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RESUMO

Este trabalho aborda o desenvolvimento de um sistema completo de
posicionamento indoor para análise de cargas úteis em robôs planares
guiados por cabo. Inicialmente, um sistema de posicionamento é definido
comparando-se tecnologias utilizadas nesta área. Assim, um sistema
ultra wideband é proposto, no qual o kit de desenvolvimento da em-
presa Pozyx é utilizado, e modificado para ser aplicado na estrutura
do robô. Portanto, uma análise dos dois algoritimos, TRACKING e
UWB ONLY, que estão dispońıveis pelo fabricante para o cálculo do
posicionamento é feita. Em seguida uma combinação deles é proposta
para ser utilizada nesta aplicação. Logo, a performance dos algoritimos
é avaliada em testes realizados em um laboratório, de 4x4 metros de
área, sendo que o algoritimo proposto foi escolhido para ser utilizado
na versão final. Este algoritimo apresentou melhores resultados do que
os demais, com a maior probabilidade de obter erros abaixo de 6 cm,
além de atingir um erro médio menor do que 5 cm nos pontos medidos.
Finalmente, uma placa de circuito impreso e uma estrutura mecânica
são desenvolvidas para que o sistema esteja completo para ser aplicado
no robô.

Palavras-chave: Posicionamento. Ultra wideband. Robô. Exatidão.
Algoritimo.





ABSTRACT

The present work covers the development of a complete positioning
system for planar cable-driven robot’s payload analysis. First of all,
an positioning system is defined after technologies used in this field
have been compared. Thus, an ultra wideband system is proposed,
where the development kit from Pozyx company is used, and modified
to be applied in the robot’s structure. Thus, an analysis of the two
algorithms, TRACKING and UWB ONLY, available from the manu-
facturer for the position estimation is performed, and a combination of
them is proposed to be used in this application. Then, the performance
of the algorithms is evaluated in tests executed inside a laboratory, with
an area of 4x4 meters, and the proposed has been chosen to be used in
the final version. This algorithm has presented the best results among
others, with the greatest probability of achieving errors smaller than
6 cm, as well as an average error smaller than 5 cm in the measured
points. Finally, a printed circuit board and a mechanical structure are
developed to let the system complete to be applied in the real robot.

Keywords: Positioning. Ultra wideband. Cable-driven robot. Accu-
racy. Algorithm.
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1 INTRODUCTION

Since the beginning of the human exploration of the world across
the sea, human beings have the necessity to localize themselves in space.
At that time, they used specific constellations as reference points for
maritime navigation. Thus, they were able to achieve back their home-
land after some time on the ocean. However, due to the stormy weather
and changes in the wind condition, ships often got lost during the navi-
gation. So passing the time, compass, chronometer and other tools were
being developed to improve these localization skills (GALAT; LOWE,
2012).

With the improvement in the knowledge of electromagnetic waves
behavior, localization systems achieved a higher level of complexity and
accuracy. With the discovering of electromagnetic radiation in 1887 by
the young German scientist, Heinrich Hertz, who proved physically the
electromagnetic theory proposed by James Clerk Maxwell, the studies
in wireless communication started to become more and more expressive
(BUCHWALD, 1994).

Thanks to the advance of technology, many approaches and ar-
chitectures have been proposed and developed in order to achieve sys-
tems requirements for the most diverse applications, such as medicine,
humans or objects tracking, robots positioning and others (ZHANG et al.,
2010; LEDERGERBER; HAMER; D’ANDREA, 2015; VAHDATPOUR; AMINI;

SARRAFZADEH, 2011).
As localization can be defined as the action of providing position

information of an object in space, one can distinguish in two main types
of localization systems: outdoor and indoor positioning (RIBEIRO et al.,
2018; ZAFARI; GKELIAS; LEUNG, 2017). These two categories of systems
are chosen according to the target environment, for instance, in an
outdoor context the use of global navigation satellite systems (GNSS),
such as the global positioning system (GPS), has been widely chosen.
These systems are used as a solution for applications that require long
distances measurements, for example: to track objects in high speed;
to guide people or for transport navigation. However, they are not
suitable for an indoor or an underground environment, due to the fact
that signals from GPS satellites must handle interference with objects
in the line of sight, such as buildings or walls, making them ineffective
for indoor localization (FARID; NORDIN; ISMAIL, 2013).

On the other hand, according to (ZHANG et al., 2010) indoor po-
sitioning can be defined as a system that is able to provide the position
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of a person or a thing inside of a closed structure, such as hospitals,
stadiums, laboratories, universities, etc. These systems must be able
to handle interference caused by obstacles that are in the radios’ line
of sight (LOS),(like walls, furniture, human beings, etc.), and intro-
duce many adversities for the electromagnetic waves propagation, e.g.
reflections, obstructions, multipath-effect, and noise interference. Al-
though many approaches have been developed in order to handle these
difficulties (FARID; NORDIN; ISMAIL, 2013; ZAFARI; GKELIAS; LEUNG,
2017), each solution has advantages and disadvantages, and a lot of
research still being required in this area to improve the weakness of
each system. So, one must choose the solution that fits better to the
desired application.

1.1 MOTIVATION

Due to the increasing interest in autonomous robots, the localiza-
tion problem in indoor environments has received new attention in the
past few years with the development of new techniques that improved
the precision of the measurements (BRESSON et al., 2017).

In this field, a fundamental problem that makes the localization
more difficult in indoor environments is the multipath effect. This effect
is caused by obstacles or sources of reflection near the system network.
Thus, all data sent during the transmission are subject to suffer from
reflections, traveling different distances and arriving in the receiver at
different times, causing the data to be overwritten and consequently
lost (ALARIFI et al., 2016).

For instance, Figure 1 shows an example of a typical indoor
scenario. First of all, a pulse carrying data is created and transmit-
ted from the radio transmitter in an omnidirectional manner. Then,
this pulse travels different distances due to the reflections caused by
objects or walls, and the copies of this signal arrive in the receiver
in slightly distinct times, causing communication errors (GHAVAMI;

MICHAEL; KOHNO, 2007).
Another problem frequently observed in indoor environments is

the obstruction of the line of sight between the transmitter and the
receiver, which introduces fading in the communication link. This effect
is also called non-line of sight (NLOS) situation (ALARIFI et al., 2016).

Considering these issues, the main motivation of this work is to
develop a positioning system for the ”HoFaM” project. This project
consists of an autonomous planar cable-driven robot, which has been
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developed in partnership between Fraunhofer ENAS and Technische
Universität Chemnitz, in Germany. The structure of the robot, allows
a payload to be moved in a two dimensional (2D) way around a whole
wall, where motors are used to change the tension in four cables. An
example of a similar structure is shown in Figure 2 (BRUCKMANN et al.,
2008).

However, the problem in controlling cable-driven robots is re-
lated to the bending fatigue in the rope, where the system loses accu-
racy with passing time. In addition, when placed near a wall, many
sources of electromagnetic waves reflection emerge, which increases the
multipath problem. Also, many metals are present in the structure,
which introduces challenges to the radios communication. Therefore,
aiming to have a precise position data for payload analysis, an accurate
localization system must be developed to be used in this scenario.

Figure 1 – Example of a typical multipath effect: (a) pulse to be trans-
mitted; (b) the same pulse traveling different distances; (c) a second
copy of the pulse arriving at different time at the receiver; (d) wrong
pulse received by the radio receiver.

Source: Adapted from (GHAVAMI; MICHAEL; KOHNO, 2007).
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Figure 2 – Example of a vertical planar cable-driven robot structure.
Source: Adapted from (BRUCKMANN et al., 2008).

1.2 GOALS

1.2.1 Main Goal

The main goal of this bachelor thesis is to define, apply and eval-
uate an indoor localization system for autonomous cable-driven robots,
as a feedback positioning system, during payload analysis.

1.2.2 Specific Goals

Considering the main goal, this work will present different tech-
nologies, used for indoor positioning measurements, based in RF signals
and inertial measurements. After a detailed description of the advan-
tages and disadvantages in each technology, the most suitable one will
be adopted. Then, this system will be developed and analyzed to meet
the projects requirements. At the end of this work, it is expected to
have a fully working positioning system, capable of self localizing a tag
embedded in the robot, with an accuracy better than 10 cm, working
in a 2D area of 4 x 4 meters, and providing the position data in two
seconds after a request is received.

1.3 MANUSCRIPT STRUCTURE

The present work is organized in seven main chapters. First of
all, an introduction is presented, where the main differences between in-
door and outdoor positioning systems are stated. Also, the motivation
and the goals for the development of this work are described.
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Chapter 2: In the second chapter, the most common localization
system technologies based on radio frequency signals are described, and
in the end, one of the technologies is chosen to be used in this project,
after all of them are compared in detail. Then, the technique used for
calculating the position is shown as well as the geometric properties
which allow this calculation.

Chapter 3: In this chapter, a review of the localization systems
based on the technology chosen is shown. Then, a table comparing the
related works is also provided.

Chapter 4: In this chapter, the project development methodol-
ogy is presented. Then, the components and sub-systems are described,
and a complete system is proposed to connect them.

Chapter 5: This is the chapter where the development of the
system is explained. Here, the behavior of the sub-system is analyzed,
and the firmware to connect all the components is described. In the end,
the test plan is defined in order to analyze the algorithms available to
be used, and a printed circuit board to power the system is developed.

Chapter 6: In this chapter, the results are reported. First, two
algorithms available from the sub-system manufacturer are tested, from
the analysis of the behavior of these algorithms, a combination mixing
both is proposed. So the three algorithms are tested under the same
test plan, and an analysis comparing their performance is presented
aiming to choose the one that fits better the application in this work.
Besides, other components of the system, such as mechanical structures,
and power supply are presented, as well as their placement in the robot
structure, aiming to let the system completely able to be deployed.

Chapter 7: This is the chapter where the conclusions and the
future work are presented.
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2 LOCALIZATION SYSTEMS ANALYSIS

2.1 GLOBAL POSITIONING SYSTEM

The Global Positioning System (GPS) is the world’s largest po-
sitioning system used nowadays. It was developed by the necessity
of improving the Navy Navigation Satellite System (NNSS), so-called
TRANSIT, which was created by the U.S. military, to determine the
coordinates of vessels and aircraft. The TRANSIT was composed of six
satellites orbiting in a nearly circular polar orbit in altitudes of about
1 100 km. However, the relatively low accuracy and the large time
gaps in coverage, were the main problems that resulted in the devel-
opment of the GPS system (HOFMANN-WELLENHOF; LICHTENEGGER;

COLLINS, 2012).
To overcome these barriers, GPS uses 21 satellites placed in 12-

hour circular orbits, inclined 55◦ to the equatorial plane. Thus, this
arrangement has proved to provide at least four satellites in good ge-
ometric position 24 hours per day, anywhere on the earth. Hence, all
satellites in this constellation broadcast a package with their own posi-
tion and precise clock, such as the atomic clock, which can be used for
any receiver in the Earth to self determine its position (XU; XU, 2016).

For instance, considering a system where the satellites are frozen
in space in a given instant, the satellite coordinates %s relative to the
center of the Earth are known, and a receiver, defined by its distance
to the center of the Earth %R, is in the Earth’s surface, as shown in
Figure 3.

Thus, the real distance between the satellite and the receiver,
%, can be calculated by the time required to a signal, sent from the
satellite, to reach the receiver, considering the receiver with a clock
set precisely to the system time and the signal containing the exact
time that it was sent. Through this approach, in theory, only three
different satellite signals are needed for the receiver to fully determine
its position, in terms of longitude, latitude, and height.

However, due to the high cost of having a precise clock in each
receiver on the earth, in practice, GPS systems use four satellite signals
and an inexpensive crystal clock, which is set almost for the GPS time.
The clock introduces an offset in the measurements, which is fixed by
the signal received from the fourth satellite (KAPLAN; HEGARTY, 2017).

Although GPS systems are largely used for outdoor positioning,
due to the worldwide coverage area, it is shown by (FARID; NORDIN; IS-
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Figure 3 – Basic concept of satellite positioning.
Source: Adapted from (HOFMANN-WELLENHOF; LICHTENEGGER;

COLLINS, 2012).

MAIL, 2013) that the accuracy of this system is between 6 to 10 meters,
which is not suitable for precise localization under sub-meter accuracy.
Also, according to the authors, the electromagnetic waves sent from the
satellite are spread and attenuated by the obstacles in the line of sight
of the receiver, such as buildings, and outdoor obstacles, what makes
the signal too week to come across walls, resulting in poor indoor mea-
surements.

2.2 INERTIAL MEASUREMENT UNITS

An inertial measurement unit (IMU) is usually a micro-electro-
mechanical system (MEMS), composed by a three-axis accelerometer,
a three-axis gyroscope, a three-axis magnetometer, a temperature sen-
sor, an A/D converter and a microcontroller or a digital signal proces-
sor. This integrated circuit is present in most of the mobile equipment
nowadays, what makes this a cheap solution for orientation measure-
ments. Furthermore, the data provided by these units can be used
for determining the position of the equipment in which it is connected
(PERTTULA et al., 2014).

However, regarding positioning measurements, systems based in
IMUs must handle some obstacles to achieve an acceptable accuracy.
In (GLANZER et al., 2009) a method for indoor positioning is presented,
where the values obtained from the three-axis accelerometer are double
integrated over time to calculate the distances (in ”x”, ”y” and ”z”,
axis) traveled by the device from a known starting point.
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Even though, this approach has a huge coverage area, as in the-
ory the system must only know the last starting point. In practice, a
small error in measurement will induce large errors in positioning, due
to the integration, that will be propagating in each position calculation.
To overcome this difficulties, the authors show a technique using the
Kalman filter and previous data of the building, to be able to achieve
5% of position error in a giving building. Unfortunately, the solution
presented can not be used for all applications, which makes the system
specific for each building, increasing the costs of development.

2.3 RADIO FREQUENCY IDENTIFICATION DEVICE

Typically, a system based on radio frequency identification de-
vices (RFID) is composed by a tag, a reader and a host computer
running the software or infrastructure. These systems can be classi-
fied in passive and active. In passive systems, the reader sends a signal
which powers the RFID passive tag and waits for the response, that can
be a signal sent from the tag or just a reflection of the wave sent from
the reader. Then, the reader receives an ID and the data from the tag,
and send this information to be processed in a host computer, which
processes the data, and performs an action or sends some information
back to the reader to be written in the tag. Usually, passive RFIDs
are used in short range communications, due to the power needed to
be transmitted from the reader to power the tags (HUANG et al., 2015).

On the other hand, an active RFID system is composed of the
same structure, against the tag, which has a built-in battery to perform
communication with the reader, allowing it to work in longer ranges
(HUANG et al., 2015).

Regarding positioning, RFID is commonly used to identify ob-
jects in limited communication range, between one to two meters in the
passive mode, due to the low cost of implementation of tags, that do
not need a battery to communicate. As one can infer, this short range
is not suitable for an indoor positioning system, however, this approach
can be integrated with other technologies to give a more precise position
of the target (SCHERHäUFL; PICHLER; STELZER, 2015).

Differently from the passive mode, active tags can communicate
in long ranges, up to 300 m, as they can use a battery to send the
data. But, they still have problems in the localization application,
mainly indoor, as the communication must be applied through a pre-
defined protocol, the response time is high, and the presence of obstacles
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introduces the multipath effect in the communication, which makes the
system inaccurate for large areas measurements (BAI et al., 2012).

2.4 ZIGBEE

ZigBee is a standard wireless protocol developed by the ZigBee
Alliance, which is an association of companies working together to de-
velop more reliable, low power, cost effective wireless network standards
(ALLIANCE, 2005). The protocol is built upon the IEEE 802.15.4 stan-
dard, which defines the MAC and the physical layer for a more efficient
low rate wireless network, while the ZigBee standard defines the higher
levels of the stack and the application.

In (SUGANO et al., 2006) a localization system based in a ZigBee
network is presented, the authors used the received signal strength indi-
cator (RSSI) of the receiver, as the starting data for the self-localization
calculation. As stated by the authors, the algorithm based in the
received signal strength (RSS) measurements must handle problems
caused by the effects of fading and shadowing, what results in large
variations in the RSSI, and can be overcome by collecting more data
to achieve higher accuracy. However, this solution increases the traffic
and the energy consumption of the sensors in the network.

In contrast to the problems presented in RSSI measurements,
this technique is one of the simplest and most used for localization
calculation. From (KUMAR; REDDY; VARMA, 2009) a method to calcu-
late the distance through the RSSI value is shown, where the authors
define a relation between the received RSSI and the distance using a
simple path-loss propagation model. So, starting from the known Friss
Equation:

PRx = PTx ∗GTx ∗GRx ∗ (
λ

4 ∗ π ∗D
)2 (2.1)

Where, ”PRx” is the power in the receiver, ”PTx” is the power
in the transmitter, ”GRx” is the receiver’s antenna gain, ”GTx” is the
transmitter’s antenna gain, ”λ” is the signal wavelength, and ”D” is
the distance between the transmitter and the receiver. The following
relation is achieved:

RSSI = −10n ∗ log(D) +A (2.2)

where ”n” is the path loss exponent, which can vary from 2 in
free space to 4 in indoor environments, and ”A” is the RSSI value at
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a reference distance from the receiver as stated in (KUMAR; REDDY;

VARMA, 2009). Thus, at least three transmitters placed in known ref-
erence points are needed for the receiver to be able to localize itself
using the trilateration method which is presented in section 2.9.1. Un-
fortunately the system can be interfered by other signals in the same
communication band.

2.5 BLUETOOTH

Nowadays, the use of mobile devices with Bluetooth capabilities
is widespread, mainly in the mobile phones field, where most part of
the devices are able to communicate over this protocol. Bluetooth
is a protocol based in the IEEE 802.15.1 standard, that specifies the
physical and MAC layers for the connection of devices (ALARIFI et al.,
2016; IGLESIAS; BARRAL; ESCUDERO, 2012).

Similarly to ZigBee, localization systems based in Bluetooth use
RSS measurements to localize themselves, as this systems are less com-
plex. One technique frequently used in this filed is called Fingerprint-
ing, where values of RSSI are collected in an offset state, before the
deployment of the system, and a mapping of the environment is done.
Then, this known values are compared with the measurements in real-
time, and a probabilistic analysis is realized to determine the position
of the target (IGLESIAS; BARRAL; ESCUDERO, 2012).

2.6 WIFI

WiFi is a protocol defined by the IEEE 802.11 standard, which
specifies the Medium Access Control (MAC) and the Physical Layer
(PHY) for wireless local area networks (WLAN). Initially it was created
to provide network capabilities for the internet access in local areas
(IEEE Std 802.11-2016, 2016).

With passing the time, the system became even more popular,
and it is present in most of the mobile devices in the current market,
what makes WiFi networks a good alternative for indoor localization,
due to the low cost of implementation, and the presence of access points
in a large number of buildings (ZAFARI; GKELIAS; LEUNG, 2017).

However, the use of the Industrial, Scientific, and Medical (ISM)
band, and the carrier frequency, usually 2.4 Ghz, can be an obstacle
for the accuracy in localization using these systems. As it is shared
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with other technologies, such as Bluetooth and ZigBee, the interfer-
ence in this band can be uncontrollable. Also, the existing networks
were developed for communication purposes, which means that they
are optimized for maximizing the coverage area and the data through-
put, but not for localization. So in order to achieve higher accuracy,
the systems must have an increase in hardware or complex algorithms
(FARID; NORDIN; ISMAIL, 2013).

In (KOTARU et al., 2015) an interesting approach is described,
where the authors developed an algorithm, called ”SpotFi”, which com-
bines three different strategies to estimate the target localization with
an accuracy of 40 cm. The basic idea of the algorithm consists in the
utilization of the data already available in any WiFi system with at
least two access points (AP). First of all, the algorithm measures the
time of flight (ToF), which is presented in section 2.9.2, and the angle
of arrival (AoA) from the target to each AP.

The AoA technique requires the use of at least one array of three
antennas in each AP, to be able to estimate the incident angle of the
signal coming from the target. Thus, knowing the distance between
antennas and the difference of phase that the same signal introduces
to achieve each antenna, it is possible to estimate the incident angle of
arrival (YU et al., 2016).

Finally, the algorithm identifies the first package to arrive in the
AP, which is the direct path that did not undergo any reflection, then
it gets the RSSI measurements and uses this values combined with the
AoA calculation to estimate the target’s position (KOTARU et al., 2015).

Unfortunately, this approach introduces a higher complexity in
the system, and increase the cost, as well as it is also exposed to inter-
ference. Furthermore, as mentioned by (FARID; NORDIN; ISMAIL, 2013),
localization systems based in WiFi are always under the influence of
interference, changes in signal strength and multi-path. Even though
the SpotFi could achieve very good accuracy results, it is not the most
accurate solution considering its complexity.

2.7 ULTRA WIDEBAND

Ultra wideband (UWB) are radio systems with relative band-
width larger than 20% or absolute bandwidth greater than 500 Mhz.
Firstly, it was developed for military applications with the aim to ob-
tain accurate radars and low probability of interception communication.
However, the first UWB system started to be commercialized only in
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late 1990s (GHAVAMI; MICHAEL; KOHNO, 2007). After the creation of
the IEEE 802.15.3a standardization, which allowed the use of UWB sys-
tems in short range personal areas networks, an increase in the number
of emerging applications was noticeable (GEZICI et al., 2005).

This increase in interest can be explained by the fact that UWB
is more suitable for indoor localization than other technologies. Due
to its wide bandwidth, which allows the signal to easily come across
obstacles without any interference, this systems can also overpass the
multipath effect, and achieve better results in accuracy. In addition,
the same reason allows the system to work with a high data rate, low
power consumption, and avoid interference from other communication
devices (ALARIFI et al., 2016).

The reason for UWB to overpass the multipath effect is the short
pulse width, with which the system works. This can be explained from
equation 2.6. Considering the velocity of the electromagnetic wave as
approximately 3 ∗ 108 m/s, which is the light velocity in free space,
and an UWB pulse with 0.1 ns of duration. The distance for the first
reflection arriving in the receiver, to do not overlap the data, will be 3
cm, what makes the system able to filter paths that are not in the LOS
of the receiver (GHAVAMI; MICHAEL; KOHNO, 2007).

Also, due to the large bandwidth, these pulses are suitable to
come across obstacles because of its low frequencies components, what
makes the system able to identify the first arriving path, which is the
direct path in the communication link and allows more precise esti-
mation of the distance between transmitter and receiver (SHI; MING,
2016).

2.8 COMPARISON BETWEEN TECHNOLOGIES

Intending to have a solution which fits better the desired appli-
cation, a comparison between the technologies is provided in Table 1.
The fundamental reason for the use of UWB system in this work, is its
capability to overcome the multipath effect and the high accuracy that
the system achieves. Even though some disadvantages are present, like
the moderate power consumption, in this application a power supply
is available in the robot’s structure, which eliminates the necessity of
batteries.

For the sake of completeness, it is important to note that some
localization systems not based in RF or inertial movements are not
covered in this work. Systems such as ultrasound, infrared and image
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based technologies suffer from issues in noisy environments. The pres-
ence of sound, sunlight or fluorescent light noise sources, as in the case
of industrial environment, have a high impact in the accuracy of these
systems. Also, the coverage area is a key point in this work, which is
limited in some of these technologies.
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Table 1 – Comparison between technologies.

Technology Advantages Disadvantages
GPS Worldwide coverage. Accuracy greater than 5

meters; not suitable for in-
door measurements.

IMU Huge coverage area based
on one known point.

The system must be re-
calibrated after some time
due to the increasing error
in the integration of each
measurement.

RFID System can be made with
low power; wide coverage
range.

The system in highly af-
fected by the multipath ef-
fect and the accuracy is
low.

ZigBee Low cost. The use of shared fre-
quency bands can intro-
duce fails in the commu-
nication; the RSSI mea-
surements are affected by
obstruction in the radio’s
LOS.

Bluetooth Low cost due to the avail-
ability in most of the mo-
bile devices.

Systems based in Finger-
printing need a recalcu-
lation of the pre-defined
map of RSS values in case
of change in environment.

WiFi Large number of available
systems already placed.

These systems need
changes in hardware or
a complex software to
be able to perform local-
ization; loses accuracy
with multipath effect,
changes in the RSS and
interference from other
systems due to the use of
2.4 Ghz spectrum.

UWB High accuracy; do not in-
terfere with other RF sys-
tems; has the best perfor-
mance against multipath
effect and NLOS situa-
tions.

High cost; moderate
power consumption;
in some systems clock
synchronization is needed.
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2.9 TECHNIQUES AND ALGORITHMS

2.9.1 Trilateration

The trilateration based positioning algorithm can be used in al-
most all the positioning systems not based on angle estimation. This
algorithm uses at least three fixed points, also called anchors, to esti-
mate the distance to the moving target, and it is based on geometrical
properties of spheres. The fixed points are the center of the spheres,
and they can be considered as transmitter omnidirectional antennas,
transmitting a signal in all directions to the target. The minimum dis-
tance from the target to the anchors will be the radius of the spheres.
So knowing the distance from the target to the fixed points it is possible
to fully determine its position in a 3D localization (LOY; VERBEECK;

KNAPEN, 2018).
Thus, in a general case, the equation, for a sphere centered in

(xn, yn, zn), will be:

(x− xn)2 + (y − yn)2 + (z − zn)2 = R2
n (2.3)

Where ”Rn” is the radius of the sphere, and ”n” is the anchor
number. However, for simplicity, considering the same method pre-
sented in (COTERA et al., 2016), where all the anchors are positioned in
the same height, with ”zn = 0”, one of them is placed in the origin of
a x-y plane, and the another one along the x-axis. The spheres can be
simplified for circumferences, as shown, adapted from the authors, in
Figure 4.

In this case the equations can be written as:

R2
1 = x2 + y2 + z2

R2
2 = (x− x2)2 + y2 + z2

R2
3 = (x− x3)2 + (y − y3)2 + z2

(2.4)

Hence, the target position can be calculated by:

x =
R2

1 −R2
2 + x22

2x2

y =
R2

1 −R2
3 + x23 + y23 − (2x3x)

2y3

z =
√
R2

1 − x2 − y2

(2.5)
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Figure 4 – Trilateration simplified example.

Even though this simplification can result in negative values in
the root during the z calculation, it is still suitable for a 2D localization,
when the height of the target is known and unchanged (COTERA et al.,
2016; SHIT et al., 2018).

Due to the simplicity of this algorithm, and since the application
in this project will move just in a 2D plane, it was chosen to be used in
this work. Furthermore, this algorithm allows the use of a wide range
of different techniques and let enormous flexibility in the choice of the
technology to measure the distance from the anchors to the target.

2.9.2 Time of Arrival

One widely used technique to estimate the distance between ra-
dios in a localization system is called Time of Arrival (ToA), also known
as Time of Flight (ToF). It uses the traveling time of one path from
the transmitter to the receiver to calculate the distance, since distance
can be obtained from equation 2.6.

D = v ∗ t (2.6)

Where ”D” is the distance between the radios, ”t” is the time
that the electromagnetic wave travels, and ”v” is the velocity of the
wave, typically the light velocity for the free space. Then consider-
ing the velocity constant, the distance can be found just measuring
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the time that the signal travels. In Figure 5, an example of a typical
ToA is shown, where a path containing a reference time is sent from
the transmitter, and the time of traveling is calculated by the receiver.
The calculation is done subtracting the exact time that the signal ar-
rived from the reference time, received inside the package of data (LOY;

VERBEECK; KNAPEN, 2018).

Figure 5 – Typical ToA example.

Even though, in theory, this technique is simple to be imple-
mented, it requires a synchronized clock in both sides to be able to
calculate precisely the time, what is difficult to achieve in practice and
increases the cost of the system.

2.9.2.1 Two Way Ranging

To overcome the synchronization problem presented in section
2.9.2, the Two Way Ranging (TWR) approach makes the measurement
in two steps. First, the signal is sent from the transmitter in a known
time, then it is received and transmitted back from the receiver. Finally,
the transmitter uses the time of arrival of the package and calculates
the distance from the receiver, considering the double time that the
package has traveled (KOLAKOWSKI; DJAJA-JOSKO, 2016). Figure 6
gives a better idea about the distance measurement, where ”t” is the
data traveling time, and ”Tproc” is the known time which the receiver
takes to process the data received and send it back.

So the total time ”Ttotal” is calculated by:

Ttotal = 2 ∗ t+ Tproc (2.7)

Hence, the time required for the signal to travel, will be:
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Figure 6 – TWR explanation: (a) transmitter sends the data; (b) re-
ceiver process and sends the data back; (c) time-line of the system.

t =
Ttotal − Tproc

2
(2.8)

Thus, considering the total time to send and receive the package,
the transmitter can calculate the distance from a fixed point, through
equation 2.6, and using the trilateration algorithm, it can self-localize
eliminating the necessity of clock synchronization (KOLAKOWSKI; DJAJA-

JOSKO, 2016).
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3 RELATED WORK

Cable-driven robots are nowadays widely used in the industrial
field, due to its high speed, heavy payloads capability, simple mechan-
ical structure, and huge workspace. However, for useful applicability,
they must be precisely localized and controlled. One way to localize
robots in industrial environments is based in UWB systems. Due to
the high accuracy and multipath overpass potential, many studies and
companies have been developing these systems to perform indoor posi-
tioning.

In (GUO et al., 2016) an UWB system based in TWR ToA is
presented to localize autonomous robots. In this case, a quadricopter
navigation method is described, where the authors integrated the au-
tonomous quadricopter with the UWB development platform, P410
RCM, from Time Domain. Thus, they were able to achieve an accu-
racy better than 0.2 meters in an indoor laboratory with a total area
of 7 x 7 meters. Even though this system can achieve high accuracy
in real measurements, the price of the used platform still has been a
disadvantage, since the basic kit costs about 9,995 USD.

The use of different techniques, for example time difference of
arrival (TDOA), also allows better results in accuracy. In this tech-
nique, different transmitters send a signal at the same time, so the
receiver calculates the delay between the signals arriving and uses this
information to estimate the position. The authors in (OUMAR; SATTAR;

TOKHI, 2018) described an implementation of the UWB system in an
autonomous robot, where the platform P410 is again utilized. In this
case, the coverage area is 15 x 8 meters, and the accuracy achieved is
5,5 cm through the TDOA algorithm. However, in this system, the
position estimation is done from a computer, and time synchronization
is needed, also the same problem of high cost shall be considered.

Regarding the cost efficiency, a different system is used in (MAI et

al., 2018), an UWB system was used to track a blimp inside a stadium.
In this case, the system used was developed by the Pozyx company
and could achieve 20 mm of standard deviation in a clean LOS. On
the other hand, during the implementation in the real structure of the
blimp, the results have shown an accuracy of 80 cm for an area of
50 x 50 meters. Even though the results in accuracy were considered
enough for the application, they may not be suitable for all situations.
However, the fact of the small standard deviation, the low cost, among
others, helped to choose the same Pozyx system for the development
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of this work, as detailed in section 4.1.
Some systems for humans tracking in indoor environments are

also based on UWB technology. One example of these systems is pre-
sented in (XU et al., 2017). In this work, the authors developed a 2D
localization system based on a Decawave DW1000 integrated circuit to
perform the positioning measurements. The authors then used and ex-
tended finite impulse response filter to perform the position estimation
of a tag placed on a human hat. Thus, they were able to achieve an
accuracy of 54 cm in an area of 18,2 x 3,2 meters in a complete LOS
situation. The drawback of this system is that the position estimation
is calculated by a computer, and the accuracy is not suitable for sub
decimeter applications.

One interesting algorithm is proposed by (SHI et al., 2019) to per-
form localization on the internet of things (IoT) area. In this approach,
the UWB measurements are combined with inertial measurements, and
the TWR is made twice in order to self localize the anchors and the
tag. The aim of the authors is to have a system able to be deployed
in a large scale area without the necessity to have the precise position
of the anchors. Unfortunately, the proposed algorithm was tested only
in simulation, achieving a mean error of 12,73 cm in an area of 20 x
20 x 10 meters. It is expected that in a real situation the results will
be slightly different, for example, due to the presence of reflections and
poor placement of the anchors.

Another work which combines data from different sources is pre-
sented by (YOON et al., 2017), where a UWB system, from Ubisense
company, is fused with inertial measurements and a biomechanical
model of a human body to achieve better results in accuracy. The
system was tested in an area of 1,9 x 2,3 meters at an indoor labo-
ratory, and it used a combination of TDOA and AoA measurements
to estimate the position. Thus the proposed algorithm could achieve
mean errors of 9,9 cm, while only the UWB measurements presented
mean error of 24,9 cm. On the other hand, the position estimation was
not performed locally as the algorithm was running on a computer,
the small test area and the use of a biomechanical model, are some
disadvantages of the system. The authors also verified many outliers
in the measurements due to the presence of the human body near the
communication channel.

In unmanned vehicles, approaches fusing sensors measurements
are also developed. As shown by (STROHMEIER et al., 2018), a system
which combines IMU data, barometric pressure data, and UWB esti-
mation data, could achieve an accuracy of 0.19 meters in an area of ap-
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proximately 3 x 4,2 meters. The UWB transceiver used in this project is
the Decawave DWM1000 model. Even though the system could achieve
great results in accuracy, unfortunately, there is a necessity to have a
calibration of the system in the beginning of the measurements.

In relation to the presented works, this project will use a different
approach to estimate the position. In this work, the positioning data
will be computed during 1.8 seconds, and in the end, an average will
be performed in order to have a final result in 2 seconds. Thus, it is ex-
pected that better results in accuracy can be achieved after the average
computation. This approach will be used due to, in this application,
the payload needs two seconds to perform the task, which allows the
positioning system more time to estimate the payload’s position. In
addition, the use of the TWR technique, and the fusion of UWB mea-
surements with inertial measurements will be applied aiming to avoid
time synchronization and achieve better results. So table 2 can be used
to position this work against the main points of the related works.
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4 METHODOLOGY

4.1 ULTRA WIDE BAND SYSTEM FROM POZYX

For this work, the hardware chosen was the prototyping devel-
opment kit from Pozyx (POZYX, 2019). The fundamental reason for
the use of this system is the low cost, compared with others solutions
available in the market, the large number of libraries available from the
manufacturer, and the flexibility in the configuration of all parameters,
which makes the system easy and fast to be implemented.

This system uses four anchors, as fixed points, and two tags
to perform the localization. One of the tags is used as the ”master”
of the communication network, so it is responsible for controlling and
configuring all the parameters of the structure. The second tag is used
as the mobile tag which will be located. The manufacturer ensures that
the system uses the TWR technique, the radios can communicate over
30 meters, and the operation frequency can be defined in 7 channels
located between 3,5 to 6,5 Ghz, with an update rate up to 60 Hz, and
an accuracy of 10 cm (POZYX, 2019). Figure 7 shows the prototyping
kit used in this work, the kit is composed by four anchors, two tags, one
ATMEGA328 based PCB, two USB cables, four power supply cables,
and one 1200 mAh powerbank.

Figure 7 – Pozyx prototyping kit.

The manufacturer offers two libraries to program the system.
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One library is based in the Python programming language, and the
second one is designed to be used in interaction with an Arduino, pre-
sented in Section 4.3.

The UWB communication is controlled over an Decawave DW1000
transceiver, which allows the configuration of the UWB parameters
such as: the preamble length, the birate, and the frequency channel.
Also, this transceiver allows the wireless communication of data, be-
tween two radios, where a 100 bytes buffer is available to be accessed
over the libraries. According to Pozyx, the hardware is equipped with
a 9-axis inertial measurement unit, and a STM32F4 microcontroller,
which can communicate over I2C or USB with a host processor (POZYX,
2019).

In addition, two algorithms to calculate the positioning are avail-
able, they are called UWB ONLY and TRACKING. These algorithms
let the x and y axis data available in a 32 bits register after the cal-
culation is performed. The only information available from the man-
ufacturer about the difference between both, is that the TRACKING
algorithm combines inertial data with UWB data to estimate the posi-
tion. So in this work, both algorithms will be tested and analysis will
be done aiming to choose the best one for this application.

4.2 RASPBERRY PI

Raspberry Pi is a fully featured computer which runs the Linux
operating system, commonly the Raspibian distribution. The hard-
ware, shown in Figure 8, is based in the Broadcom BCM2837B0 Cortex-
A53 ARMv8 quad-core processor, which can run up to 1.4GHz, and it
is equipped with a 1GB LPDDR2 SDRAM memory, four USB ports,
one HDMI connector, one connector for a CSI camera, forty GPIO pins,
and it is powered by an 5V and 2.5A DC power input (RASPBERRY PI

FOUNDATION, 2019).
There are a considerable number of programming languages that

have been adapted for Raspberry Pi, the most common are: Python,
C, C++, and Java (RASPBERRY PI FOUNDATION, 2019). Python pro-
gramming language is recommended by Raspberry Pi foundation, and
it was chosen to be used in this project due to the integration with the
Pozyx library, which has already defined all the registers and memory
access addresses for the communication over the I2C protocol.

In addition, this system was chosen to be used as the payload
main processor of the robot, due to the capacity to run parallel codes,
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Figure 8 – Raspberry Pi 3 Model B+.
Source: (RASPBERRY PI FOUNDATION, 2019).

what makes it possible to run the payload application while it calculates
the self position, achieving faster results.

4.3 ARDUINO

Arduino is an open source hardware and software platform. The
hardware is based on an ATmega328P microcontroller, with speed of
16 Mhz and flash memory of 32 KB. Also, 14 GPIOs are available for
interaction and communication with other devices, and it operates with
5V power supply (ARDUINO, 2019).

Figure 9 – Arduino Model Uno Rev3.
Source: (ARDUINO, 2019).

The software is compiled by the Arduino IDE, and it is based
in the C++ programming language, with some functions and libraries
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developed specifically for these boards (ARDUINO, 2019). Even though,
there are many models of arduinos available on the market, this work
used the model Uno Rev3, presented in Figure 9, as one board of this
model comes inside the Pozyx development kit.

4.4 PROPOSED SYSTEM

The proposed system for this work uses the Pozyx kit, one Ar-
duino and one Raspberry Pi board. The UWB anchors are placed
around the robot structure, in a rectangular format. The moving part
of the robot, is embedded with one Pozyx tag communicating over I2C
with the Raspberry board, thus the Raspberry can calculate the self po-
sition, using the TWR technique. Also, it can run the payload software
and control the time when sending the data to the control station.

The control station is composed of one UWB master radio, which
is connected to an Arduino board over one I2C bus. The Arduino re-
ceives the data from the embedded part using the UWB wireless com-
munication, and send the data received to be processed in a later state
by a host computer over serial communication. To start the position
calculation, a ”start” command is sent to the embedded part over the
UWB communication from the control station. The block diagram of
the whole system can be seen in Figure 10.

Figure 10 – Block diagram of the proposed system.
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5 DEVELOPMENT

During the beginning of the project, the system was deployed
and the Pozyx’s tutorials, available in (POZYX, 2019) where tested in
order to validate the hardware. As soon as the system was running,
measurements in the position were performed. The results achieved
for the accuracy where in contrast with the ones guaranteed from the
manufacturer, with errors up to 40 cm. The source of this errors was
observed to be the poor placement of the anchors. Thus, the pattern
of radiation of the antenna had to be considered, as it radiates almost
omni-directionally in the z-x plane, but does not perform so well in
the y-axis showed in Figure 11 (POZYX, 2019). An antenna radiation
analysis would be needed to better define the correlation of this error
with the anchors positions. However, this characterization is beyond
the scope of this work.

Figure 11 – Pozyx antenna radiation directions.
Source: Adapted from (POZYX, 2019).

In order to make the system flexible to be installed in different
scenarios, a mechanical structure was developed to place the anchors
in the best angle to have the signal covering the whole measuring area.
To achieve this goal, considering the axis in Figure 11, four pieces were
designed using the SolidWorks software and fabricated in a 3D printer.
This allows the anchor to be moved in y-axis and x-axis, and be rotated
in steps of 45◦around the z-axis, as shown in Figure 12. Thus, more
flexibility in changing the anchors placement can be achieved during
the deployment of the system in the robot’s structure.

In addition, according to the manufacturer, the anchors must be
placed at least 20 cm away from any metal structure, to avoid changes
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Figure 12 – Mechanical structure for anchors position.

in antenna’s parameters. So, considering that the robot basis is made
of aluminum profile, with this structure, the anchors can be placed in
a distance of 26 cm away from the metals.

After the validation of the hardware, a test area was defined to
be used for the evaluation of the system. The aim of the tests was to
have a better understanding about the system functionality, comparing
and defining the algorithm that would be used in the final version.

Figure 13 – Top view of the measurement area.

Therefore, a planar test area of 4 x 4 meters was adopted. The
anchors were placed in a height of 9 cm from the floor, and the LOS was
guaranteed in this area. However, the presence of objects and walls in
the room were expected to impact the final positioning measurements.
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The top view of the room is shown in Figure 13.
Then 10 fixed points were placed to be used as ground truth for

the measurements. The points were millimeter accurate marked on the
floor using a metric tape for the distances in relation to the defined
reference point (0,0). The reference points can be seen with a grid in
Figure 14, where all dimensions are in millimeters.

Figure 14 – Test area ground truth.

5.1 POZYX DATA BEHAVIOR

Since the area was defined, a test plan was made to evaluate
the Pozyx system performance in stand alone mode. For this, the tag
was placed in all points for 10 minutes each, and each algorithm was
applied following the tutorials available in (POZYX, 2019). The system
was turned off when the tag was moved from one point to the other.
The algorithm was performing the measurements in an update rate of
25 Hz, so in 10 minutes 1500 samples were acquired in each point, and
in total 15000 samples were received by each algorithm.

This experiment was realized to verify the behavior of each al-
gorithm. It was noticed that, the TRACKING algorithm resulted in
exponential decay behavior in the measurement errors during the early
state of the test. Then, after some time, the measurements started to
converge to the expected target.

This behavior has shown that the algorithm needed past mea-
surements in order to estimate the new position. It was confirmed
when the system have been changed from one point to the other, and
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the measurements were turned on again. The initial data received from
the algorithm, was the position of the past point where the system was
placed, and the next measurements smoothly started to converge to
the new expected value.

Figure 15 – TRACKING algorithm average error in x-axis measure-
ments of 10 minutes in each point.

In Figure 15 the results of 10 minutes measurements in each
point of Figure 14, using the TRACKING algorithm are shown. The
exponential behavior can be observed in the beginning of the measure-
ments, with errors up to 12 cm. However, after approximately 200
seconds, the errors started to become as low as 2 cm.

Figure 16 – UWB ONLY algorithm average error in x-axis measure-
ments of 10 minutes in each point.

The same experiment was performed using the UWB ONLY al-
gorithm, the result is shown in Figure 16. From the graph, one can
infer that calculating the average value from the measurements in a
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defined period of time, would result in smaller error than getting just
one sample in this period.

Considering these results, and keeping in mind that the robot
has 2 seconds to calculate the positioning, the approach used in this
work will get the samples during 1.8 seconds, and calculate the average
value to achieve less variation in the results.

5.2 COMMUNICATION PARAMETERS SELECTION

According to the manufacturer, the update rate of the measure-
ments depends on the UWB communication parameters, mainly the
preamble length and the bitrate. The preamble length can be consid-
ered as the header of the communication path, and the bitrate is the
velocity of the communication in the network (POZYX, 2019). A trade-
off is observed in the configuration of these parameters, as a higher
preamble length allows the communication over longer distances, it re-
sults in a lower update rate. The same occurs with the bitrate, since
the probability of error in the communication is greater with higher
bitrates, the update rate is also higher.

So aiming to define the communication parameters used to test
the system, an analysis was performed varying both values to identify
the best configuration for the measurements area. For this, the system
was placed in a fixed known point and the algorithm used was the
UWB ONLY. Then, the preamble length and the bitrate were changed
and, for each configuration, the measurements were performed during 2
seconds. The results of average error are presented in bars, the update
rate are presented as points in the lines, and the preamble length are
presented in different colors on Figure 17.
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Figure 17 – UWB parameters evaluation.

For the 4 x 4 meters area, a reliable communication was ob-
tained using a preamble length of 512, where it is possible to observe
in the graph that the average error was approximately the same for
all bitrates. Furthermore, from the results, it can be seen that for this
preamble length, the smallest mean error was obtained with a bitrate of
850 kbps, what has resulted in an update rate of 42 Hz and the second
global smallest average error of 4,48 mm. The overall smallest average
error of 3,14 mm was obtained with a preamble of 64 and a bitrate of
110 kbps, however, this configuration allowed an update rate of only
21 Hz.

For this reason, it was chosen to use the preamble length of
512 and the bitrate of 850 kbps in this work, because it has shown to
provide a good relation between update rate and average error. These
results were presented aiming to define a reliable configuration for the
evaluation of the positioning algorithms in the test area, allowing the
repeatability of the tests in the same configuration. However, it is
important to note that this results will change according to the area
of measurement, and it is possible that better results can be found
according to the placement area and the configurations of the network.
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5.3 FIRMWARE

After defining the UWB parameters, two firmwares were devel-
oped for the tests. The first was developed in the C++ based language
adapted for Arduino boards, and runs in the Arduino in the control
station. The second one was developed in Python and runs in the
Raspberry which is the embedded part in the robot. The flowchart of
both firmwares can be seen in Figure 18.

Basically, the system is first configured by the Arduino algo-
rithm, where the network parameters are set and the anchors’ position
are defined. Then all the settings are spread for the members of the
communication channel. After this, the algorithm waits for the push
button to be pressed. Then, a start command is sent, over UWB, to
the embedded tag to start the position calculation. As soon as the
command is sent, the control algorithm waits for an interruption to be
generated from the Pozyx’s master tag, indicating that the new data is
available to be read over I2C.

On the other hand, the embedded code begins by configuring
the I2C communication with the Pozyx’s tag. Then it waits for an
interruption to be generated indicating that the start command has
arrived. So the algorithm starts the measurement calling the ”DO
POSITIONING” function, which is available from the manufacturer as
a memory address of the tag. After the positioning calculation is done, a
GPIO pin of the Raspeberry is set down from the Pozyx tag, indicating
that new data are available. Thus, the data are read from Raspberry
as x and y-axis. Each axis is available in a 32 bits register in the
tag’s memory. This process is repeated during 1.8 seconds. When the
timer is over, the Raspberry computes the average of all measurements
and send the data over UWB to the master tag, which generates an
interruption in an Arduino’s GPIO pin.

These firmwares were used to test both algorithms, the UWB
ONLY and the TRACKING. The only difference during the tests is that
the Raspberry code, in the final version, sends only the average value
to the master tag. However, during the evaluation of the algorithms all
the position data available has been sent to the master tag in order to
plot the graphs and analyze the behavior of each algorithm.

Furthermore, a third algorithm was developed and tested. It
combines the measurements of UWB ONLY and TRACKING aiming
to achieve a more accurate value when calculating the average. From
now, this algorithm is called ”Proposed” and it was developed having in
mind that the TRACKING algorithm uses previous values to estimate
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Figure 18 – Firmwares Flowchart. (a) Flowchart of the Raspberry’s
firmware; (b) Flowchart of the Arduino’s firmware.
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the position. So, intending to let the previous values closer to the
expected value, the proposed algorithm starts the measurements using
the UWB ONLY and changes to the TRACKING algorithm. Hence, it
is expected to eliminate the exponential response shown in Figure 15 ,
or at least make it smoother.

After the firmwares were developed, a prototype of the embedded
part was assembled to be used during the tests. The intention was
to connect the Raspberry with the Pozyx tag and move the boards
around the tests area. Thus, knowing that the TRACKING algorithm
uses inertial measurements to perform the positioning calculation, the
system should be moved in a way that it does not interfere in the height
of the tag. As the system was measuring in a two-dimensional area,
interference in the results due to height changes should be avoided.
Therefore, the system was placed on a remote-controlled car, which
allowed the movement around the complete area, maintaining always
the same height in the tag, as shown in Figure 19a. The prototype
of the control station with the push button to send the measurement
command is shown in Figure 19b.

(a) Embedded system prototype. (b) Control station prototype.

Figure 19 – Prototype of the system used in the experiments.

Both boards were connected over I2C. Also, one GPIO pin was
connected to inform the Raspberry when data is available to be read
from the tag. A 5 V and 20000 mAh battery pack was used to power
the embedded systems during the tests to allow the movements around
the area. However, in the real operation, inside the robot structure, two



60

cables connected to a power supply of 24 V and 240W are available in
the movable part to power the embedded board. So a power converter
of 24 V to 5 V must be developed to allow the embedded system to be
powered.

After the prototype was developed, a test plan had to be de-
fined to evaluate the behavior of the system. Then, two main tests
were designed to characterize the algorithms moving the robot around
the test area. During the first test, the robot was moved in a square
shape, stopping in each vertex along two seconds in order to perform
measurements. In this experiment, instead of taking the measurements
average, the Raspberry was sending all the measurement data to the
control station, aiming to have all the samples for data analysis, in an
off state, in the computer. This pattern was repeated 10 times, with
each positioning algorithm, to verify the repeatability of the measure-
ments in the same point after a movement has been performed. The
measured points for the first test are shown in Figure 20, and the results
are shown in Section 6.

Figure 20 – Test plan. (a) First test plan; (b) Second test plan.

In the second experiment, the system was moved around all the
ground truth points. In each point it was stopped, the calculation was
performed and only the average value was sent to the control station.
The tests were repeated 5 times with each algorithm. The goal of
this experiment was to verify the behavior of the final version of the
firmware, and define which algorithm would be used in the final version,
considering the performance in the defined points.
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5.4 DATA EVALUATION

For the evaluation of the data presented in this work, a basic
statistical analysis was performed. The evaluation began by verifying
the behavior of the data acquired with both algorithms. For this, the
system was placed in the position 2000 mm in x and y-axis, which
represents the middle of the test area. The data were acquired dur-
ing 5 minutes, after letting the system running for 5 minutes to avoid
the TRACKING exponential decay behavior. So the histogram of the
errors in the distance to the ground true point were plotted. The re-
sults with the UWB ONLY algorithm are shown in Figure 21a and the
TRACKING are shown in Figure 21b.

(a) UWB ONLY algotithm his-
togram.

(b) TRACKING algotithm his-
togram.

Figure 21 – Histograms of the errors of the algorithms.

From these graphs, it can be observed that the data seems to
follow a normal distribution. For this assumption, the most basic
D’Agostino test of normality was performed to verify the symmetry
of the data around the mean value. In this test, the symmetry is com-
pared with a standard normal distribution, and if the result is less than
2, it is a good indicative that the data follows this pattern (DAS; IMON,
2016). For these data, the UWB ONLY resulted in a coefficient of 0.03
and the TRACKING resulted in 0.27, so they were considered a nor-
mal distribution. The formal prove that these data follows a normal
distribution is beyond the scope of this work.

The normal distribuition behavior shows that the samples ac-
quired from the algorithms are random variables, ”X”, and basic prob-
abilistic analysis for normal distribution can be used in these data. So
the results are evaluated according the mean ”µ”, also called average
in this context, and the standard deviation ”σ” of the errors, which
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can be calculated by equations 5.1 and 5.2, respectively (SMITH et al.,
1997).

µ =

∑
x

n
(5.1)

σ =

√∑
(x− µ)2

n− 1
(5.2)

In these equations, ”x” is the value of the random variable, and
”n” is the number of samples. However, only the mean value and the
standard deviation are not enough to achieve a conclusion about the
performance of the algorithms, so a probabilistic analysis is performed
trough the probability density function (PDF) and the cumulative dis-
tribution function (CDF).

The PDF describes the behavior of the probability of the samples
in a data-set. For a normal distribution, the PDF is given by equation
5.3.

f(x) =
1√

2 ∗ π ∗ σ2
∗ e
−

(x− µ)2

2 ∗ σ2 (5.3)

Graphically, the area under the PDF represents the probability
of the sample to be inside a given interval. For instance, the probability
of a given random variable to be between an interval of ”a” and ”b”
can be calculated by equation 5.4 (SMITH et al., 1997). For the data
presented in Figure 21, the PDF graph is presented in Figure 22.

P{a ≤ X ≤ b} =

∫ b

a

f(x)dx (5.4)

(a) UWB ONLY algotithm PDF. (b) TRACKING algotithm PDF.

Figure 22 – Probability density functions of the errors of the algorithms.
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The CDF represents the probability of the random variable ”X”
to achieve a value equal or less than ”a”. It is calculated by the area
of the PDF graph from minus infinity until the desired value ”a”, and
can be defined by equation 5.5.

FX(a) = P{X ∈ (−∞, a]} =

∫ a

−∞
f(x)dx (5.5)

The aim of this project is not to classify statistically the behavior
of the algorithms, but choose one to be used in the desired application.
For this, the evaluation of the CDF was defined to be used, as it shows
the probability of the errors of each algorithm to be below a certain
value, which in this context means a greater accuracy for the positioning
estimation.

5.5 POWER SUPPLY

Finally, a power supply should be developed to power the em-
bedded system. Inside the robot, 24 V and 240 W power cables are
available to be used. However, the Raspberry and the Pozyx tag work
with a voltage level of 5 V. So a power converter should be used in this
project to allow the system to be powered directly inside the robot.
It is important to note that the Poxyz anchors will be fixed in the
robot structure and will use an off-the-shelf 5 V power supply, which
came inside the Pozyx’s kit, connected directly with the power outlet.
The same is true for the master tag, which will be connected over a
USB cable with the computer for serial communication, powering the
system.

Table 3 – PCB Power consumption estimation.
Component Voltage Maximum Current Consumption

Raspberry Pi 5 V 1 A
Pozyx 5 V 180 mA

Payload 5 V 250 mA

In order to define the parameters for the converter, a power
consumption estimation was performed to give more reliable prevision
about the power needed for the embedded PCB. In Table 3, the current
consumption of each component powered by the PCB is presented. In
total, a power source of 5 V and 1,43 A is needed to power the system.
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However, as the table presents only an estimation of the consumption
and considering that the payload is still in development, a power sup-
ply of 5 V and 2 A was designed to convert the 24 V and power the
components, allowing more flexibility to the payload.

Figure 23 – Schematic of the flyback converter used to power the em-
bedded system in the robot with 24V.

Thus, the flyback converter topology was adopted. This topol-
ogy allows the conversion of the voltages isolating completely the input
from the output, which makes it safe and reliable for the connection of
the external power supply with the embedded components. The inte-
grated circuit chosen was the model BD7F200EFJ-LBE2 from ROHM
semiconductors. This component can be supplied with voltages be-
tween 8 V to 40 V, and can be configured to allow a stable 5 V and
2 A output after a transformer, which isolates completely the system.
Based in the example available in the component’s datasheet in (ROHM

SEMICONDUCTOR, 2017), a PCB was designed to be used inside the
robot, connecting all the modules. The schematic for the flyback and
the connectors for the sub-modules is shown in Figure 23.

The PCB was designed to power the Raspberry and the Pozyx
tag using the cables available inside the robot structure, these cables al-
low the system to be powered and also communicate over an industrial
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AS-Interface protocol, and should be connected in a screwed connec-
tor. A circuit to allow the communication over this protocol was also
designed to let the system more flexible, however, this communication
will be implemented in the future and it will not be detailed in this
work. Also, the Raspberry pins were mounted in a way that they could
be accessed after the PCB was assembled, to allow a connection with
the payload. The 3D model of the assembled embedded PCB without
the payload is shown in Figure 24.

Figure 24 – Assembly in 3D of the PCB embedded in the robot.

The PCB was produced and the behavior was analyzed using
a programmable power supply HMP4040, an electronic load model
LD300, and an oscilloscople DPO 4054B, before the connection with
the Raspberry and the Pozyx’s tag to guarantee a safe connection be-
tween the boards. The electronic load was used to simulate the board’s
current consumption to test the converter. The system under test is
shown in Figure 25, and the results will be presented in chapter 6.
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Figure 25 – PCB under evaluation in the test bench.
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6 RESULTS

The metric to evaluate the measurement system under analysis
in this work is the x-y plane error, as described in Figure 26. Even
though they have been acquired in separated x and y values, the aim
is to simplify the analysis, so the relation of errors will be given by
the geometrical distance between the predicted point with the ground
truth point.

Figure 26 – Relation of the errors in the cartesian plane.

6.1 FIRST EXPERIMENT

The first experiment was conducted according to the test plan
presented in Figure 20. The UWB parameters were configured to use
the preamble length of 512 and the bitrate of 850 kbps. The experiment
was repeated 10 times. Hence, data during 1.8 seconds from each point
were received 10 times by the computer.

6.1.1 TRACKING Algorithm

For the TRACKING algorithm, to evaluate the system without
the interference of the exponential response, the measurements started
3 minutes after the system was placed and turned on in the first point.
Thus, the test was performed with the system running all the time,
even though the system was moving from one point to the other. The
only difference was that during the movement the algorithm was still
running in the background and the data was only acquired after the
command was received. The update rate of this algorithm during the
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test was 46 Hz, so 82 samples were expected from each measurement,
during 1.8 seconds.

Then, the results for the x and y-axis were calculated. They
were evaluated for 10 measurements at one point. In this case, the
ground truth point number 10, positioned in (3000,3000), was chosen
randomly to be analyzed. The results in x-axis can be seen in Figure
27, for the y-axis they are shown in Figure 28. In these graphs, the
colors represent the different measurements, and the points represent
the samples acquired for each measurement in 1.8 seconds.

Figure 27 – TRACKING algorithm results in x-axis at point 10.
Source: From the author.

Figure 28 – TRACKING algorithm results in y-axis at point 10.

From these results, one can observe a shift from the expected
value in each measurement. This shift could not be removed as it is in-
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herent to the measurements. It is expected that the source of this shift
can be related to errors in inertial measurements, or even in errors dur-
ing UWB measurements. To avoid interference in IMU measurements
the movements from one point to the other were performed following
the arrows presented in the test plan.

Also from the results, it can be observed that in some measure-
ments the number of samples is less than in others. The fundamental
reason for this behavior is that the firmware in Raspberry, has a time-
out during the measurements, which means that, if a sample was not
acquired before the timeout, it is ignored and measured again. The
occurrences can be observed as the time gap between the samples in
the graph. This was done in order to avoid holding the code in case of
a fault in communication, or errors due to the multipath effect. Even
though the number of samples is not the same, at least more than one
sample will be acquired in this period, what will be used to calculate
the average.

From a separate analysis of each axis, it was verified to be dif-
ficult to compare the real error of the measurements with the ground
truth. For this reason, a geometric computation was performed to have
the real distance from the ground truth to the estimated point, in the
x-y plane, as shown in Figure 26. Thus, this geometric distance was
used as the real error in the measurements to compare the algorithms.

The error was calculated for each sample in all the measurements
before the analysis. In Figure 29, the error in x-y plane is shown for all
samples separated by the respective measurement, which is represented
by different colors. Calculating the average of these errors it is possible
to achieve an overall average error of 76,97 mm in this point. This
calculation allowed a performance comparison between the algorithms.

Besides computing the geometric error, the standard deviation
of 22,05 mm was also calculated, and it has been caused due to the shift
observed in each measurement. However, for this algorithm, it can be
seen that, if the standard deviation of the samples in each measurement
are analyzed, the result is smaller, in average it is 2,42 mm.
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Figure 29 – TRACKING algorithm average error in x-y plane.

Figure 30 – TRACKING algorithm standard deviation in each point.

Finally, the mean error and the standard deviation in x and y
of all samples were plotted to all the four measured points. The graph
can be verified in Figure 30. The aim of this analysis was to certify the
behavior of the system in all the points measured. It could be observed
that in all the points there is a shift in the mean value, related to the
ground truth point, which is the same behavior observed before, and
can be an indication that it is inherent to the algorithm. Also, in point
1 the standard deviation was greater than in the others. One possible
reason for this behavior, is the closeness of this point with the chairs and
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walls in the room presented in Figure 13, unfortunately, the reflections
presented in the laboratory were not possible to be measured.

The anchors were changed from the original position in clockwise,
but the origin point was maintained the same, in order to verify the
dependence of the results with anchors’ positions. Therefore, it was
expected that the point (1000,1000) would present the greatest error
again. The anchors were called ”A”, ”B”, ”C” and ”D”, so that their
position in the measurement area in each experiment are presented in
Figure 31, as well as the results of the experiments.

Figure 31 – Rotation of the anchors in clockwise.

The results of this experiment have shown that there is a relation
between the error and the anchors’ position. It could be verified that
placing the anchors in different positions, results in different standard
deviation for each measured point. Thus, this behavior has shown that
not only reflections are acting in this test area, but also problems such
as antennas’ gain direction, and differences in the processing time of the
anchors can be degrading the position estimation. Even though these
problems have been observed, extensive tests should be performed to
define the exact source of the errors in this experiment area. However,
the aim of this project is not to characterize the errors in this system,
but define an algorithm to be used in the application presented. So the
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anchors were placed back to the original position, and the other two
algorithms were tested under the same conditions as the first one.

6.1.2 UWB ONLY Algorithm

For the UWB ONLY algorithm the tests could be started as soon
as the system was turned on, because no pattern in the behavior over
the time was observed. Therefore, the experiment was conducted in
the same way used in the past algorithm, and the result for the x-axis
is shown in Figure 32. For the y-axis, the result is presented in Figure
33.

For this algorithm, using the configuration explained before, the
update rate achieved was the same as the TRACKING algorithm.

Figure 32 – UWB ONLY algorithm results in x-axis at point 10.

From the results it can be observed that the variation of the
samples around the center value in each measurement, is greater for
this algorithm than for the last one.

To compare the results with other algorithms, the error in the
x-y plane was computed, in the same manner as described in section
6.1.1, and it is presented in Figure 34.
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Figure 33 – UWB ONLY algorithm results in y-axis at point 10.

Figure 34 – UWB ONLY algorithm average error in x-y plane.

It can be observed that the samples errors are spreader than in
the TRACKING. On the other hand, the shift in the mean value of the
errors is closer to the target than using the previous algorithm. Cal-
culating the average of the errors presented in Figure 34, it is possible
to obtain an overall mean error of 51,91 mm and a standard deviation
for all samples of 23,42 mm. Verifying the standard deviation of each
measurement separately and later calculating the average, the result
found was 19,65 mm.

Comparing both algorithms in one point, it can be concluded
that the UWB ONLY has presented better results in accuracy with an
overall error closer to the expected value. However, the variation of the
errors was higher. On the other hand, the TRACKING algorithm has
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presented a smaller standard deviation, but with greater mean error.
Thus, these results have reinforced the idea that a combination of both
algorithms could produce a good relation between standard deviation
and average error.

Figure 35 – UWB ONLY algorithm standard deviation in each point.

In Figure 35, the mean value and the standard deviation of all
the four measured points are shown. The standard deviation presented
in this graph, is the calculation of x-axis and y-axis separately, and not
the combined value presented before. As in the past algorithm, the
greatest mean error, was found in the point 1, and it can be caused due
to the reflections presented inside the room, or even small difference in
the hardware of the fixed points closer to this point. Even though the
source of the errors where not identified, all of the tests in all algorithms
were performed under the same conditions, and the same environment.

6.1.3 Proposed Algorithm

The Proposed algorithm was developed firstly to verify the per-
formance of an approach combining both solutions presented before.
The idea behind this methodology is to start the measurements in the
point using the UWB ONLY and then, after a defined number of sam-
ples, the algorithm is changed to TRACKING. Thus, a significant re-
duction in the exponential decay behavior presented in Figure 15 is
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expected. Also, the intention was to reduce the standard deviation and
increase the accuracy when calculating the average of the measurements
during 1,8 seconds.

Hence, the firmware was modified to change from one algorithm
to the other when the number of samples acquired was equal to 40,
and it was submitted to the same experiment. This number of samples
have been chosen to be used, as it represents approximately half of
the number of samples acquired in both algorithms during this defined
period. Thus, half of the samples are acquired with one approach and
half with the other. The results in x-axis and y-axis are shown in
Figures 36 and 37 respectively.

Figure 36 – Proposed algorithm results in x-axis at point 10

Figure 37 – Proposed algorithm results in y-axis at point 10.

From the results, the expected behavior can be observed in ap-
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proximately 0,9 seconds, when the system is turned to the TRACKING
algorithm, and the exponential decay behavior still present but with a
smoother response. Also, the shift in the measurements was removed.
This can be explained by the fact that the system is started with pre-
vious values closer to the target, which introduces fewer errors to the
position estimation than letting it running all the time. In addition,
it can be observed that there is a time gap between the change of the
algorithms, which is also expected considering the time to process this
change. However, this time gap reduces the number of samples acquired
in the period defined.

Figure 38 – Proposed algorithm average error in x-y plane.

Thus, to compare the performance of the algorithm after a mea-
surement in a fixed point, the same errors were calculated as before.
They are shown in Figure 38. When calculating the overall average er-
ror of the samples in the graph, during 1.8 seconds, the result is 28,29
mm. A possible reason is that, when the algorithm is changed, the
errors of the UWB ONLY are corrected by the exponential response
of the TRACKING algorithm. So during the average calculation, the
result is closer to the expected point. In addition, for this algorithm,
the standard deviation achieved for all the samples was 18,10 mm, and
the average of the standard deviation of each measurement was 15,56
mm.
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Figure 39 – Proposed algorithm standard deviation in each point.

Finally, the mean value and the standard deviation is presented
in Figure 39. From this graph it can be verified that this algorithm
has a good relation between mean error and standard deviation, due to
the closeness of the estimated position with all the four ground truth
measured points. Also, the same problem of higher errors was observed
in the point number 1 as stated in all the past results.

6.1.4 First Experiment Results Comparison

From the results presented, Table 4 can be used to compare the
behavior of each algorithm.

Comparing the results, one could infer that the Proposed al-
gorithm is the best choice for this application, as it has shown the
minimum average error, and the smaller standard deviation in all the
samples. It shows that the response of this algorithm is very accurate
and precise. Also the objective to decrease the standard deviation of
the UWB ONLY in each measurement when combining the algorithms
was achieved, and can be verified in the third column of the table,
which shows that in each measurement, in average, it is between the
UWB ONLY and the TRACKING algorithms.

However, it is important to observe that the analysis presented in
this experiment was obtained with the results for just one point. Even
though the experiment has been performed in four different points, the
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data collected was considered not enough to have a statistical compar-
ison of the algorithms in the complete area.

Furthermore, the results have shown that the errors are different
in each point, even though the test have been performed equal. So,
the performance of the algorithms must be analyzed in more points to
allow a statistical comparison of the algorithms.

Table 4 – First experiment results.

Algorithm Average Error
in X-Y Plane

Overall Standard
Deviation in X-Y
Plane

Average of
the Standard
Deviation of
each Mea-
surement

TRACKING 76.97 mm 22.05 mm 2.42 mm
UWB ONLY 51.91 mm 23.42 mm 19.65 mm
Proposed 28.29 mm 18.10 mm 15.56 mm

6.2 SECOND EXPERIMENT

Aiming to have more data to achieve a statistical analysis about
the behavior of the algorithms in a greater coverage area, a second
experiment was performed, moving the robot around 10 fixed points.
The pattern of movement is presented in Figure 20, and it was repeated
five times to have a reliable average in the errors calculation.

During this experiment, all the algorithms calculated the posi-
tioning during 1.8 seconds, but only the average of the data was sent to
the control station. This was performed in order to test the firmware
working in the final version.

The example of the first data acquired from the control station,
for each point, using the TRACKING algorithm is shown in Figure 40.
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Figure 40 – Example of the first measurement during the second test.

The test was repeated five times, and the results are shown in
Figure 41.

Figure 41 – TRACKING algorithm results for the second test plan.

The same experiment was performed with the UWB ONLY and
the Proposed algorithms, and the results are presented in Figure 42
and 43, respectively.
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Figure 42 – UWB ONLY algorithm results for the second test plan.

Figure 43 – Proposed algorithm results for the second test plan.

Thus, all the algorithms were compared and the results are shown
in Figure 44.
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Figure 44 – Comparison between algorithms average measurement 5
times in each point.

From these results, it can be observed that all the algorithms
performed similar, with all the measurements close to the ground truth
points. However, it can also be stated that the points positioned in the
x-axis value of 1000 mm had greater errors than the others. Also, for
the ground truth point number 1, this behavior can be seem.

A possible reason for this behavior can be related to the fact
that the anchors closer to these points, in x-axis position equal zero,
were placed near the walls of the laboratory, what can have caused re-
flections in the signal, adding errors to the measurements. In addition,
as presented in section 6.1.1, the errors in this area can be related to
many different sources which, unfortunately, could not be measured
during these experiments. On the other hand, the experiments were
performed aiming to analyze the behavior of the algorithms under the
same environment, and in the same conditions during all the tests.

It is known that in the real robot, new sources of reflections can
be present, and many other tests could be executed to evaluate the
sources of the errors in this area. However, the approach used in this
work was to evaluate the behavior of the algorithms to choose one to
be used in this system, considering that they would perform similar,
independent of the measurement area. Hence, the system would be
flexible to be used in different scenarios.

Aiming to achieve numerical results from the comparison pre-
sented in Figure 44, the cumulative distribution function of the data
from each algorithm was realized. This graph represents the probabil-
ity of the error to be equal or less than the value in the abscissa axis.
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The graph is shown in Figure 45. It is a result of 50 measurements
from each algorithm, after the test pattern have been repeated 5 times
in the 10 defined points.

Figure 45 – Cumulative distribution function of the algorithms.

The analysis of this graph must be given in relation to the ab-
scissas value, for instance, the probability of a measurement result in
an error equal or less than 50 mm is 34% for the TRACKING, 44% for
the UWB ONLY, and 58% for the Proposed algorithms.

So from this result, it can be observed that the TRACKING al-
gorithm had the worst performance in the measured points, with errors
up to 116 mm, and the greatest probability of high errors. However, for
the last two algorithms, the results in this analysis were similar with
the maximum error achieved of 95,96 mm for the UWB ONLY, and
94,30 mm for the Proposed algorithm. On the other hand, the differ-
ence of probability between the algorithms start to get more relevant
when the errors are smaller.

Table 5 – Analysis of the CDF for erros in x-y plane.
Algorithm 30% 50% 70% 90%

TRACKING 48.17 mm 63.16 mm 82.29 mm 97.01 mm
UWB ONLY 43.14 mm 51.86 mm 61.06 mm 83.49 mm

Proposed 30.68 mm 43.29 mm 56.94 mm 82.42 mm

For this reason, aiming to compare the algorithms, the table 5
was created and it presents the numerical results for the cumulative
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distribution function. Table 6 presents the average of the errors in all
the measurements and all the points.

Table 6 – Average error of all measurements in x-y plane.
Algorithm Average Error

TRACKING 62.58 mm
UWB ONLY 54.95 mm

Proposed 46.63 mm

From these analysis, it can be observed that in general the prob-
ability of smaller errors occurs with the Proposed algorithm. Even
though the Proposed algoritm and the UWB ONLY have performed
similar for greatest errors, the high probability of small errors, the
lower mean error, and the best performance in the results in test 1
were considered enough to define the Proposed algorithm to be used in
this application.

6.3 POWER SUPPLY EVALUATION

Since the embedded PCB in the robot must be powered by a 24
V power supply, a flyback converter was used to isolate the sub-systems
to the main power source. So the converter was evaluated to guarantee
a safe connection with the sub-systems.

Figure 46 shows the efficiency of the converter according to the
output current. In normal operation, the Raspberry needs 0,5 to 1
ampere to operate, so at least 60 % of efficiency are guaranteed in the
standard mode. Also, the load regulation was evaluated, and Figure 47
shows the relation between the output voltage with the load current.

During the experiments, no peaks in voltage exceeded 5.6 V,
even when turning the system on or off, neither during current load
transitions. Also, the protection circuit present in the converter’s con-
troller was acting to protected against currents over 2 A, so the PCB
was considered safe to be connected with the other sub-systems. The
PCB working connected with the sub-modules is shown in Figure 48 as
well as the model designed during the project.
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Figure 46 – PCB efficiency analysis.

Figure 47 – PCB voltage regulation with load current analysis.
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(a) Project in 3D of the embedded PCB.

(b) Prototype of the embedded PCB.

Figure 48 – Result of the embedded PCB.

6.4 SYSTEM PLACEMENT

For the system placement, a prototype of the mechanical struc-
ture to place the anchors was produced. The project presented in Fig-
ure 12 was printed in a 3D printer, and the parts were assembled using
flat-head M5 screws and wing nuts. The prototype is compared with
its 3D model and shown in Figure 49.
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(a) Project in 3D of the anchors’ holder.

(b) Prototype of the mechanical structure to
place the anchors.

Figure 49 – Result of the embedded PCB.

In the base of the prototype, holes for M8 screws were made
to allow the placement in the aluminum profile present in the robot’s
structure. Thus, four of this mechanical structure were printed, to be
used in each one of the anchors. The placement of the final system
in the robot is shown in Figure 50, where the blue marks present the
position of the anchors and the red mark presents the embedded part
without the connection with the payload.
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Figure 50 – System placement inside the robot’s structure.
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7 CONCLUSION

This work has presented the development of a full positioning
system for planar cable-driven robots. At the beginning of the work, an
overview of positioning systems technologies is presented and the ultra
wideband is chosen to be used in this application. In this project, this
technology was chosen due to its performance against the multipath
effect, and the high accuracy that this system is able to achieve in
indoor scenarios.

Then, a whole system was proposed and tested inside a labora-
tory to evaluate the behavior of the algorithms available in the Pozyx’s
development kit. During the experiments, patterns were observed in
the errors and one new algorithm was proposed to be evaluated. So,
basic statistical analysis was performed aiming to choose the best con-
figuration, which would result in a flexible system able to be used in
any planar robot structure. Thus, the results have shown that the pro-
posed algorithm has performed better in the points measured, with a
mean error smaller than 5 cm. Also it can be used immediately after
the system is turned on, which differs from the TRACKING algorithm.

In addition, a PCB was developed for the embedded part of
the robot. The tests have shown that the project is safe to power
the embedded part of the system with industrial power supplies and
the efficiency achieved was greater than 60% for the load in the range
evaluated. Finally, a mechanical structure was developed to place the
anchors, and a suggestion of the system placement inside the robot
structure is presented for complete application.

7.1 FUTURE WORK

The next steps for this work start with the test of the system
applied in the real robot, where it is possible that the placement in
the movable part can introduce reflections in the positioning system.
Therefore, tests shall be performed to evaluate the system inside the
structure, and validate its accuracy. Also, the performance of the sys-
tem must be evaluated when connected with the payload, which in this
project will be a camera, and it can again introduce reflections to the
RF signals.

For the communication, the cables available inside the robot for
powering the PCB can transfer data over an AS-Interface, which is an
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industrial standard open protocol. Even though it was not covered in
this work, the PCB was designed to allow the communication over this
protocol. Therefore, the firmware in the Raspberry must be changed to
receive the start command and also answer the data over it. Further-
more, the control station must be modified to send the command over
serial, and not trough a push-button. Thus, the system could commu-
nicate directly with the robot’s main computer, and it would be flexible
to be installed in any robot structure, with or without communication
cables in the movable part.

Finally, enclosures for the embedded part and the control station
must be developed, to operate the PCBs safely.
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APPENDIX A -- PCB Schematic
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