pozyx system, the filter results in
the elimination of random measurement errors and thus an improvement of accuracy
up to 42 cm, taking into account all samples and 32 cm at 95% of the samples. With
DecaWave, the improvement is unnoticeable, and the localization accuracy improves
by 2 cm for 100% samples and less than 1 cm for 95% of samples.

ARMA filter

The autoaggressive (AR) and moving average (MA) model specifies that the output
variable depends linearly on its previous values and also linearly on a set of previous
inputs. In general form, ARMA filter is an infinite impulse response filter (1IR) de-
fined as follows (1):

_ _ BW+BR)zT++B(n+1)z™"

Y(Z) - H(Z)X(Z) - a(1)+a(2)z_1+~--+a(n+1)z‘mX(Z) (1)
where (i) (MA part) and a(i) (AR part) are filter coefficients and n, m define filter
order. Looking for desired filter properties (low pass filter with a gain of 1), we de-
cided to simplify it to the form (2):

Y(2) = b x (2) 2

1-a(z™1)
where f=a-1.

Filtering in such a way is based on fitting the appropriate « coefficient. For small «
(close to zero), the filtration effect is stronger, but it is impossible to detect rapid
movements of tracking objects. Unlike the median filter, the ARMA filter has zero-
delay, and its computing performance makes it an efficient way to improve localiza-
tion accuracy. In the experiments, we use a = 0.8. The results of ARMA filtering are
illustrated in Fig. 9 for Pozyx and Fig. 10 for DecaWave (red dots). In the case of
Pozyx, the result is very similar to that obtained for median filtration. 95% of samples
obtain an accuracy of 32 centimeters, and 100% of samples have an accuracy of
46 cm. In DecaWave, the difference is even less visible and almost impossible to
note.
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Kalman filter

Kalman filter used in the experiment estimates a state vector based on a dynamic
model. The model assumes that the velocity is constant in the sampling interval, and
the system can measure only the target’s position (have no sensors to measure veloci-
ty) [27]. According to the assumption, the Kalman filter can remove the signal noise
when the covariance coefficients are properly selected. We propose a method for
determining the covariance based on the function of the variance value from the dis-
tance of the anchor to the tag - f(d), where d is the distance. Given the function f, it is
possible to calculate the covariance matrix in a two-dimensional area. Supposing that
variance is a vector, one can create three vectors from measured point T directed to-
wards each anchor Ao, A1, A2. The length of each vector is the value of function f.
Projecting each vector on X-axis and Y-axis and averaging vector components give
two variance vectors that are the basis for the covariance matrix (3) and (4).

Ao, A1, sA2
_ 850 +8, 1 +6,
3

5, 3)

Ao | <A1, A2
5 = 8,048, +6;, @)
y 3

Fig. 6 illustrates the method of determining variance in the X-axis and Y-axis.

Ao

¥ Y-axis
A; ,

Fig. 6. Method of determining variance in X-axis and Y-axis.

Kalman filtering results are illustrated in Fig. 9 for Pozyx and Fig. 10 for
DecaWave (purple dots). The Pozyx system is similar to median and ARMA filtering
(around 32 cm for 95% of samples and 42 cm for 100% samples). The significantly
worse improvement occurs in DecaWave, where the accuracy of localization decreas-
es by around 6 cm to 38 cm for 100% samples and 34 cm for 95% samples.

While the Kalman filter reduces error in static measurement to 0.5 cm [35], the im-
provement works not as expected in dynamic measurements. Filter attracts trajectory
to the most probable position, which results in smooth tracking considering inertia
(Fig. 9 and Fig. 10), but it does not improve measurement accuracy. It contradicts the
widespread belief that the Kalman filter always allows for a reduction in position
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measurement error. This is mainly because the measurement noise has non-Gaussian
characteristics.

- not filtered

* ARMA filter
08 median filter
* Kalman filter

1
06 1
095 4
0.9
04 04 / ]
03 / 0.3 0.4 0.5
02 0.2

01 02

ECDF

0
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
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Fig. 7. Empirical cumulative distribution function of the localization error for not-filtered
Pozyx data (blue dots), ARMA filtered Pozyx data (red dots), median filtered Pozyx data (green
dots), and Kalman filtered Pozyx data (purple dots) in dynamic experiments.

1
= not filtered

* ARMA filter
08 median filter

- Kalman filter

0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
Distance [m]

06

ECDF

0.4

02

Fig. 8. Empirical cumulative distribution function of the localization error for not-filtered
DecaWave data (blue dots), ARMA filtered DecaWave data (red dots), median filtered Pozyx
data (green dots), and Kalman filtered DecaWave data (purple dots) in dynamic experiments.

- not filtered

* ARMA filter
median filter

- Kalman filter

X [m]

Fig. 9. Measurement points of not-filtered Pozyx data (blue dots), ARMA filtered Pozyx data
(red dots), median filtered Pozyx data (green dots), and Kalman filtered Pozyx data (purple
dots) in dynamic experiments. Anchors Ao, A1, Az are marked with blue triangles, and the track
is marked with the black line.
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« ARMA filter
median filter

* Kalman filter

Fig. 10. Measurement points of not-filtered DecaWave data (blue dots), ARMA filtered
DecaWave data (red dots), median filtered DecaWave data (green dots), and Kalman filtered
DecaWave data (purple dots) in dynamic experiments. Anchors Ao, A1, Az are marked with
blue triangles, and the track is marked with the black line.

5 Summary

The paper investigates static and dynamic localization accuracy of two indoor locali-
zation systems based on ultra-wideband communication: Pozyx and DecaWave
DW1000. The final tag position is obtained in these systems based on the trilateration
algorithm that combines data acquired from three anchors. Our research shows that in
both: static and dynamic experiments, the Pozyx system has a broader sample vari-
ance than DecaWave. Our research has also revealed that the accuracy of both sys-
tems is worse than declared by the manufacturers (30 cm for 100% samples). Position
accuracy is 38 cm for 95% of Pozyx samples and over 1.5 m for 100% samples. Simi-
larly, the accuracy of DecaWave is 25 cm for 95% of DecaWave samples and 32 cm
for 100% samples.

To improve localization accuracy, we have applied ARMA, median, and Kalman
filters. The median filter improves localization accuracies of Pozyx to 32 cm for 95%
of samples. In the DecaWave, improvement is almost invisible. Similar results have
been obtained in ARMA filtration. Kalman filter improves Pozyx accuracy of 95%
samples to 32 cm. In the case of DecaWave, the result is significantly worse than not
filtered signal — the accuracy of localization decreases by around 8 cm to 34 cm for
95% samples. It should also be noted that the filter attracts trajectory to the most
probable position, which results in smooth tracking, but it does not improve meas-
urement accuracy.

In the future, we consider extending our research by applying artificial neural net-
works to remove the non-gaussian error and reducing the impact of signal reflections
on localization results.
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