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Resumen  

Actualmente, el posicionamiento, navegación, y localización en espacios interiores están 
siendo cada vez más necesarios y utilizados en la industria para muchas aplicaciones como 
gestión de almacenes, seguimiento de mercancías o seguridad de las personas entre otras. 

Aunque el uso de servicios GNSS (Sistemas Globales de Navegación por Satélite, o en 
inglés Global Navigation Satellite Systems) como el GPS (Sistema de Posicionamiento 
Global, o en inglés Global Positioning System) americano o el Galileo europeo están muy 
extendidos en espacios exteriores donde se tiene una visión directa entre los dispositivos y 
los satélites, su uso en interiores hace la localización y la navegación imprecisa o incluso 
inviable debido a esa necesidad de visión directa.  

En este contexto, este proyecto trata de proponer una solución para el posicionamiento y la 
navegación autónoma en entornos interiores para obtener la posición de un vehículo a 
escala y hacer que se mueva autónomamente desde un punto de origen a un punto de 
destino mediante el uso de tecnología UWB (Ultra-Wide-Band), pudiendo ser utilizado en 
cualquier proceso o aplicación.  

Además, como un objetivo extra, se ha pretendido crear una comunicación entre el vehículo 
a escala y un host central para pasar desde el host al vehículo la posición de destino y el 
sistema de coordenadas a emplear en la navegación. 

El uso de la tecnología UWB en este proyecto, ofrece una precisión de centímetros en la 
localización además de un bajo consumo de energía permitiendo por tanto una navegación 
más precisa y eficiente. 

Para la realización del proyecto se han usado los módulos de desarrollo DWM1001-Dev de 
la casa Decawave que pueden ser configurados como ancla o tag, el firmware Positioning 
And Networking Stack (PANS) proporcionado por Decawave, que proporciona un 
posicionamiento en coordenadas cartesianas basado en la técnica SS-TWR (en inglés Single 
Sided Two Way Ranging), además de otras funcionalidades, un smartphone corriendo la 
aplicación DRTLS Manager de Decawave que permite configurar los módulos vía BLE (en 
inglés Bluetooth Low Energy), y una aplicación propia que implementa las funciones de la 
navegación. 

Para la solución de navegación, se ha propuesto el uso de un sistema en lazo cerrado cuyos 
bloques son implementados de forma gradual en software utilizando el System-on-Chip 
(SoC) nRF52832 de la casa Nordic Semiconductor incluido en la misma placa de desarrollo 
de Decawave antes citada. Esta navegación se realiza tanto en coordenadas cartesianas 
como en coordenadas hiperbólicas para compararlas posteriormente. 

Para la solución de la comunicación entre el vehículo a escala y el host central, se han 
propuesto dos opciones, una basada en tecnología BLE, y otra basada en el despliegue de 
un gateway con tecnología UWB para la comunicación. 
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Tras verificarse que típicamente el error en el posicionamiento en coordenadas cartesianas 
usando el PANS de Decawave es de 10 centímetros, el error de aproximación del vehículo 
al punto de destino que se ha obtenido es de 8 centímetros de media aproximadamente.  

Para el caso de coordenadas hiperbólicas, y tras comprobar un error de aproximadamente 
otros 10 centímetros de media en la estimación de distancias entre ancla y tag, el error de 
aproximación del vehículo al punto de destino es de aproximadamente 16 centímetros de 
media. 

Palabras Clave: UWB, navegación autónoma, navegación indoor, navegación en espacios 
interiores, posicionamiento, RTLS, lazo cerrado, BLE. 
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Abstract 

Nowadays, positioning, navigation and location in indoor scenarios are becoming more and 
more necessary and useful in industry for many applications like warehouse management, 
supply chain management, inter-facility goods tracking, or people safety and security 
among others.  

Although the use of GNSS (Global Navigation Satellite Systems) services like the 
American GPS (Global Positioning System) or the European Galileo are very widespread 
on outdoor scenarios where exist LoS (Line of Sight) between the devices and the satellites, 
the use of these services in indoor scenarios makes the positioning and navigation 
inaccurately or even impossible due to needed of this LoS. 

Inside this context, this project tries to propose a solution for indoor positioning and 
autonomous navigation to get the position of a scale-model vehicle and to make it 
autonomously move from an origin point to a destination point by using UWB (Ultra-
Wide-Band) technology, and which can be used in any process or application. 

In addition, as an extra goal, it has been pretended to stablish a communication between the 
scale-model vehicle and a central host for passing from the central host to the scale-model 
vehicle the target position and the coordinates system that will be used in the navigation. 

The use of UWB technology in this project offers a high accuracy (cm-level) in the 
positioning and location, in addition to a low power consumption, allowing a more 
accurately and efficiently navigation. 

For the development of this project, DWM1001-Dev development boards by Decawave 
which can be configured as anchor or tag, Positioning And Networking Stack (PANS) 
firmware provided by Decawave, which offers  a positioning in cartesian coordinates based 
on the SS-TWR (Single Sided Two Way Ranging) ranging technique in addition to other 
functionalities, a smartphone running the DRTLS Manager app by Decawave which allows 
to configure the DWM1001 modules via BLE (Bluetooth Low Energy), and an own 
application which implements the navigation functionalities, are used. 

For navigation solution, it is proposed the use of a closed-loop system which blocks are 
implemented gradually in software using the SoC (System on Chip) nRF52832 by Nordic 
Semiconductor integrated in the same module aforementioned. This navigation is done in 
both cartesian and hyperbolic coordinates for a later comparison between them. 

For the scale-model vehicle to central host communication solution, two options are 
proposed. One of them based on BLE (Bluetooth Low Energy) technology and another one 
based on the deployment of a gateway with UWB technology for the communication. 

After verifying that the typical error in the positioning in cartesian coordinates using the 
PANS firmware is 10 centimeters, the scale-model vehicle’s approach error to the 
destination point obtained is approximately 8 centimeters in average. 
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In hyperbolic coordinates case, and after verifying another error of approximately 10 
centimeters in the distance estimation between anchor and tag, the scale-model vehicle’s 
approach error to the target point is approximately 16 centimeters in average.  

 

Key Words: UWB, indoor navigation, autonomous navigation, positioning, RTLS, closed-
loop, BLE. 
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Chapter 1 
 

Introduction 

Nowadays, positioning, navigation and location in indoor scenarios are becoming more and 
more necessary and useful in industry for many applications like warehouse management, 
supply chain management, inter-facility goods tracking, or people safety and security. 
According to [1], RTLS (Real Time Location System) market is expected to achieve a near 
figure to US $5 billion by 2025, meanwhile according to [2] a near figure to US $13 billion 
in revenue is expected.  

Although GNSS (Global Navigation Satellite Systems) services like GPS (Global 
Positioning System) or Galileo are dominating the scenario for outdoor location and 
navigation services, in indoor scenarios, GNSS services do not work well due to the limited 
signal propagation on a satellite connection. So, for that purpose, RTLS (Real Time 
Location Systems) which use technologies like Wi-Fi, Bluetooth, UWB (Ultra-Wide-
Band), VLC (Visible Light Communication), etcetera can be used. 

Inside this context, this project tries to propose a solution for indoor positioning and 
navigation, developing an indoor RTLS based on an UWB WSN (Wireless Sensor 
Network) to get the position of a scale-model vehicle and to make it autonomously move 
from an origin point to a destination point.  

The technology used for positioning is UWB due to its good properties, specially, that one 
related to the broad band of spectrum that UWB occupies, allowing a high accuracy 
positioning (cm-level accuracy).  

The system proposed is composed by some nodes based on DWM1001-Dev modules from 
Decawave, and a smartphone performing as central host, used to configure the modules and 
to get the scale-model vehicle cartesian position estimated by the PANS (Positioning And 
Networking Stack) firmware.  

Three of these nodes have a fixed and known position and perform as anchors where 
Decawave’s firmware is running. Another node is embarked on the scale-model vehicle 
performing as tag where Decawave’s firmware together with a custom application made in 
C language, and in which the solution is implemented, are running. 

For the navigation solution, a closed-loop system is applied using either cartesian and 
hyperbolic coordinates for a later evaluation of their performance and compare them. In 
addition, the navigation solution uses the positioning based on the SS-TWR (Single Sided 
Two Way Ranging) ranging technique. 

Additionally, once the navigation solution is implemented, and beyond the main goal of the 
project, to give and added value to this solution, it is intended to stablish an specific 
communication channel between the scale-model vehicle and a central host for passing 
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from the central host to the scale-model vehicle the target position and the coordinates 
system that will be used in the navigation. 

This report is divided into seven chapters. Chapter 2 exposes the technological framework 
in which this project has been developed. Chapter 3 discusses the objectives that are needed 
to be achieved and the design specifications and restrictions. Chapters 4, 5 y 7 discuss the 
solution provided, its performance and the conclusions as well as future works and 
improvements. And chapter 6 collects the budget.  So, report follows the next structure: 

▪ Chapter 2: This chapter exposes the technological framework. It provides the 
reader with an introduction of RTLS (Real Time Location Systems) and the most 
important ranging techniques; UWB technology basis like what it is, properties, 
standard, etcetera; an introduction of feedback and control systems configurations 
basis; and finally, BLE technology basis, describing its architecture and layers. 
 

▪ Chapter 3: The objectives that need to be achieved to reach the main goal are 
discussed in this chapter at the same time that the specifications and restrictions are 
exposed  

 
▪ Chapter 4: Navigation solution, and how it is implemented is discussed in detail in 

this chapter. In addition, an improvement which part is carried out is explained in 
this chapter. 

 
▪ Chapter 5: Results obtained after testing the system are exposed and discussed 

here. 
 

▪ Chapter 6: This chapter contains the project budget detailed in some tables. 
 

▪ Chapter 7: In this chapter the conclusions are given, and improvements and future 
work are discussed. 

In addition, an appendix after the references with the user manual of the solution developed 
is provided, and the source code developed is in the CD-ROM attached to this document.
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Chapter 2 
 

Technological Framework 

This chapter includes the technological framework where the project has been developed. 

Firstly, a sub-section with an introduction of RTLS is given, and although SS-TWR 
positioning is applied in this project, an overview of this, and other relevant positioning 
techniques as RSS (Receive Signal Strength), ToA (Time of Arrival), TDoA (Time 
Difference of Arrival), DS-TWR (Double-Sided Two Way Ranging) and AoA (Angle of 
Arrival) are discussed in this first sub-suction of this chapter. 

Secondly, due to UWB is the technology used in this project for positioning, this chapter 
includes a sub-section talking about what UWB technology is, its evolution, properties, 
etcetera. In addition, IEEE 802.15.4 standard, especially the MAC (Medium Access 
Control) and UWB PHY (Physical layer) layer, is discussed too. 

Proposed navigation solution involves the use of a control system, so in this chapter another 
sub-section is included, where feedback and control systems configurations (closed-loop 
and open-loop) are discussed for providing to the reader the differences between these 
configurations and why is chosen closed-loop in the navigation solution. 

Finally, BLE (Bluetooth Low Energy) technology will be discussed for providing to the 
reader with the basis of this technology. 

 

2.1 Real Time Location Systems (RTLS) 
GNSS services like the American GPS or the European Galileo, are dominating on the 
outdoor location and navigation services. However, in indoor scenarios, GNSS does not 
work well due to the limited signal propagation because of the requirement of a LoS (Line 
of Sight) connection between satellites and receiver, making if not, that the positioning may 
be inaccurate or impossible [3], [4]. LoS is referred to a direct visibility between the 
transmitter and receiver.  

For that reason, it is in indoor scenarios where RTLS are generally applied achieving a high 
positioning accuracy. As its name indicates, RTLS are systems capable to get the position 
of objects, persons, etc. For that purpose, a set of technologies can be used. Some of them 
are Bluetooth, VLC (Visible Light Communication), Wi-Fi, Infrared, Ultrasounds, 5G, 
UWB, etc. UWB technology is discussed with more detail in Ultra-Wide-Band (UWB) sub-
section due to it is the technology used in this project. Figure 1 shows a comparison 
between some of these technologies based on its accuracy, its power consumption and the 
areas at which they could be applied. 
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Figure 1: Comparison between different wireless positioning technologies [2] 

 

RTLS market is growing very fast and it is expected to continue growing thanks to the 
multiple applications that benefit of the indoor positioning, location and navigation. 
According to [1], RTLS market is expected to achieve a near figure to US $5 billion by 
2025, meanwhile according to [2] a near figure to US $13 billion in revenue is expected.  

Some of the application where RTLS could be applied are warehouse management, supply 
chain management, inter-facility goods tracking, or people safety and security. 

When talking about positioning, two general concepts must be firstly defined: anchor and 
tag. 

▪ Anchor: It is a fixed node which position is perfectly known. 
 

▪ Tag: It is a mobile node which position is estimated based on the anchors position. 
 
To get the position of a tag, some techniques can be applied. The most common of them are 
discussed below. 

2.1.1 Receive Signal Strength (RSS) 
 

RSS (Receive Signal Strength) is a technique that allows estimate the distance between two 
devices based on the measurement of the receive signal strength. Higher is the distance, 
lower is the signal strength. That relation can be modeled as equation (2.1) (Log-normal 
shadowing model) [5] where  PL is the losses at a distance d, PL0 are the free space losses 
given by equation (2.2) at a reference distance d0, n is the path loss exponent, and Xσ is the 
shadowing factor, which follows a log-normal distribution, but can be simplified as a zero 
mean random variable. Path loss is referred to the signal attenuation across the distance, 
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free space losses are the ideal energy dispersion assuming isotropic antennas (equal 
radiation in all directions) and non-obstacle, and shadowing is the fluctuation of the signal 
strength due to obstacles in the path. 

 

PL = PL0(d0) + 10·n·log10 (
𝑑

𝑑0
) + Xσ              (2.1) 

 
Equation (2.2) is the well-known Friis equation in dB, where Afs is the free space 
attenuation for a signal with a frequency f in MHz at a distance d in km. 

 
Afs = 32.45 + 20·log10 (d) + 20·log10 (f)            (2.2) 

 
For positioning, at least three anchors are needed to make a trilateration, but higher the 
number of anchors, higher the accuracy. With the receive signal strength, the distances 
between the tag and the anchors (di) are obtained. Then di radius circles are drawn around 
the anchors, and the cross point is the estimated tag’s position. Figure 2 shows that concept 
and equation (2.3) shows the equations system used to estimate the position. 

 

Figure 2: Trilateration 
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d1 = √(𝑥1 − 𝑥)2 + (𝑦1 − 𝑦)2  

d2 = √(𝑥2 − 𝑥)2 + (𝑦2 − 𝑦)2            (2.3) 

d3 = √(𝑥3 − 𝑥)2 + (𝑦3 − 𝑦)2 

 
RSS technique is low cost due to most of the receivers are able to estimate the received 
signal strength [6]. However, the needed for a great knowledge of the propagation medium 
to estimate the path loss component and the shadowing factor, and the obstacles that 
produce multipath and noise may make the positioning estimation inaccuracy [6], [7]. In 
[5], an error of approximately 1 meter is reported in an indoor scenario. 

2.1.2 Time of Arrival (ToA) 
 

ToA (Time of Arrival) is a technique based on ToF (Time of Flight) which is based on the 
measure of the time that signal takes to travel from the transmitter to the receiver. 

To estimate the distance between two devices, the transmitter sends a signal with the time 
at which transmit the message, and the receiver annotate the time at which receive the 
message. Figure 3 shows that concept. 

 

Figure 3: ToA Distance Estimation 

 
Knowing the propagation velocity, the distance can be obtained as equation (2.4) where d is 
the distance, v is the propagation speed (which normally will be the light speed), and ttx and 
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trx are the timestamps of transmitter and receiver respectively (time at which the message is 
transmitted and received).   

 

d = v · (ttx – trx)             (2.4) 

 
As in RSS, for 2D positioning, at least 3 anchors are needed. Following the same equations 
system (2.3), the tag’s position is estimated. 

Clocks of the involved devices in the distance estimation (anchor and tag) must be perfectly 
synchronize. If not, a discoordination between the clocks of the transmitter and receiver 
affects to the distance estimation [3]. In addition, another source of error is the granularity 
of the clock. Since the clock is increased when a tick clock occurs, if a signal is transmitted 
when a tick occurs and another is transmitted between that tick and the following, the two 
signals have the same timestamp, although they were transmitted in different times [3]. So, 
both the clock frequency and the synchronization are quite important factors in this location 
technique. 

 

2.1.3 Time Difference of Arrival (TDoA) 
 

TDoA (Time Difference of Arrival) is a technique based on ToF too. TDoA is based on a 
difference between ToA measurements of two signals transmitted at the same time, so a 
difference between distances is obtained. 

That difference makes that the dependency of the clock synchronization between tag and 
anchor disappear, but the anchors must be synchronized. That is explained with equations 
(2.5) and (2.6). Figure 4 shows TDoA distance estimation. 

 

 

Figure 4: TDoA Distance Estimation 
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Equation (2.5) shows the time at which a signal is received where trx is the reception’s time, 
tof is the time of flight, 𝜀syn is the possible synchronization’s error, d is the distance between 
the tag and the anchor and v is the propagation speed. 

 

trx = ttx + tof + 𝜀syn = ttx + 𝑑
𝑣
+ 𝜀syn                    (2.5) 

 
Equation (2.6) shows the difference between ToAs, where ttx1 and ttx2 are the same due to 
the signals are transmitted at the same time. 

 

     trx1 - trx2 = ttx1 + tof1 + 𝜀syn – ttx2 – tof2 – 𝜀syn = tof1 - tof2 = 𝑑1−𝑑2

𝑣
           (2.6) 

 
From equation (2.6) can be inferred that the error synchronization between anchor and tag 
does not matter when exists synchronization between anchors. 

The difference between the distances draws hyperbolas of constant difference between 
distances. The tag’s position is the intersection of the hyperbolas. Figure 5 shows that 
concept.  

 

Figure 5: TDoA Positioning 

The equations of (2.3) is still valid, with the consideration that the equations system is now 
(2.7). 



Chapter 2. Technological Framework   9 

  

 

 

d1 – d2 

d2 – d3                (2.7) 

d3 – d1 

 

The hyperbolas topic is discussed in Chapter 4 Proposed Solution and Implementation. 

 

2.1.4 Two-Way Ranging (TWR) 
 

TWR (Two Way Ranging) is a technique based on ToF as the two previously, but instead 
of transmitting only a signal from one device to another, in TWR a signal is transmitted 
from the two devices involved. This technique is divided into two techniques based on its 
complexity.  

▪ SS-TWR (Single Sided Two-Way Ranging): To estimate the distance between 
two devices, one of them (A) sends a signal to the other (B) and annotate its 
timestamp. Then, B responds with another message to A with the time at which 
sends the message and the time at which received the message from A. So, A knows 
all times involved. Figure 6 shows that concept.  
 

 

Figure 6: SS-TWR Distance Estimation 
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The distance is estimate as equation (2.8) where v is the propagation speed, RTT is 
the Round-Trip Time, which is the time between A transmits the signal until 
receives a response, and td which is the time delay between B receives the signal 
until transmits the response due to the processing time. 
 
 

d = v · 
(𝑡𝑇𝑥𝐴−𝑡𝑅𝑥𝐴) − (𝑡𝑅𝑥𝐵−𝑡𝑇𝑥𝐵)

2
= v ·  𝑅𝑇𝑇 − 𝑡𝑑

2
          (2.8) 

 

The expression 
𝑅𝑇𝑇 − 𝑡𝑑

2
 is the ToF, where 2 is because the signal goes, and then, 

another signal backs. 

The clocks of the anchor and tag must be synchronized as in ToA due to a 
discoordination leads to an error in the distance estimation, but it is less sensible due 
to TDoA can be considered as a mean of ToAs [7]. That is because equation (2.8) 
can be rewritten as equation (2.9) where a mean of two ToAs is done. tTxA – tRxB is 
one of the ToAs, and tTxB – tRxA is the other one. 

 

 d = v · 
(𝑡𝑇𝑥𝐴−𝑡𝑅𝑥𝐵)+ (𝑡𝑇𝑥𝐵 − 𝑡𝑅𝑥𝐴)

2
            (2.9) 

 

In addition, lower is td, higher is the accuracy [8]. That is because of the clock 
desynchronization between tag and anchor. Timestamps are measured in each 
device by its own clock, so a higher td leads to a higher error produced by clocks 
discoordination. 

It should be remarked that SS-TWR is the technique used in this project for location 
purposes. 

 

▪ DS-TWR (Double Sided Two-Way Ranging): This technique is like perform two 
SS-TWR. To estimate the distance between two devices, one of them (A) transmits 
a signal to another (B) and annotates its timestamp. B annotates the time at which 
received the message and sends a response to A with this time, and time at which B 
transmits. Then, A annotates the time at which received the message from B and 
sends another message to B with its timestamp and that time. Figure 7 shows that 
concept. 
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Figure 7: DS-TWR Distance Estimation 

 
 
The distance is estimated as equation (2.10) which follows the same terminology 
that equation (2.8). 
 

d = v · 
(𝑡𝑇𝑥𝐴1−𝑡𝑅𝑥𝐴) ⋅ (𝑡𝑇𝑥𝐵−𝑡𝑅𝑥𝐵2) − (𝑡𝑅𝑥𝐴−𝑡𝑇𝑥𝐴2) ⋅ (𝑡𝑅𝑥𝐵1−𝑡𝑇𝑥𝐵)

(𝑡𝑇𝑥𝐴1−𝑡𝑅𝑥𝐴)+(𝑡𝑇𝑥𝐵−𝑡𝑅𝑥𝐵2)+(𝑡𝑅𝑥𝐴−𝑡𝑇𝑥𝐴2)+(𝑡𝑅𝑥𝐵1−𝑡𝑇𝑥𝐵)
 = v ·  𝑅𝑇𝑇𝐴⋅𝑅𝑇𝑇𝐵−𝑡𝑑𝐴⋅𝑡𝑑𝐵

𝑅𝑇𝑇𝐴+𝑅𝑇𝑇𝐵+𝑡𝑑𝐴+𝑡𝑑𝐵
               

                                                                                                                                         (2.10) 

The expression 𝑅𝑇𝑇𝐴⋅𝑅𝑇𝑇𝐵−𝑡𝑑𝐴⋅𝑡𝑑𝐵

𝑅𝑇𝑇𝐴+𝑅𝑇𝑇𝐵+𝑡𝑑𝐴+𝑡𝑑𝐵
 is the ToF. 

 
DS-TWR allows decrease the error of clock synchronization making it insignificant 
versus the error that may be produced in the general ToF [8]. However, because of 
more frames are transmitted, the power consumption increases. 

 

As in the previous techniques, at least three anchors are needed to obtain the 2D tag’s 
position either in SS-TWR and DS-TWR. Position is obtained in the same way (when the 
distances are obtained, the position can be estimated with equation (2.3)).  
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2.1.5 Angle of Arrival (AoA) 
 

AoA (Angle of Arrival) is a technique based on the measurement of the angle at which the 
signal arrives. To calculate the angle, array-antennas, i.e. an antenna composed by a group 
of identical elements transmitting and receiving in a coordinate way, are needed. When the 
angles are calculated, a line is drawn in the direction on the angle from the anchor. Figure 8 
shows that concept. With AoA, only two anchors for a 2D tag’s positioning is needed due 
to the cross of two lines gives a point in a 2D plane, but higher is the number of anchors, 
higher is the accuracy.  

 

 

Figure 8: AoA Positioning 

 

Equation (2.11) shows the equations system to obtain the position. 

 

tan (𝛼1) =  
𝑦1− 𝑦

𝑥1− 𝑥
           (2.11) 

tan (𝛼2) = 𝑦2 − 𝑦

 𝑥2− 𝑥
  

 
Due to AoA is not related with times, the synchronization between anchors and tag is not 
needed. 

The effect of shadowing, multipath (the signal takes more than one path due to reflections) 
and NLoS (Non-Line of Sight) situations (when there is not a direct visibility between the 
two devices involved) induce to an estimated angle error, and a small angle error leads to a 
significant position error [4], so this technique is used when no high accuracy is required or 
in combination with other techniques. 
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Although a unique cross point in all techniques is supposed, in real world is highly unlikely 
to obtain a single cross point, so a LS (Least Squares) optimization is used to minimize the 
error [4].  

In addition to the techniques discussed here, more techniques based on a combination of 
two or more of them or the enhancement of them for enhancing the accuracy exist. In [7] 
some of them are discussed. 

 

2.2 Ultra-Wide-Band (UWB) 
This technology is based on the transmission of short pulses (from picoseconds up to one 
nanosecond) giving place to a wide bandwidth. It is this wide bandwidth the main 
characteristic of UWB, and based on that, are considered as UWB signals, those signals 
with bandwidths greater than 500 MHz or a fractional bandwidth (ratio of the bandwidth at 
-10 dB over central frequency as shown in equation (3.1)) greater than 20% according to 
the FCC (Federal Communications Commission) of the United States [9].  

 

Bf = 
𝐵

𝑓𝑐
 = 𝑓ℎ−𝑓𝑙

𝑓ℎ+𝑓𝑙
2

            (3.1) 

 

In equation (3.1), B corresponds to the -10 dB bandwidth of the signal, fc to its central 
frequency, and fh to its highest frequency and fl to its lowest frequency, both at -10 dB 
level. 

However, the ECC (Electronic Communication Committee) of the European Union refers 
to UWB as a signal with a bandwidth greater than 50 MHz in the ECC Decision (06)04 
[10], which regulates the use of UWB in the European Union. Anyway, the predominant 
concept of UWB is a signal with a bandwidth greater than 500 MHz. 

In the United States the FCC allocates the band from 3.1 GHz to 10.6 GHz [9] to allow the 
use of UWB technology, while in Europe, the ECC allows its use below 10.6 GHz [10], 
both with some spectral masks [11] that must be fulfilled. 

It is important to remark that UWB and SS (Spread Spectrum) are different things. 
Although SS techniques as DSSS (Direct Sequence Spread Spectrum), where the signal is 
modulated by pseudo-random sequence giving a higher symbol rate and in consequence a 
wider bandwidth [12], or FHSS (Frequency Hopping Spread Spectrum) which consists of 
changes in the carrier frequency of the transmitted signal [12], they both achieve a wide 
bandwidth as UWB, they cannot be considered the same as UWB. 

SS techniques are mainly differentiated to UWB due to SS techniques are generally applied 
to a CW (Continuous-Waveform) that will be modulated with a carrier, meanwhile UWB 
achieve a wide spectrum using short pulses without a carrier. Other difference is that SS 
achieve some MHz bandwidth while UWB can achieve several GHz [9]. 
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Although UWB technology is not well known, its starts go back to 1893 when Hertz used a 
spark discharge to produce electromagnetic waves, and 1901 when Marconi used that type 
of waves to communicate across the Atlantic Ocean [7].  

In recent years, a high interest on UWB technology has surfaced thanks to its low power 
consumption, positioning accuracy, high data rates and low interferences features. So much 
so that at the end of 2018 UWB Alliance [13] was founded for promoting the increase of 
the use of UWB, the expansion and adoption of UWB standards, etc. Some member 
companies of this team are Decawave (now Qorvo), Analog Devices, Xiaomi, Hyundai, 
etcetera. In addition, mid-year 2019, FiRa (Fine Ranging) Consortium [14] was founded for 
promoting UWB use, UWB positioning capabilities, certification, etcetera. Some member 
companies of this consortium are Apple, Thales, Samsung, NXP Semiconductors, Bosch, 
etcetera. In 2020, both FiRa and UWB Alliance, announced a joint liaison to boost the 
UWB technology development and adoption [15]. 

Some of the applications where this technology can be used are secure payments solutions; 
RTLS for industry or healthcare; find equipment, things or people; indoor navigation; 
access control; etcetera. In [13] and [14] more use-cases are given. 

 

2.2.1 UWB Properties 
 

Some of the most important UWB properties were aforementioned and now they are 
discussed in more detail. 

▪ Wide Bandwidth: The use of short pulses with a duration lower than one 
nanosecond [9] gives place to a wide bandwidth thanks to the scaling Fourier 
Transform property where a compressed time domain signal is expanded in 
frequency domain and vice versa [16].  
 
Equation (3.2) describes that property, where a is a positive constant higher or equal 
to 0, x(t) is the signal in time domain, and X (f) is the signal in frequency domain. 

So, x(at) and X (𝑓

𝑎
) are the signal scaled by a factor a in time domain and frequency 

domain respectively.  
 

𝑥(𝑎𝑡)         1

|𝑎|
· 𝑋 (

𝑓

𝑎
)                   (3.2) 

 
Fourier Transform relates the signal in time domain and frequency domain, and the 
mathematical expressions are given in equations (3.3) and (3.4), which follows the 
same notation as equation (3.2). 

 

𝑥(𝑡) = ∫ 𝑋(𝑓)𝑒𝑗2𝜋𝑓𝑡 ⅆ𝑓
∞

−∞
                 (3.3) 
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𝑋(𝑓) = ∫ 𝑥(𝑡)𝑒−𝑗2𝜋𝑓𝑡 ⅆ𝑡
∞

−∞
                  (3.4) 

 
▪ High Capacity/Data Rate: Capacity or data rate is defined as the maximum 

number of bits per second that can be send through a channel. Capacity is estimated 
from the Shannon-Hatley`s capacity equation (3.5), where C is the maximum 
capacity, B is the bandwidth of the signal, and 𝑆

𝑁
 is the signal to noise ratio. 

 
 

C = 𝐵 · 𝑙𝑜𝑔2 (1 +
𝑆

𝑁
)                        (3.5) 

 
 
So, the maximum data rate is directly proportional to the bandwidth, by which can 
be inferred that higher is the bandwidth, higher is the capacity. For that reason, 
UWB can achieve higher data rates than conventional narrowband signals. 
 

▪ Low Power Consumption: As said previously, UWB is based on the transmission 
of short pulses, from picoseconds to nanoseconds. Figure 9 shows that concept.  

 

Figure 9:UWB Duty Cycle 

 
From figure 9, can be defined the duty cycle, which is the ratio of the signal’s active 
time over the period of the signal. Equation (3.6) shows the mathematical definition 
in percentage, where t is the signal’s active time, and T is the signal’s period.  
 

D = 
𝑡

𝑇
 · 100            (3.6) 

 
Signal’s period can be referred as PRI (Pulse Repetition Interval) too, and its 
inverse (equation (3.7)) is the PRF (Pulse Repetition Frequency), both inherit from 
the radar’s world due to UWB was firstly used for military application in radar 
systems [7]. 
 
 

PRF = 
1

𝑇
 = 

1

𝑃𝑅𝐼
           (3.7) 
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The duty cycle is very low (less than 0.5 %), achieving a very low power average, in 
the order of μW, although the peak of power in some cases can be about 1 W [9]. 
That is due to only in the transmission time (active time) the transmitter is 
consuming power, remaining idle the rest of the time. 

  
▪ Detection Accuracy: The waveform of the transmitted pulses is very recognizable, 

so joint with the short time interval of them, makes an accuracy detection of the 
signals on the receiver [7]. That property makes UWB very suitable for accuracy 
positioning applications 

 
▪ Extremely Low PSD (Power Spectral Density): PSD indicates how the power of 

the signal is distributed across the frequencies. It is defined in equation (3.8) where 
P is the power transmitted and B is the bandwidth.  

 
 

PSD = 
𝑃

𝐵
            (3.8) 

 
Due to the wide bandwidth, UWB signals must share the RF spectrum with other 
wireless services, but is that wide bandwidth which makes the UWB PSD extremely 
low (around the noise floor). That PSD level makes that UWB does not create 
interferences to other narrowband systems that share the same spectrum, although a 
mass deployment can increase the noise floor producing some interferences [9]. To 
avoid interferences, the maximum PSD is limited by the FCC and the ECC in the 
different allowed frequencies by spectral masks depending on the use [7], [17]. 
 
Figure 10 shows the differences between PSD for UWB, wide band and narrow 
band signals. 
 

 

Figure 10: PSD Comparison 
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That property offers a low probability of detection which can be used in military 
applications like covert communications and radar or in mass market for security 
data enhancement in some applications [18]. 

 
 

▪ Multipath Resistance: Multipath is a phenomenon produced for receiving multiple 
reflections of the signal from objects, buildings, etc. (takes multiple paths) that may 
degrade the signal due to the out-of-phase produced by the different signal’s delays 
of each path. An example of multipath is given in figure 11. 
 

 

Figure 11: Multipath Example [17] 

Thanks to the short pulse interval used, UWB signals are not very sensitivity to 
multipath because of the short time window in which the main pulse and the rest of 
them can overlap [9]. 
 
 

▪ Obstacle penetration: The wide bandwidth allows occupying lower RF spectrum’s 
frequencies which have long-wavelengths, making UWB signals capable to 
penetrate in some materials. That property can be exploited in applications such as 
ground-penetration radar and through-the-walls vision or communications. 
 
 

2.2.2 UWB Pulse Shapes 
 

UWB pulses may have different waveforms and the most used of them are the Gaussian 
pulse derivatives.  
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Gaussian pulse whit zero-mean and σ typical deviation is given by the equation (3.9). Its 
first derivatives are called Gaussian monocycle the first one and Gaussian doublet the 
second one. Figure 12 shows the waveforms of the Gaussian pulse and its first and second 
derivatives. 

 

G(t) = 
1

√2π𝜎
𝑒−

1

2
 (

𝑡

𝜎
)2                       (3.9) 

 

 

Figure 12: Gaussian pulse and its first derivatives. Adapted from [7] 

 

The use of Gaussian derivatives makes that the PSD shift to higher frequencies. Higher is 
the derivative order, higher is the frequency it reaches. That allows the adaption to the 
spectral masks using Gaussian pulse derivatives with a high order [7].  

Other waveform proposed is a chirp, which is a sine that normally increases the frequency 
in a linear way. The equation (3.10) shows the instant frequency for the linear chirp where fi 
is the instant frequency, fo is the starting frequency, f1 is the end frequency and tD is the 
time that the frequency takes to increase from fo to f1. 

 

fi(t)= fo +  𝑓1−𝑓0

𝑡𝐷
 · t            (3.10) 

 

Other waveforms are wavelet, sinc, etcetera, and can be found in [7] and [11]. 
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2.2.3 UWB Standard (IEEE 802.15.4) 
 

IEEE 802.15.4 standard is a well-known WSN (Wireless Sensor Network) standard 
designed for LR-WPAN (Low-Rate Wireless Personal Area Network) created by the IEEE 
P802.15 Working Group and released in 2003 for the first time (IEEE 802.15.4-2003). 
IEEE 802.15.4 provides PHY (Physical Layer) and MAC (Medium Access Control) layers 
specifications for low power consumption, low data rates and low-cost devices.  

Since 2003 other versions and amendments has been released until the actual IEEE 
802.15.4-2020 revision [19] and IEEE 802.15.4z-2020 amendment [20].  

In 2007 the IEEE 802.15.4a amendment introduced a new alternate PHY based on UWB 
technology thanks to the efforts put on the UWB standardization since 2002, when the FCC 
allows its use. That PHY compared with the existents until that moment, offered a high 
accuracy ranging and ultra-low power consumption [3]. 

In [21], a more detailed information about the evolution of the different releases from IEEE 
802.15.4-2003 to IEEE 802.15.4x-2019 amendment is given. 

IEEE 802.15.4 collects some alternative PHYs layers [19]. When talking about UWB PHY, 
two of them are proposed: 

▪ HRP (High-Rate Pulse repetition frequency) UWB PHY  
 

▪ LRP (Low-Rate Pulse repetition frequency) UWB PHY 
 
In particular, HRP PHY is discussed with more detail due to is the one used in the UWB 
transceiver employed in this project, but because of it is talking about UWB, a comparison 
between LRP UWB PHY and HRP UWB PHY is given in table 1. For more information 
refer to [19]. 
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Table 1: LRP UWB PHY and HRP UWB PHY Comparison 

 LRP UWB PHY HRP UWB PHY 

 

Frequency bands  

 

6289.6 – 9185.6 MHz 

250 – 750 MHz (sub-gigahertz) 

3244 – 4742 MHz (low band)  

5944 – 10 234 MHz (high band) 

Channels number 3 channels 16 channels  

 

Modulation 

PPM (Pulse Position 
Modulation) 

OOK (On-Off Keying) 

BPM (Burst Position 
Modulation) combine with 

BPSK (Binary Shift Keying) 

 

 

PRF (MHz) 

 

 

1 MHz with PPM 

2 MHz with OOK 

Mean 3.9 MHz (0-3, 5-6, 8-10, 
12-14 channels) 

Mean 15.6 MHz (0-15 
channels)  

Mean 62.4 MHz (0-15 
channels) 

Maximum 499.2 MHz (0-15 
channels) 

 

Data Rate 

31.25 kbps 

250 kbps 

1 Mbps 

110 kbps 

850 kbps 

6.81 Mbps 

27.24 Mbps 

 

 

Pulse Shape 

 

No constraints as long as it 
complies the PSD mask 
specified. 

Constrained by the shape of its 
cross correlation with a root 
raised cosine pulse with a roll-
off factor equal to 0.5 
(mandatory for beacons). 
 
Other optional pulses can be 
used for non-beacon messages. 

 

 

HRP UWB PHY 
PHY is the layer in charge to activate and disactivate the radio transceiver, energy detection 
within the current channel, LQI (Link Quality Indication) for characterizing the quality of 
the received signal, data transmission and reception, channel frequency selection, evaluates 
the RF medium and for HRP UWB PHY, precision ranging too.  

The three frequency bands (sub-gigahertz, low band and high band) of HRP UWB PHY are 
divided into 16 channels with different bandwidth which three of these channels are 
mandatory (one per band) when working on a specific band. Number channeling and 
bandwidth is given in table 2. 
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Table 2: HRP UWB PHY Channels [19] 

Frequency 
band 

Channel 
number 

Center 
Frequency 

(MHz) 

Bandwidth 
(MHz) 

Mandatory/optional 

Sub-gigahertz 0 499.2  499.2 Mandatory 

 

Low band 

1 3494.4   

499.2 

Optional 

2 3993.6 Optional 

3 4492.8 Mandatory 

4 3993.6 1331.2 Optional 

 

 

 

 

 

 

High band 

5 6489.6 499.2 Optional 

6 6988.8 Optional 

7 6489.6 1081.6 Optional 

8 7488.0  

499.2 

Optional 

9 7987.2 Mandatory 

10 8486.4 Optional 

11 7987.2 1331.2 Optional 

12 8985.6  

499.2 

Optional 

13 9484.8 Optional 

14 9984.0 Optional 

15 9484.8 1354.97 Optional 

 

The modulation used on HRP UWB PHY is BPM-BPSK which allow the use of coherent 
and non-coherent receivers. BPM-BPSK modulation symbols carries two bits of 
information, one of them used to determine the position of the burst pulses, and the other 
used to determine the phase (polarity) of the burst. 

Figure 13 shows the symbol structure and together with figure 14, which shows the process 
to obtain the bits, are used to explain that modulation. 

 

Figure 13: BPM-BPSK Symbol Structure [19] 
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Figure 14: BPM-BPSK Modulation [8] 

 

The symbol interval (Tdsym on figure 13) is divided into two BPM intervals (TBPM on figure 
13) which enable the BPM modulation. So, depending on the burst is in the first half 
symbol interval or in the second half, a 0 or 1 is considered in the first bit of information. 
To limit the interferences caused by multipath, the BPM intervals are divided into Possible 
Burst Position interval and Guard Interval, where no bursts can be put in the latter. Newly, 
the Possible Burst Position interval is divided into some positions (with a duration of Tburst 
on figure 13) where the burst can be added thanks to a time-hopping code providing some 
multi-user interference rejection [19]. The burst position into the Possible Burst Position 
interval can variate from one symbol to another. 

In addition, the bits pass through a systemic convolution encoder which generates a bit 
parity used to determine the phase of the burst enabling the BPSK modulation. So, 
depending on the phase is inverted or not, a 0 or 1 is considered in the second bit of 
information. 

 

The HRP UWB PHY frame format is shown in figure 15. 

 

Figure 15: HRP UWB PHY Frame Format. Adapted from [19] 

 
▪ SHR (Synchronization Header): This field is in charge of the synchronization. It 

is divided into two sub-fields, the SYNC and the SFD (Start of Frame Delimiter). 
 

• SYNC: SYNC field carries the synchronization symbols constructed by the 
preambles codes which are ternary codes (constituted by three symbols) with 
a 31 length, or an optional 127 length chosen by its correlation properties. 
Exists up to 24 codes with a set of channels where can be used [19]. The 
length of SYNC field is 16, 64, 1024 or 4096 symbols. 
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• SFD: SFD field indicates the end of the SYNC field and the start of the PHR 
(PHY Header). The length of the SFD can be 8 (used with default and 
medium data rates) or 64 symbols (used with the 110 kbps low data rete). 

 
 

▪ PHR: PHR field contains some information about the frame. Particularly, contains 
the data rate of the PHY payload, MAC (Medium Access Control) frame length, if it 
is used to ranging, the length of the SYNC field and SECDED (Single Error 
Correct, Double Error Detect) which is a Hamming block code that allows a 
detection of two errors and the correction of one of them. Figure 16 shows the PHR 
field information. It is transmitted at 850 kbps for all data rates equal or higher than 
850 kbps or 110 kbps for a 110 kbps data rate. 
 

 

Figure 16: PHR Field Format [19] 

 
▪ PHY Payload: PHY Payload contains the data and it is transmitted at the data rate 

select in PHR field.  

The encoding process is shown in figure 17. 

 

 

 

Figure 17: PHY Encoding Process [19] 
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MAC (Medium Access Control) Layer 
MAC layer frame format is shown in figure 18. 

 

Figure 18: MAC Frame Format [8] 

 

▪ MHR (MAC Header): It is the header of the MAC frame and it is composed by 
some sub-fields.  
 

• Frame Control: It is form by two octets (16-bit) and it is responsible to 
identify the frame type and to indicate the components that are put into the 
MHR. Figure 19 shows the structure of the Frame Control field.  
Frame Type indicates the type of frame among the 8 possible types [19], 
Security Enabled indicates if the MAC frame is protected with 
authentication and/or encryption allowing secure communications, Frame 
Pending indicates if the transmitter will transmit more data to the receiver, 
AR (Acknowledgment Required) indicates if an acknowledgment is required 
from the receiver, PAN (Personal Area Network) ID Compression indicates 
the presence or absence of PAN ID on source and/or destination, Sequence 
Number Suppression indicates the suppression or not of the Sequence 
Number of MHR, IE (Information Element) Present indicates if an IE is 
included in the frame, Destination Addressing Mode indicates if the frame 
contains a destination address and its size, Frame Version indicates the 
version of the frame and Source Addressing Mode indicates if the frame 
contains a destination address and its size. 

 

Figure 19: Frame Control Structure [19] 

• Sequence Number: It specifies the sequence identifier for the frame. 
 

• Destination PAN identifier: Indicates the PAN ID of the receiving network 
if specified. A broadcast PAN ID can be used too. 
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• Destination Address: Indicates the address of the intended receiver device 

if specified. 
 

• Source PAN identifier: Indicates the PAN ID origin’s network if specified. 
 

• Source Address: Indicates the origin’s address if specified. 
 

• Auxiliary Security Header: Specifies information related with security 
processing. 

 
▪ MAC Payload:  Carries the information that will be transmitted. If Security 

Enabled is set, that information may be encrypted. 
 

▪ MFR (MAC Footer): It is FCS (Frame Check Sequence) CRC (Cyclic Redundancy 
Code) calculated over the MHR and MAC Payload to detect errors. 

For more detailed information, please, refer to the standard [19]. 

 

2.3 Feedback 
When talking about feedback, it is necessary to talk about Control Theory which is the area 
focused on the control of devices and systems. That means that the system must be able to 
offer at its output the variable that it is desired to control within some given limits. In this 
area, some terminology is used: 

▪ Plant/Process: It is all object or system subject to be controlled.  
 

▪ Controller: It is the system that regulates the signal that is presented in the input of 
the plant. 

 
▪ Setpoint: It is the target value of the variable presented to the system for its control. 

So, it is the desired value for the variable that the system controls. 

A simple example of that is exposed. For example, when driving, the setpoint can be to turn 
right, the controller is the driver, and the plant is the steering wheel.  

For controlling the devices and systems, two configuration types of systems can be used, 
open-loop or closed-loop configuration. 

▪ Open-loop Systems: This configuration is used when in the intervention on the 
control process, the output or any other system information is not needed, or the 
needed information for the control is a priori known by the system, i.e. the system 
has a set of pre-stablished operations depending of the input, and follows the same 
operation either the output is correct or not. So, the output is not reintroduced in the 
input’s system. This kind of systems are cheap and easy to implement, but they 
cannot compensate the possible external or internal disturbances.  
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One example of that kind of systems is a washing machine. Here, the clean clothes 
are the desired variable. When putting the washing machine, a program is selected, 
and the washing machine operates according to this program until its end. If the 
clothes are still dirty, the washing machine does not start again the program by 
itself. 
 
Figure 20 shows the structure of open-loop systems, where C is the gain (function 
transfer) of the controller; P is the gain (function transfer) of the plant; r is the 
setpoint; and yni and yno are the input and output disturbance. 
 

 

Figure 20: Open-loop Structure [22] 

 
▪ Closed-loop Systems: This configuration is used when the output is needed on the 

control process, i.e. the following operation depends of the previous output of the 
system. This configuration is based on negative feedback (which is discussed in 
detail below), where the output of the system is reintroduced in the input and 
compared with the setpoint to carry out the control. That kind of systems is more 
complex than open-loop systems and more expensive but offers some advantages 
that are discussed later. 
 
One example of that kind of systems is an oven. Here, a certain temperature is the 
desired variable. When the oven is set to a certain temperature and it is turn on, a 
current pass through a resistance that generates heat, and the current temperature is 
sensed and compared with the desired temperature. If the current temperature is 
equal or higher, the current is stopped and does not generates more heat, meanwhile 
if the current temperature is lower, the current is kept and generates more heat. 
Figure 21 and figure 22 show the closed-loop structures. These figures follow the 
same notation, and yz is noise 
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Figure 21: Closed Loop Structure 1. Adapted from [22] 

 

 

Figure 22: Closed-loop Structure 2 

 

Closed-loop systems are based in negative feedback as said previously, but two types of 
feedback exist. First the definition of feedback is given, and then, the two types are 
discussed. 

Feedback is a control system mechanism in which part of the output is reintroduced in the 
input of the system through a closed loop for influencing on future actions, either to keep 
balance the system, or to lead the system towards a different state depending of the type of 
feedback. 

Two types of feedback exist, positive and negative feedback.  

• A positive feedback is responsible to amplify and empower some changes and 
deviations from the previous output of the system. The output is reintroduced in the 
input adding both. That produces a new output in the same direction and leads the 
system towards a new state. This feedback type is used, for example, on an 
oscillator, where the transient initial load of circuit’s capacities and inductances 
when feeding are empowered, and part of the output is reintroduced in the input and 
amplified again. 
 

• A negative feedback is responsible to keep the equilibrium on the system 
modifying and offsetting the changes and deviations produced on the output of the 
system. The output is reintroduced in the input subtracting (so comparing) them. 
That makes that the control operation depends on the previous output. This type of 
feedback is used, for example, in some amplifiers, where a part of the output is 
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reintroduced at the input with an invert phase, allowing decrease the distortion and 
noise [23]. Although negative feedback was used previously on the Industrial 
Revolution, in 1927 Harold Stephen Black formally described this concept and 
applied it to negative feedback vacuum tubes amplifiers, publishing it in 1934 in 
Bell Laboratories Record [24]. 

 
Coming back to the two possible systems configurations, the use of close-loop systems is 
unnecessary, even self-defeating, when reliable information about all elements and the 
disturbances produced in the system is known. That can be demonstrate as follows when 
disturbances are not considered in figures 20 and 21. Being that the case, then: 

▪ On open-loop control system, the output (y) and error (e) are: 
 

                                                     y(t) = C · P · r(t)                                                         (4.1) 

 
 e(t) = r(t) – y(t) = (1 – C · P) · r(t)                        (4.2) 
 

Now, if C is chosen to be C = 
1

P
, the error will be null (i.e. e(t) = 0) and the system 

is able to follow perfectly the input command. 
 

▪ On closed-loop control system as in figure 21 (if a system as figure 22 is used, the 
transfer function/gain is different, but the conclusion is the same. Transfer function 
of systems in figure 21 and figure 22 are given later), the output and error are: 
 

                                                       y(t) = 
𝐶 · 𝑃

1+𝐶 ·𝑃 
 · r(t)                                                      (4.3) 

 

                                                  e(t) = r(t) – y(t) = 
1

1+𝐶·𝑃
 · r(t)                                         (4.4) 

 

In this case, the error is not null for any finite value of C making open-loop control 
systems better when disturbance is known. 

However, the advantages in the use of closed-loop control systems versus open-loop appear 
when disturbances and uncertainties are unknown, offering advantages as cutting off the 
disturbances and uncertainties effects and correcting the system errors. That makes systems 
to follow the input command as well as possible, and it makes them more accurately. Those 
advantages are demonstrated below together with other effects of negative feedback. 

The disadvantages of closed-loop systems are that they are more complex, generally more 
expensive, and oscillations may occur around the setpoint with the possibility to make 
unstable the system. 
Some of the most relevant effects of negative feedback are the following: 



Chapter 2. Technological Framework   29 

  

 

▪ Effect of negative feedback on overall gain: The overall effect on system’s gain 
may increase or decrease due to the expression of the feedback system transfer 
function. For topologies like in figure 21 the equation (4.5) corresponds to its 
transfer function [25]. For topologies as figure 22 the equation (4.6) corresponds to 
its transfer function [26].  
 
If the denominator (1 + CP), where C and P depend on the frequency, is higher than 
1, gain decrease, and if the denominator is lower, gain increase. Generally, the 
denominator is higher than the numerator decreasing the system’s overall gain. 
 
 

            M(s) = 
𝐶(𝑠) · 𝑃(𝑠)

1+𝐶(𝑠) · 𝑃(𝑠)
                                         (4.5) 

 
 

                 M(s) = 
 𝑃(𝑠)

1+𝐶(𝑠) · 𝑃(𝑠)
                                          (4.6) 

 
Can be inferred that in closed-loop systems, the transfer function can be obtained as 
equation (4.7) where GD is the direct gain, i.e. the gain between the input and output 
without consider the loop, and GOL is the gain in open-loop, i.e. the loop is broken 
somewhere, and it is the gain between the two extremes. 
 

           M(s) = 
𝐺𝐷

1+𝐺0𝐿
                                            (4.7) 

 

 

▪ Effect of negative feedback on stability: Stability is a characteristic that describes 
whether a system is able to follow an input command. On one hand, a system is 
considered unstable when its output spirals out of control and never reaches an 
equilibrium in a reasonable amount of time. On the other hand, it is said stable when 
a finite change in the input, generate a finite change in the output. So, the output 
reaches an equilibrium state within a short period. 
 
One way the system can be unstable is if the product C · P of equation (4.5) and 
(4.6) takes a value of -1 making 0 the denominator. In that case, the output is 
infinite for any value at the input, and the system is considered unstable. This 
instability (infinite output for a finite input) is wanted in oscillators, and it is known 
as Barkhausen criterion [27]. 
 
Oscillations in the output around the setpoint may occur and convert stable systems 
into unstable and vice versa [22]. Figure 23 shows that effect.  
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Figure 23: Oscillation around setpoint 

 
▪ Effect of negative feedback on external disturbances: All systems are subject of 

external disturbances that may not be being considered. For instance, retrieving the 
example of driving, an external disturbance can be a strong wind.  
 
If the knowledge about the disturbances is inaccurately, closed-loop configuration is 
able to decrease the disturbance effects. That is demonstrate as follows considering 
the external disturbances in figure 20 and figure 21:  
 

• On an open-loop control system: 
 

 y(t) = C ·P · r(t) + yni ·P + yno                  (4.8) 

 

                                    e(t) = r(t) – y(t) = (1 – C · P) · r(t) - yni · P - yno                          (4.9) 

 

If C is chosen as C = 
1

P
,  to minimize the error, there will be a constant error, 

i.e. e(t) = -yni·P - yno. 
 
 
 



Chapter 2. Technological Framework   31 

  

 

• On a closed-loop control system using topology as figure 21 (with structure 
in figure 22 is similar): 
 

                                   y(t) = 
𝐶·𝑃

1+𝐶·𝑃
 · r(t) + 

𝑃

1+𝐶·𝑃
 · yni + 

1

1+𝐶·𝑃
 · yno         (4.10) 

 

                                  e(t) = r(t) – y(t) = 
1

1+𝐶·𝑃
 · r(t) - 

𝑃

1+𝐶·𝑃
 · yni - 

1

1+𝐶·𝑃
 · yno         (4.11) 

 

The disturbances are reduced by a factor 
1

1+C·P
 versus the open-loop case. In 

addition, choosing a high value of C is possible reduce more the error. 

 

▪ Effect of negative feedback on sensitivity: Sensitivity is a characteristic that 
describes how a change on the system influences in its output. The use of closed-
loop systems decreases the sensitivity to parameter changes in the system. That it is 
associated with uncertainties, where an error in the model, tolerances, etc. can be 
minimize with the used of negative feedback. So, closed-loop systems can reduce 
the uncertainties on the plant’s modeling. That is demonstrated considering 
uncertainties. 
 
If an uncertain is considered in the gain of the plant, now P is P’ where P’ is P + ΔP, 
and ΔP is the uncertainty. 
 

• On an open-loop system: 
 

                              y(t) = C · P’ · r(t) = C ·P ·r(t) + C · ΔP · r(t)          (4.12) 

 
                             e(t) = r(t) – y(t) = (1 - C·P’) · r(t) = [1 – C·(P + ΔP)] · r(t)        (4.13) 

 

If as previously, C = 
1

P
 , due to the uncertain is a priori unknown, the error is 

e(t) = - 
ΔP

P
 · r(t), where it is observed that higher is the uncertain, higher is 

the error. 
 

 
• On a closed-loop system using topology as figure 21 (with structure in figure 

22 is similar): 
 

                                      y(t) = 
𝐶·𝑃´

1+𝐶·𝑃´
 · r(t) = 

𝐶·(𝑃 + 𝛥𝑃)

1+𝐶·(𝑃 + 𝛥𝑃)
 · r(t)                                    (4.14) 
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                                     e(t) = r(t) – y(t) = 
1

1+𝐶·(𝑃 + 𝛥𝑃)
 · r(t)                                        (4.15) 

 

Choosing a high value of C is possible reduce the error and make it nearly 
null. 

 
▪ Effect of negative feedback on linearization: A non-linear transfer function can 

be divided into linear ranges with a determined slope. For any range with a P slope 
in a system with a structure as figure 22, the gain of the closed-loop is (4.16) [26] as 
said previously. 
 

M = 
 𝑃

1+ 𝐶 · 𝑃
                                                (4.16) 

 

From that gain can be inferred that higher is C, M is more closely to 
1

𝐶
, without 

dependence of P, linearizing the system. 
 
 

2.4 Bluetooth Low Energy (BLE) 
BLE (Bluetooth Low Energy) or Bluetooth Smart, proposed and maintained by Bluetooth 
SIG (Special Interest Group) [28], is a wireless short-range technology designed to connect 
devices and share data. It forms part of v4.0 Bluetooth’s standard introduced in 2010, 
which rapidly spread due to the growing of smartphones, tablets, etc. [29]. It is convenient 
to mention that previous releases are denominated as “Classical Bluetooth”, also referred as 
BR/EDR (Basic Rate/Enhanced Date Rate), and that Bluetooth 4.0 includes both, Classical 
Bluetooth and BLE. Other versions have been launched until the actual Bluetooth v5.2 
released in 2020 [28]. 

As Classical Bluetooth, BLE operates on the 2.4 GHz unlicensed ISM (Industrial, Scientific 
and Medical) frequency band, although the number of channels is lower, 40 versus 79 used 
in Classical Bluetooth. More information about physical layer is given in Physical Layer 
sub-section. In addition, BLE includes a low energy protocol stack to reduce the power 
consumption making this technology very appropriate on IoT (Internet of Things) 
applications, where a lower power consumption leads to a higher battery life.  

Other difference between BLE and Classical Bluetooth is the supported network topologies. 
Classical Bluetooth only supports connection topology, meanwhile BLE supports 
connection and broadcast topologies. A description of that topologies is given below. 

▪ The devices on a connection topology takes two different roles: 
 
• Central (master): It is a device that scans incoming connectable advertising 

packets and starts the process of connection (advertising packets are discussed in 
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Generic Access Protocol (GAP) sub-section). The central device is responsible 
to manage the timings and is able to connect with more than one peripheral. In 
Classical Bluetooth the maximum number of peripherals are seven while in BLE 
the number is much higher. That number does not have an upper limit, only is 
limited by the memory and processing resources of the central [30]. This kind of 
devices are normally smartphones, computers and tablets due to a powerful CPU 
(Central Processing Unit) and memory resources [29]. 

  
• Peripheral (slave): It is a device that sends connectable advertising packets 

finding to stablish a connection. When a connection request is incoming from a 
central device, accepts the connection and starts to exchange information with it.  

 
The connection topology is used when an exchange of data in both directions is 
needed.  

Figure 24 shows the connection topology. 

 

 

Figure 24: Connection Topology [29] 

 

▪ The devices on a broadcast topology takes two different roles: 
 
• Broadcaster: It is a device that periodically sends non-connectable advertising 

packets with data to any other device that is listening.  
 
• Observer: It is a device that repeatedly is scanning for non-connectable 

advertising packets and takes their data. 

Figure 25 shows the broadcast topology. 
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This type of topologies is used when one-way information is needed. One example 
of that is a sensor that periodically exposes its measures to any interested device. 

 

 

Figure 25: Broadcast Topology [29] 

 

Due to existence of Classical Bluetooth and BLE, three types of devices exist:  

▪ BR/EDR: That kind of devices only support the Classical Bluetooth specifications. 
 

▪ Single mode or BLE:  That kind of devices only support the BLE specification. 
 

▪ Dual mode or BR/EDR/BLE: That kind of devices support both, Classical 
Bluetooth and BLE specifications. 

Figure 26 shows the BLE (single mode) stack protocol. Any BLE (single mode) device has 
made up of three main blocks: 

▪ Application: It is the higher layer, and it is responsible of data handling, user 
interfacing, etc. for all case-uses of the particular application. 
 

▪ Host: Includes upper layers of the protocol: GAP (Generic Access Profile), GATT 
(Generic Attribute Profile), ATT (Attribute Protocol), L2CAP (Logical Link 
Control and Adaptation Protocol), SM (Security Manager), HCI (Host Controller 
Interface) Host Side. 

 
▪ Controller: Includes the lower layers of the protocol: HCI Controller Side, LL 

(Link Layer), PHY (Physical Layer). 

 

The different layers are discussed below in the different sub-sections. 
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Figure 26: BLE Protocol Stack. Adapted from [29] 

In addition to the two main topologies, there is a mixed topology where may exist the three 
types of devices aforementioned interacting between them, some with a connection 
topology, others with broadcast topology, others with both, some acting as central and 
peripheral at the same time, etcetera [29]. 

 

2.4.1 Physical Layer 
 

Physical Layer is the analogic part responsible on the one hand for modulating and sending 
data, and on the other hand, receiving and demodulating information. As said previously, 
BLE operates at 2.4 GHz ISM frequency band (2.402 – 2.480 GHz utilized [28]). It uses 40 
channels with 2 MHz spacing, which 37 of them are for data, and 3 for advertising. Figure 
27 shows the spectrum division. 

 

Figure 27: Spectrum Division [29] 
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The use of channels is done by FHSS (Frequency-Hopping Spread Spectrum) as in 
Classical Bluetooth. This technic consists on changing the carrier frequency of the 
transmitted signal. On BLE, this change is done every connection event (a data exchange) 
following the equation (5.1), where the hop is set in the connection process. The use of 
FHSS reduce the effect of interferences thanks to its time-varying characteristics [12]. 

 

           Channel number = (current channel number + hop) mod 37           (5.1) 
 

Meanwhile Classical Bluetooth uses some modulations: π/4 DPQPSK (Dual-Polarization 
Quadrature Phase Shift Keying), 8DPSK (Differential Phase Shift Keying), and GFSK 
(Gaussian Frequency Shift Keying), BLE only uses the last one with a product bandwidth 
per bit’s time (B · Tb) equal to 0.5 [30]. GFSK is a type of modulation based on Frequency 
Shift Keying (FSK). FSK modulation carries the information on its frequency, so the higher 
frequency is used to represents 1 and the lower frequency to represents 0. If a Gaussian 
filter is applied to the square-wave modulating signal and then is modulated as FSK, the 
result is a GFSK modulation. The Gaussian filter follows the equation (5.2) where σ is the 
typical deviation, related to the bandwidth and given by equation (5.3) [31]. 

 

g(t) = 
1

√2π𝜎
𝑒−

1

2
 (

𝑡

𝜎
)2                        (5.2) 

 

σ = 
√𝑙𝑛2

2πB
                                            (5.3) 

 
The maximum transmitted power goes from 1 mW to 10 mW with a typical range from 30 
to 100 meters [30]. 

 

2.4.2 Link Layer 
 

Link Layer is usually implemented with hardware and software and it is responsible for 
selecting the frequencies, managing the timings, negotiating, etc. As other protocols, each 
Bluetooth device has an identifier. This is the Bluetooth device address, which is a unique 
6-byte number. Exists two types of them: the public device address which is factory-
programmed and registered, and the random device address which can be programmed on 
the device. On each procedure, only one must be used. 
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2.4.3 Host Controller Interface (HCI) 
 

HCI provides a mechanism of communication between the upper layers (host) and the 
lower layers (controller chip). This layer is optionally and needed only when the controller 
and host run on different hardware chips. Thanks to semiconductor technology has become 
inexpensive, the three main blocks (application, host and controller) can be implemented on 
the same chip allowing the use of SoC (System on Chip). More detailed information about 
HCI is given in [30]. 

 

2.4.4 Logical Link Control and Adaptation Protocol (L2CAP) 
 

On BLE, L2CAP layer provides fragmentation and recombination, a process by which 
upper layer can send large packets to this layer, and L2CAP breaks those packets into the 
maximum payload size for BLE. In addition, it is in charge to multiplexing and 
demultiplexing protocols from upper layers. 

 

2.4.5 Security Manager (SM) 
 

SM provides the mechanism for pairing and bonding based on a series of security 
algorithms. The definition of pairing and bonding is given below. 

▪ Pairing: It is a process in which the devices exchange information to stablish an 
encrypted connection. Some of this information is the identification of devices and 
an encryption key. 
 

▪ Bonding: It is the process by which the pairing information it is stored in non-
volatile memory of the devices creating a permanent bond information. So, a quick 
connection can be setting up later. 

Some pairing algorithms are described in [29]. 

 

2.4.6 Attribute Protocol (ATT) 
 

ATT is a client/server protocol that defines how deal with data (read, write, etc.). A device 
can be a server or a client independently of it is peripheral or central.  

▪ Server: It is a device that holds information, and that information is provided to a 
client when receives client requests. 
 

▪ Client: It is a device that takes (read) information from a server, modify (write) it or 
both. 
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This protocol is based on attributes, which are the smallest addressable data entity and 
contain metadata or user’s data. It can be defined at something that contain data. Some 
attributes can be the name of the device, a pressure blood measure, the declaration of a 
service or a characteristic (which are discussed later), etc. Conceptually, attributes are 
located in the server, and client can read it and/or modify it. Attributes has four fields: 

▪ Attribute handle: It is a local unique 16-bit identifier assigned to all attributes. 
This identifier allows to the client access to the attribute. The zero identifier is 
reserved for an invalid handle. 
 

▪ Attribute type: It allows a client identifying what type of data are represented. 
Essentially, is an UUID (Universally Unique Identifier), a 128-bit unique value. 
These UUIDs can be defined globally by Bluetooth SIG or can be defined locally by 
a developer (vendor-specific UUID). When a UUID assigned by Bluetooth SIG is 
used, a shorter form of 16-bit UUID can be used.  

 
▪ Attribute value: It contains the current data of the attribute with a 512-byte 

maximum length. That is the part that can be red it, modify it or both, by the client. 
 

▪ Attribute permissions: It is metadata information about the level permitted access 
by a client to the attribute. The attributes permissions are: 

• Access permissions: Determines if a client can read (readable), write 
(writable), both (readable and writable) or neither (none) the attribute. 
 

• Authentication permissions: Determines the encryption level needed to 
access to the attribute. The attribute can be accessed without encryption (no 
encryption required), with encryption but not need to be authenticated 
(unauthenticated encryption required) or with encryption and authentication 
(authenticated encryption required). 

 
• Authorization permissions: Determines if the clients need to be authorized to 

access to the attribute. 
 

2.4.7 Generic Access Profile (GAP) 
 

GAP is responsible for controlling connections, advertising, and stablishing the base rules 
of how Bluetooth devices interact with each other. Those base rules are: 

- The definition of the roles in the different topologies already seen (broadcaster, 
observer, peripheral and central). 
 

- The modes in which BLE devices are. Those modes are: Broadcast, Discovery (non-
discoverable, limited discoverable and general discoverable), Connectable (non-
connectable and any connectable) and Bonding [29], [30]. 
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- The procedures, which are the actions that will be carried out related to the modes. 
Those procedures are: Observation, Discovery (limited discovery, general discovery 
and name discovery), Connection (any connection establishment, connection 
parameter update and terminate connection) and Bonding [29], [30]. 

 
- The security modes with different levels and procedures provided by GAP, offering 

additional features to improve the security. That modes and their levels are: Mode 1 
that increase the security as level up, with level 1 (no security, no authentication 
neither encryption), level 2 (unauthenticated pairing with encryption) and level 3 
(authenticated pairing with encryption); and Mode 2 that uses data signing (data is 
signed and the signature is appended allowing know the sender) with level 1 
(unauthenticated pairing with data signing) and level 2 (authentication pairing with 
data signing) [29] [30]. 

 

The advertising packets has up to 31-byte payload size and contain some information like: 

▪ The device name in a complete, or shorter form. 
 

▪ The appearance, that describes the type of device. 
 

▪ Flags that sets some features in a combination of the values shown in table 3. 
 

▪ A list of UUIDs services (services are described in the following section). 
 

▪ Manufacturer specific data which can be used to specify the company identifier or 
can be used freely. 

 
▪ Some other information. 

 
Table 3: BLE Advertising Flags [30] 

Advertising Flags 

LE Limited Discoverable Mode 

LE General Discoverable Mode 

BR/EDR Not Supported 

Simultaneous LE and BR/EDR to the same device capable (controller) 

Simultaneous LE and BR/EDR to the same device capable (host) 
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Advertising packets has different proposes (if finds to set a connection or only broadcasting 
data) and can be differentiated as:  

▪ Connectable or non-connectable if a central can initiate a connection or not when 
the advertising is received respectively. 
 

▪ Scannable or non-scannable if the central device can send a scan request or not 
respectively. 
 

▪ Directed or undirected if it is directed to a specific device and user data is not 
allowed or is not directed and user data is allowed respectively. 

Together with advertising, a Scan Response can be sent if the scanner request for it (Scan 
Request), with up to another 31-byte size of information in addition to the 31-byte 
advertising packet, allowing transmit more information. Generally, it is used on broadcast 
topologies. 

As said previously, apart from be in charge to the advertising, if the advertising packets 
find to stablish a connection, GAP controls the connection process. 

The way to stablish a connection starts with a slave sending advertising packets looking for 
stablishing a connection, and a master scanning for those types of packets. When master 
receive it, sends a connection request to the slave, and when that one responds to this 
request, a connection is stablished. 

GAP includes the GAP service, which is a compulsory GATT service (discussed in the next 
section) that all devices must include among their attributes [29].  

2.4.8 Generic Attribute Profile (GATT) 
 

GATT defines a framework of how to transfer data making use of ATT and based on 
attributes and a hierarchal way to organize data (profiles, services and characteristics). 
Figure 28 shows that hierarchy. A more detailed information about type of data is given 
below. 

 

▪ Profile: A profile is a set of services that can be defined by the Bluetooth SIG as 
Blood Pressure Profile, Cycling Power Profile, Heart Rate Profile, etcetera [28] or 
defined by the developer, to achieve a goal or to meet a certain device specification. 
An example of profile with its services and characteristics is given later. 

 

▪ Service: A service groups into a logical entity related characteristics to offer some 
functionality.  Exists services defined by Bluetooth SIG as Blood Pressure Service, 
Battery Service, etcetera [28], or can be defined by the developer. The services use 
an UUID to their identification, and is globally for services defined by Bluetooth 
SIG.  
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A service is defined by its Service Definition which contains the Service 
Declaration Attribute which contains metadata, the Include Definitions which is 
used to refer other services, and the Characteristic Definitions which are used to 
define a characteristic. For more information about that refer to [29] or [30]. So, the 
set of all the attributes which form the service is called Service Definition. 
 
Services can be divided into primary and secondary services. Primary services are 
services by itself, meanwhile secondary services are services that may be included 
into primary services to modify them. Secondary services are not very used [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 28: Data Hierarchy 

 
▪ Characteristic: A characteristic contains the user’s data. As services, 

characteristics are identified by an UUID. A characteristic is defined by its 
Characteristic Definition, which is form by at least two attributes, the Characteristic 
Declaration Attribute which contain metadata, and the Characteristic Value which 
contain the user data [29]. In addition, some descriptors, which, describe the 
characteristic’s value and more metadata, can be used. So, the set of all the 
attributes which form the characteristic is called Characteristic Definition. 
 

An example of that concepts is exposed using the Heart Rate Profile [32]. Heart Rate 
Profile is used to allow the data collection from a Heart Rate sensor. That profile defines 
two roles: 
 

PROFILE 

SERVICE 1 SERVICE 2 

CHARACTERISTIC 1 

CHARACTERISTIC 2 

 

CHARACTERISTIC 3 

 

CHARACTERISTIC 1 

 

CHARACTERISTIC 2 

 

CHARACTERISTIC 3 

 

CHARACTERISTIC 4 
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▪ The sensor which is the server that expose the data. 
 

▪ The device that collects the information which is the client. 
 
Two services are used in this profile: 

▪ Heart Rate Service [33] which is used to expose information from a heart rate 
sensor and other information for fitness applications. This service is mandatory in 
both, the server and client, and groups some characteristics: 
 

• Heart Rate Measurement which contains a heart rate measurement. 
 

• Body Sensor Location which contains the body’s location of the sensor. 
 

• Heart Rate Control Point which enables a client to write control points. 
 

▪ Device Information Service [34] which is used to expose device manufacturer 
information. This service is optional for the client and mandatory for the sensor, and 
groups some characteristics: 
 

• Manufacturer Name String which contains the device manufacturer’s name. 
 

• Model Number String which contains the model number assigned by the 
vendor. 

 
• Serial Number String which contains the serial number for a specific device. 

 
• Hardware Revision String which contains the hardware revision for the 

device’s hardware. 
 

• Some other characteristics. 
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Chapter 3 
 

Design Objectives, Restrictions and Specifications 

This chapter exposes the objectives that must be achieved to reach the main goal of this 
project. At the same time, it is discussed the design restrictions and specifications. 

3.1 Design Objectives 
The main goal of this project is to make a scale-model vehicle move autonomously from an 
origin point to a destination point by using UWB technology. That navigation process is 
proposed to be done using either cartesian or hyperbolics coordinates. 

To achieve this main objective some other goals must be fulfilled. These objectives are the 
following: 

 

▪ Building the anchors, i.e. constructing the holders where the DWM1001-Dev boards 
performing as anchors are placed. 
 

▪ Integrating the scale-model vehicle, i.e. assembling the chassis of the scale-model 
vehicle and integrating the electronic components which control its movements and 
realize the positioning and navigation (TB6612FNG, motors, DWM1001-Dev, 
etcetera).  

 
▪ Characterizing the movements that the scale-model vehicle must make. 

 
▪ Obtaining the hyperbolic positioning of the scale-model vehicle. 

 
▪ Developing an own solution for carrying out the navigation both in cartesian and 

hyperbolic coordinates. 
 

▪ Implementing the solution aforementioned in a software application. 
 

▪ Deploying the RTLS based on these elements. 
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3.2 Design Specifications 
 

To achieve the aforementioned objectives, the design specifications are exposed: 

▪ For reducing costs and thinking on obtaining the positioning in hyperbolic 
coordinates, three anchors must be used on the system which is the minimum 
number of anchors in a location system. 
 

▪ Elements which must be integrated in the scale-model vehicle have to be embarked 
on the available space which exist on it. The scale-model vehicle used is Mini 
Round Robot Chassis Kit-2WD from Adafruit which has a size of 10 centimeters 
long by 10 centimeters wide (10x10). 

 
▪ The navigation solution must be able to be used both cartesian and hyperbolic 

coordinates. 
 

▪ The application which contains the navigation solution runs on top of the 
Decawave’s firmware and must be developed in C language using the firmware API 
(Application Programming Interface) [35] provided by Decawave and the Nordic 
Semiconductor SDK (Software Development Kit) [36]. 

 
▪ The system must work in LoS conditions (due to any object can be inside the 

navigation area) and inside the rectangle area delimited by the anchors. 
 

3.3 Design Restrictions 
The use of the material and software resources chosen to this project offer some restrictions 
in the design. Based on that, the material and software resources are described in this 
section. 
 

3.3.1 DWM1001-Dev Board 
 

DWM1001-Dev board is a development board based on DWM1001 module from 
Decawave. This module offers UWB technology thanks to DW1000 UWB transceiver from 
Decawave integrated in the DWM1001 module, and it integrates also the nRF52832 SoC 
(System on Chip) from Nordic Semiconductor [37], able to offer BLE technology,  
microprocessor functionalities thanks to its 64 MHz ARM Cortex M4F CPU (Central 
Processing Unit), PWM (Pulse Width Modulation) channels, timers/counters, oscillators, 
etc. More information about nRF52832 can be found on [37]. 

In addition to that, DWM1001 module integrates printed antennas for UWB and BLE, and 
integrates a motion sensor based on the STM LIS2DH12TR three-axis accelerometer. 

Figure 29 shows the block diagram of DWM1001 module. 
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Figure 29: DWM1001 Block Diagram [37] 

 

This module is chosen thanks to it offers to work with UWB technology and has the 
possibility to use the features of the SoC nRF52832 as the PWM which is used for 
controlling the motors of the scale-model vehicle. In addition, this module offers the 
possibility to use the firmware provided by Decawave [38] which implements RTLS and 
ranging functionalities, and which implements a BLE protocol stack too.  

In addition, the DWM1001 module offers a low power consumption. Figure 30 shows the 
power consumption using PANS firmware release 2. 

 

 

Figure 30: Power Consumption using PANS R2 [37] 
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The way to work with these modules is using a vertical polarization of the antennas due its 
patter radiation. 

Radiation patterns can be observed in figures 32, 33 and 34. In those figures, phi is the 
radiation pattern when a vertical polarization is applied, and theta is the radiation pattern 
when a horizontal polarization is applied. When the antennas are vertically positioned, 
vertical polarization is applied, meanwhile when the antennas are perpendicular relative to 
each other, horizontal polarization is applied [39]. 

It can be observed that when vertical polarization is applied an omnidirectional radiation 
pattern in XZ plane is given. This will be the case applied to our system. 

Figure 31 shows the three radiation planes considered for patterns in figure 32, 33 and 34. 

 

 

Figure 31: Antenna Radiation Pattern Planes. [37] 
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Figure 32: Antenna radiation pattern in XZ plane. Vertical and horizontal polarization [39] 

 

 

 

 

 
Figure 33: Antenna radiation pattern in XY plane. Vertical and horizontal polarization [39] 
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Figure 34: Antenna radiation pattern in YZ plane. Vertical and horizontal polarization [39] 

 

As said previously, this module offers the possibility to use its own firmware. Decawave’s 
firmware is a proprietary software which implements some RTLS functionalities and a BLE 
stack for the communication between the DWM1001-Dev modules and a central host, 
allowing the configuration of the modules as tag or anchor, and the position sending from 
tag to the central host.  

This firmware allows to create a custom application running on top of the firmware using 
its API (Application Programming Interface) [35] to control the firmware functionalities. In 
addition to the API, other libraries can be used to create the custom application. 

Decawaves’s firmware DWM1001_PANS_R2.0 version uses the SS-TWR technique for 
ranging and can range up to four anchors. When location engine is active, the tag module 
estimates the cartesian coordinates position of the tag based on the distances between tag 
and anchors and a mobile mean with the last three positions. 

Figure 35 shows the architecture of Decawave’s firmware, and figure 36 shows the PANS 
library components. 
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Figure 35: Decawave's Firmware Architecture [36] 

 

 

Figure 36: PANS Library Components [36] 

The way that firmware works is using a superframe of 100 milliseconds duration with a 
TDMA (Time Division Multiple Access) channel access which is a shared-channel 
technique based on the division of the time in slots occupied by different users (in this case 
modules). The structure of the superframe is shown in figure 37 and it is discussed below. 
The information given about superframe structure is obtained from [40] and can be referred 
whether more information is wanted. 
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Figure 37: Superframe Structure [40] 

 

Timing is controlled by the initiator anchor which starts and controls the network. The 
superframe consists of: 

▪ Some idle time slots. 
 

▪ Thirty BCNs (Beacon message) slots which carry information about the network 
like the Session ID (a random number), the TWR slots that are occupied, the 
number of superframe, etcetera. Those messages are sent by the anchors (one 
beacon per anchor), and slot 0 is assigned to the initiator. Although the maximum 
number of BCN slots is thirty, that does not mean that the system is limited to thirty 
anchors [40]. 

  
▪ Two SVCs (Service) slots used for Almanac messages which contain information 

about the firmware version and are sent every 120th superframe, network messages 
as join request, and IoT data uplink/downlink to the anchors. 

 
▪ Fifteen TWR slots used each of them for the message exchange to implement the 

SS-TWR ranging technique, and IoT data uplink/downlink to the tags. 
 

▪ Thirty BN_BCNs (Bridge Node Beacon) slots which carry information about 
whether there is data uplink/downlink to the anchors and tags. 

Packets of this superframe implement the MAC layer format of the IEEE 802.15.4 
standard. 

The use of the DWM1001 module and the firmware implies the use of UWB channel 5 due 
to the printed antenna is design for this channel. The data rate is 6.81 Mbps, and has a PRF 
of 64 MHz. Table 4 summarizes some system parameters employed in the prototype. 
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Table 4: Some system parameters [40] 

UWB band High band. Channel 5 (6489.6 MHz) 

Data Rate 6.81 Mbps 

UWB PRF 64 MHz 

UWB Preamble Length 128 

X-Y Location Accuracy Less than 10 cm (typically) in LoS 
conditions 

 

In addition, apart from those parameters, other constraints exist [40] and some restrictions 
are applied when using the Decawave’s firmware:  

▪ Flash memory available for custom application is 40 kB. 
 

▪ RAM (Random Access Memory) available for the user is 5 kB. 
 

▪ 5 maximum user threads for the custom application. 
 

▪ Some peripherals of the nRF52832 are blocked and cannot be used by the user. 
 

▪ Firmware is proprietary as said previously, so no new modifications can be added to 
the Decawave’s firmware. 

 
▪ Not all the GPIOs (General Purpose Inputs Outputs) pins can be used. 

 
 

3.3.2 TB6612FNG 
 

IC (Integrated Circuit) TB6612FNG [41] from Toshiba, is a current’s driver which allows 
carry out more power to some charge. Generally, it is used for controlling two DC motors 
or one stepper motor. 
 

TB6612FNG IC has a LDMOS (Laterally-Diffused Metal-Oxide Semiconductor) structure 
and tt allows four modes of used, which are CW (Clockwise), CCW (Counter-Clockwise), 
Short Brake and Stop Mode, thanks to its two control circuits and two H-bridges which 
allow to turn the motors in both directions (CW and CCW).  
 
Figure 38 shows its architecture and figure 39 shows the logical control to select the four 
modes of the motors. 
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Figure 38: TB6612FNG Block Diagram [41] 

 

 
Figure 39: TB6612FNG Logical Control [41] 

 

3.3.4 Personal Computer 
 

According to [36], a personal computer with Microsoft Windows OS (Operating System) is 
needed in order to perform user application runs over Decawave’s firmware. 
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3.3.4 Smartphone/Tablet 
 

For running the DRTLS Manager App, a smartphone or a tablet with Android OS is needed 
due to this application must be installed manually and it is provided as an apk (Android 
Application Package) file. 

3.3.5 Software 
 

Decawave’s firmware version DWM1001_PANS_R2.0 is used in this project, so, this 
firmware and other software tools must be got or/and installed: 
 

▪ In addition to DWM1001_PANS_R2.0, the GNU ARM Embedded Toolchain 5.4 
2016q3 [42], which is a suite of tools for C, C++ and Assembly languages, must be 
installed according to Decawave’s firmware guide [36]. 

  
▪ For using the SoC nRF52832 functionalities in the custom application, SDK v12.1.0 

from Nordic Semiconductor [37] must be used according to Decawave’s firmware 
guide [36].  

 
▪ IDE (Integrated Development Environment) which will be used in this project is 

SEEGER Embedded Studio [43] which is the recommended for performing the user 
application for DWM1001 modules and which is free of charges for nRF52 and 
nRF51 series even for commercial purposes. 

 
▪ In addition to the firmware, Decawave provides an app for smartphones and tablets 

(DRTLS Manager) for configuring the modules and passing the position from the 
tag to the central host via BLE. This app will be used when the final system is going 
to be tested and for configuring the modules as tags or anchors. 

 
▪ J Link software suite. From this suite, J-Flash Lite will be used for flashing the 

DWM1001 modules. 
 

▪ System will be simulated in MATLAB, so a license of MATLAB is necessary for 
that purpose. 

 
▪ Finally, a Microsoft Office license will be necessary for processing the results 

obtained and for write this report. 
 

3.3.6 Instruments 
 

Some instrumentation is needed to carry out the project. These instruments are: 

▪ Multimeter: Used for checking the voltage and current of the electronic components 
as the DWM1001-Dev or TB6612FNG. 
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▪ Pliers: Used to cut and strip the cables. 

 
▪ Radial: Used for cutting the aluminum pieces of the anchors. 

 
▪ Drill: Used to perforate the corresponding holes in the aluminum pieces of the 

anchors and the piece where DWM1001-Dev board of the scale-model vehicle is 
placed. 

 
▪ Automatic and manual screwdriver: Used to screw the aluminum pieces of the 

anchor to the base and assembling the scale-model vehicle. 
 

▪ Solder: Used to solder the header pins to the electronic components. 



55 
 

Chapter 4 
 

Proposed Solution and Implementation 

As said in the introduction, positioning, navigation and location in indoor scenarios is 
becoming more and more useful due to the multiple uses on industry as warehouse 
management, supply chain management and inter-facility goods tracking among others; in 
healthcare for monitoring the patients; or in other situations as an automated museum guide 
for instance. 
Due to in indoor scenarios the use of GNSS services makes the positioning inaccurate or 
even impossible because of the requirement of LoS communication between the devices 
and the satellite, some other technologies are used in those scenarios making possible a 
high positioning accuracy and enabling the indoor navigation. 
Taking into account that situation, the main goal of this project is to propose a solution for 
an indoor navigation using a closed-loop solution and UWB technology for the positioning, 
making use of SS-TWR ranging technique for moving autonomously a scale-mode vehicle 
(called “rover”) from an origin point to a destination point.  
To achieve that main goal, a WSN with the following components is deployed: 

▪ Three DWM1001-Dev modules from Decawave performing as anchors which can 
be configured via BLE. As said when discussing the positioning techniques, at least 
three anchors are needed (except in AoA) to get the tag’s position. 
 

▪ One DWM1001-Dev module from Decawave performing as tag which is embarked 
on the scale-model vehicle. 

 
▪ A central host which is a smartphone running DRTLS Android app (which can be 

found in [38]) provided by Decawave, and which allows to configure the anchors 
and tag and to receive the tag position via BLE.  

 
UWB technology is used in this project due to its properties (seen in UWB properties sub-
section) and specially its detection accuracy, its wide bandwidth and its low power 
consumption which make UWB technology a very suitable candidate when talking about 
high accuracy positioning (cm-level) and power consumption. In addition, higher accuracy 
in positioning, better is the navigation performance. 
The navigation is made using both cartesian and hyperbolic coordinates for evaluating later 
their performance and see which is the best option. 
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▪ Cartesian coordinates: That coordinates system is formed by orthogonal axis. The 
cartesian plane is shown in figure 40. In this plane, a point is determined by the 
distance projections between the point and the origin on each of the axes.  
  

 

Figure 40: Cartesian Plane 

▪ Hyperbolic coordinates: That coordinates system is based on hyperbolas. 
Hyperbola is the geometric place where the distances difference between two points 
(called focuses) is constant.  Figure 41 and equation (6.1) show this concept. 
 
 

Hyp = d1 – d2= constant             (6.1) 

 

Hyperbola’s equation in cartesian coordinates is given by equation (6.2), although it 
can be better expressed in a parametrized way, represented in equation (6.3). 
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𝑥2

𝑎2
−

𝑦2

𝑏2
= 1                         (6.2) 

 

{
𝑥 = 𝑎 𝑐𝑜𝑠ℎ(𝑡)

𝑦 = 𝑏 𝑠𝑖𝑛ℎ(𝑡)
                      (6.3) 

 

 

Figure 41: Hyperbola 

Using three anchors, a hyperbolic coordinate system can be made constructing 
hyperbolas between one anchor and the other two. In that plane, a point is 
determined by the cross of two hyperbolas. Figure 42 shows that hyperbolic 
coordinates plane. 
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Figure 42: Hyperbolic Coordinates Plane 

For the solution implementation, some parameters must be known, so the system is firstly 
simulated in MATLAB to obtain those parameters. 
After that solution overview, a detailed description of the solution and its components is 
given. So, Decawave’s firmware, anchors, scale-model vehicle, navigation solution and 
BLE communication solution are discussed below. 
 

4.1 Anchors 

Anchors are composed each one by a DWM1001-Dev module placed on a tower reaching a 
height of 33.5 centimeters, and a Xiaomi Mi Power Bank 2S batteries which powers the 
module. Module runs the Decawave’s firmware without any modification.  

Anchors are configured as anchors via BLE with a smartphone using the DRTLS Manager 
app provided by Decawave, thanks to the firmware. Those configurations include the 
position of the anchor between others. 

The vertical position of the module is selected to obtain a vertical polarization of the 
antenna.  

Figure 43 shows an anchor. 
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Figure 43: Anchor 
 

4.2 Scale-model vehicle (rover) 

Scale-model vehicle is composed by one DWM1001-Dev module embarked in a scale-
model vehicle Mini Round Robot Chassis Kit-2WD with two DC (Direct Current) motors 
from Adafruit, and by one current’s driver for two DC motors from Adafruit based into the 
IC TB6612FNG from Toshiba [41], which allows controlling the two DC motors of the 
scale-model vehicle using the GPIOs of the DWM1001-Dev board.  
 
For feeding the DWM1001-Dev module, three serial 1.5 V (Volts) AA batteries are used, 
and for feeding the two DC motors, two 9 V batteries in parallel are used.  
 
Due to their weight, and to keep the center of gravity the lowest possible for avoiding 
instabilities, the two 9 V batteries are placed inside the chassis jointly with the DC motors, 
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and the three 1.5 V AA batteries are positioned above with the DWM1001-Dev board and 
the TB6612FNG current’s driver. In addition, it is intended to have the same weight in all 
sides to avoid any deviation in the rover. Connection diagram between DWM1001-Dev 
board and TB6612FNG is shown in figure 44. Figure 45 shows the final look for the rover 
once the integration process was completed. 
 
 

 
 

Figure 44: Connection Diagram 

 

DWM1001-Dev module runs the Decawave’s PANS firmware and the BLE Stack, together 
with the tailored application which implements the navigation solution.  
 
DWM1001 module embarked on the scale-model vehicle perform as a tag which can be 
configured as tag via BLE with a smartphone using the DRTLS Manager app provided by 
Decawave, thanks to the firmware. Those configurations include the refresh of the position 
between others. 
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Figure 45: a) 

 

 
Figure 45: b) 
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Figure 45: c) 

Figure 45: Rover 

4.3 Navigation Solution 

For navigation solution, a closed-loop solution is chosen thanks to the advantages versus an 
open-loop solution, as seen in Feedback section, especially the decrease of the sensitivity to 
system’s parameter changes, which reduce errors in the model, and the decrease of the 
effects produce by external disturbances. Figure 46 shows the closed-loop solution. 

  

 

Figure 46: Closed-loop Solution 

 

4.3.1 Target Coordinates 1 and 2 
 

Target coordinates 1 and 2 are the coordinates of the destination point that must be reached 
by the scale-model vehicle. Those coordinates may be cartesian coordinates, so coordinate 
1 is x-coordinate and coordinate 2 is y-coordinate, or may be hyperbolic coordinates, so 
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coordinate 1 is hyp12 = d1 – d2 and coordinate 2 is hyp23 = d2 – d3. Coordinates hyp12 and 
hyp23 are discussed later in Position sub-section. 

In figure 46 Target Coord 1 corresponds to target coordinate 2 and idem whit the Target 
Coord 2. 

 

4.3.2 Rover Coordinates 1 and 2 
 

Rover coordinates 1 and 2 are the coordinates of the current rover position. As target 
coordinates may be either cartesian or hyperbolic coordinates, and they are x-coordinate, y-
coordinate, hyp12 and hyp23 in the same way as target coordinates. In figure 46 Rover Coord 
1 corresponds to rover coordinate 1 and Rover Coord 2 to rover coordinate 2. 

 

4.3.3 Error Coordinates 1 and 2 
 

Error coordinates 1 and 2 are the difference between the target and rover coordinates. Both 
target and rover coordinates must be in the same coordinates system. In figure 46 Error 
Coord 1 corresponds to error coordinate 1 and Error Coord 2 to error coordinate 2. 

 

4.3.4 Low Pass Filter (LPF) 
 

LPF (Low Pass Filter) avoids abrupt changes at the output, so confers to the system a 
greater stability.  

As said previously, to tune the final system parameters up, the navigation solution is firstly 
simulated in MATLAB. Some of those parameters are the filter characteristics, i.e. 
essentially the filter coefficients. 

So, equation (6.4), which describes these characteristics, is obtained. 

 

y[n] = 0.0162 - 0.0135·x[n] - 0.0940·x[n-1] + 0.0837·x[n-2] + 0.4876·x[n-3] + 
0.4876·x[n-4] + 0.0837·x[n-5] - 0.0940·x[n-6] - 0.0135·x[n-7] + 0.0162           (6.4) 

 

Representation of filter transfer function is shown in figure 47. 
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Figure 47: LPF Filter Frequency Response 

 

When the system is tested, it is observed that in the initial rotations, one of them turns in the 
opposite direction which must be done. That is because of the initial transient of the filter. It 
changes the sign of Error Coord 1 and Error Coord 2 making that the scale-model vehicle 
rotates in the opposite direction. So finally, the filter is removed from the system. That is 
done after observing that is not necessary thanks to the limiter has a similar function and 
that the rotation is limited to a certain angle which is discussed later. Some later test probed 
that. 

Figure 46 is still valid but now, filter is not an LPF, but is an all-pass filter (with a transfer 
function equal to 0 dB in all frequencies). 

 

4.3.5 Limiter 
 

Limiter avoids high values at the output conferring to the system a greater stability. For the 
limiter, the parameters obtained with the MATLAB system simulation are r equal to 0.30 
which is the ramp or slop of the limiter, and g equal to 0.24 which is the gain or sensitivity.  

Finally, g is chosen 0.44 after some tests. Table 5 shows the final limiter parameters. 
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Table 5: Final Limiter Parameters 

r 0.30 

g 0.44 

  

Limiter transfer function is mathematically defined as equation (6.5) and figure 48 shows 
the limiter transfer function. 

 

y = 2·𝑔

𝜋
·atan(r·x)            (6.5) 

 

 

Figure 48: Limiter Transfer Function 

4.3.6 Vector Comparer 
 

Vector comparer obtains Δθ which is the angle that rover must rotate and ΔD which is the 
distance that rover must be moved forward at every single step.  

For getting Δθ and ΔD, the parameter α is used. This angle α is the angle formed by the x-
axis and the rover attitude’s vector, which is the vector with origin in the rover’s front face. 
That idea can be seen in figure 49. That angle must be positive and in range [0, 2π).  
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Figure 49: Rover attitude`s vector 

To obtain α, first it is obtained the rover attitude’s vector by getting the rover position, 
moving forward, and getting the new position. The difference between the two positions 
results in the rover attitude’s vector, and then α can be obtained. This process is called 
calibration. The way to update this angle is adding or subtracting the rotated angle 
depending on if the rover rotates to the left or the right.  

The way to get Δθ and ΔD is the following: 

 
▪ Δθ: To get the angle that rover must rotate either in cartesian or hyperbolic 

coordinates, a vector from the rover to the target is drawn. Taking into account that 
a negative Δθ indicates a turn in a left direction, a positive Δθ indicates a right turn, 
and that the rotation must be done in the shortest direction, a study is done getting 
the below results. 
Naming β the angle form by the vector from the rover to the target and x-axis, Δθ is 
obtained as equation (6.6) with some considerations.  
 

Δθ = α – β              (6.6) 

Figure 50 shows β angle. 
 

 

Figure 50: β angle 
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Considerations aforementioned are: 
 

• Due to the rotation must be done in the shortest direction, when Δθ is higher 
than 0, it is subtracted 2π to Δθ, and the previous and new Δθ are compared 
in module. Finally, Δθ is the lower value of both but adding then the 
correspondent sign. 
 
When Δθ is lower than 0, it is added 2π to Δθ, and the previous and new Δθ 
are compared in module. Finally, Δθ is the lower value of both, but adding 
then the correspondent sign. 
 
An example is given to understand that better. In this example α is equal to 
10·π

9
 rad and β is equal to 

π

18
 rad, so Δθ is equal to 

19·π

18
. As Δθ is higher 

than 0, it is subtracted 2π, so new Δθ called Δθ’ is equal to 
− 17·π

18
 rad. As 

Δθ’ is smaller in module than Δθ, the angle that rover must rotate is 
− 17·π

18
, 

i.e. 
17·π

18
 radians in left direction. 

 
 

• When applying equation (6.6), Δθ cannot be higher than 2π, but finally Δθ 
cannot be higher than |π|. 
 

• Δθ can be positive or negative. A positive angle indicates a right turn and 
negative angle indicates a left turn. 

 
• Δθ is finally limited to |𝜋

8
| to avoid any stability issue. 

 
 

▪ ΔD: The way to get the distance in cartesian coordinates is using the equation (6.7) 
to get the distance between two points in a cartesian plane, where d is the distance 
between one point (x1, y1) an another one (x2, y2). 
 

d = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2            (6.7) 

 

In this project x2 – x1 is the Error Coord 1 and y2 – y1 is the Error Coord 2, both after 
going through the limiter. 
 
In the hyperbolic coordinates case, that cannot be made directly. So, in this case, it 
is necessary to obtain the vector between the rover to the target point (or at least this 
vector scaled) in cartesian coordinates to get β angle and an estimation of the 
distance. For that purpose, following steps are applied. 
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Normalized vectors 𝑢12⃗⃗ ⃗⃗ ⃗⃗  and 𝑢23⃗⃗ ⃗⃗ ⃗⃗   (figure 51) are obtained. That vectors are 
multiplied by hyperbolic coordinate 1 (hyp12) and hyperbolic coordinate (hyp23) 
respectively. So, error vectors are obtained as equations (6.8) and (6.9). As said 
previously, hyp12 and hyp23 are discussed later in Position sub-section. 
 

𝑒1⃗⃗  ⃗ = hyp12 · 𝑢12⃗⃗ ⃗⃗ ⃗⃗             (6.8) 
 

𝑒2⃗⃗  ⃗  = hyp23 · 𝑢23⃗⃗ ⃗⃗ ⃗⃗               (6.9) 
 

Adding the two error vectors, another vector (𝑒  ) which is the vector generated 
between the rover position and the target point in the hyperbolic plane (or this 
vector scaled) is created. To adjust its value, the vector is multiplied by 0.6. 
Equation (6.10) shows that, and figure 51 shows the process so far. 
 

𝑒  = 0.6 · (𝑒1⃗⃗  ⃗ + 𝑒2⃗⃗  ⃗)           (6.10)  

 

Then this vector 𝑒  is projected over the x-axis and y-axis to obtain its cartesian 
components.   
 
 

 

Figure 51: Obtaining vector 𝑒  
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4.3.7 Rover Movement 
 

Thanks to its two independent DC motors, rover is able to move straight ahead and back, 
and rotate CW (clockwise) and CCW (counter-clockwise). Rover movements are made by 
using a PWM (Pulse-Width Modulation) coding over a square wave. Retrieving the 
definition of duty cycle given in UWB Properties sub-section, PWM is a technique that 
controls the duty cycle of the square wave allowing to control their mean voltage and so 
that, the motion of the two DC motors 

For moving the rover, in each cycle of movement, two movements are applied: 

 
▪ First, a rotation is done (if needed) with the intention to align the rover attitude’s 

vector with the vector formed by the difference between the target coordinates and 
the rover current position (figure 50 shows that concept too). The rotation angle, as 
said previously, is Δθ. That rotation is done in a variable time interval T1.  
 

▪ Secondly, a forward movement (named translation) is done for getting closer to the 
target point. The translation distance is ΔD. That translation is done in a variable 
time interval T2. 

 
Interval time that rover is moved (each cycle of movement aforementioned) is a fixed 
interval T which is 200 milliseconds, so the sample frequency of the closed-loop system is 
5 Hz. The relation between T, T1 and T2 is shown in equation (6.11). 

 

T = T1 + T2             (6.11) 

 

If the angle that rover must rotate is higher or equal than the limited angle (|𝜋
8
| radians) then 

T1 = T, so there is not any translation in that cycle. In case no rotation is needed, T2 = T and 
not any rotation is done in that cycle, only a translation. So, T1 and T2 can variate from 0 to 
T. 

To achieve the rotation and translation, equations (6.12) and (6.13) are used.  

 

𝛥𝜃 =
2·𝑅·𝜔𝑚𝑎𝑥·𝐷1·𝑇1·𝛾1

𝐿
           (6.12) 

 

𝛥𝐷 = 𝑅 · 𝜔max · 𝐷2 · 𝑇2 · 𝛾
2
          (6.13) 

 

In equation (6.12) Δθ is the angle that rover must rotate, R is the radius of the wheels, ωmax 
is the maximum angular velocity, D1 is the duty cycle of the voltage, T1 is the rotation time, 
L the length between the two rover’s wheels, and 𝛾1 is a correction factor. Equation (6.13) 
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follows the same notation, but ΔD is the translation distance, D2 is the duty cycle of the 
voltage, T2 is the translation time, and 𝛾2 is the correction factor. 

Those equations are easy to obtain taking into account the radian definition. One radian is 
the angle that includes an arc of the circle equal to its radius. Figure 52 shows that concept 
and equation (6.14) describe it mathematically. 

 

Figure 52: Radian Definition  

  
 

rad = 
𝐴𝑟𝑐 𝑙𝑒𝑛𝑔𝑡ℎ

𝑅𝑎𝑑𝑖𝑢𝑠
           (6.14) 

 

Taking into account the radian definition and figure 53 which shows the back of the rover 
and where ΔS is the distance traveled by the rover’s wheels in the rotation and L is the same 
as in equation (6.12), the rotation equation can be obtained 

 

Figure 53: Rover’s back and rotation 
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Wheels of the rover are move in opposite directions, so a circle is formed by the wheels in a 
complete rotation as shown in figure 54. Whether the wheels of the rover travels ΔS, by the 
radian definition, equation (6.15) is applied. 

 

𝛥𝜃 =
𝛥𝑠
𝐿

2

            (6.15) 

 

Figure 54: Circle formed by the rover’s rotation 

 

Thinking now that figure 54 is the rover’s wheel, then Δθ is now Δα which is the angle that 
wheels turn and L 2⁄  is now R. Equation (6.16) is obtained. 

 

𝛥𝛼 =
𝛥𝑠

𝑅
           (6.16) 

 

The angle that wheels must turn are given by the angular velocity and the time that wheels 
turn (t). That is shown in equation (6.17). 

 

𝛥𝛼 =  𝜔 · 𝑡            (6.17) 

 

Angular velocity (𝜔) variates depending on the mean voltage (Vmean) applied to motors, so 
it can be expressed as equation (6.18), where k is a constant. 

 

𝜔 = 𝑘 · Vmean           (6.18) 
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Voltage applied to motors has a square waveform like figure 55. So, mean voltage follows 
equation (6.19) where V(t) is the voltage waveform, A is the maximum voltage amplitude 
and D is the duty cycle. 
 

 

Figure 55: Motor Voltage Waveform 

 

Vmean = 1
𝑇0

∫ 𝑉(𝑡) ⅆ𝑡
𝑇0

0
=

1

𝑇0
∫ 𝐴 ⅆ𝑡

𝜏

0
 = A · 

𝜏

𝑇𝑜
 = A · D        (6.19) 

 
All that process leads to the theoretical rotation equation (6.20). With same concepts, 
theoretical translation equation (6.21) is obtained.  
 

 

𝛥𝜃 =
𝛥𝑠
𝐿

2

=
2·𝛥𝑠

𝐿
=

2·𝑅·𝛥𝛼

𝐿
=

2·𝑅

𝐿
· 𝜔 · 𝑡 =

2·𝑅

𝐿
· 𝑘 · 𝐴 · 𝐷1 · 𝑇1 =

2·𝑅·𝜔𝑚𝑎𝑥·𝐷1·𝑇1

𝐿
 (6.20) 

 

   𝛥𝐷 = 𝑅 · 𝛥𝛼 = 𝑅 · 𝜔 · 𝑡 = 𝑅 · 𝑘 · 𝐴 · 𝐷2 · 𝑇2 = 𝑅 · 𝜔max · 𝐷2 · 𝑇2         (6.21) 

 

It is important to remark that in equations (6.12), (6.13), (6.20) and (6.21) angles must be in 
radians due to the application of radian definition. 

It can be appreciated that theoretical equations differ from equations (6.12) and (6.13) 
because the correction factor does not exist. That is because when testing only the 
movements performance, these rover movements do not follow the equations due to when 
the scale-model vehicle starts, it makes a wheelie and the wheels slip, and when stops, the 
wheels slip too.  

For characterizing that effect, some measures in rotation and translation are done. Table 6, 
7 and 8 show processed results of the measures. As said previously, negative sign in the 
rotation angle means a left rotation, and a positive sign means a right rotation. 

 



Chapter 4. Proposed Solution and Implementation  73 

  

 

Table 6: Rotation Measures 

Theoretical Angle 
(a) 

Mean (μ)  Typical 
Deviation (σ) 

μ- a μ/a 

10º 4.83º 0.37º -5.62 0.48 

20º 9.83º 0.37º -10.17 0.49 

15º 7.50º 0.50º -7.50 0.50 

22.5º 20.00º 0.00º -2.50 0.89 

-10º -5.50º 0.50º 4.50 0.55 

-20º -11.00º 0.58º 9.00 0.55 

-15º -7.50º 0.50º 7.50 0.50 

-22.5º -20.50º 0.50º -2.00 0.91 

  

 
Table 7: Translation Measures for T = 200 ms 

D Theoretical 
Distance (d) 

Mean (μ) Typical 
Deviation (σ) 

μ- d μ/d 

30% 4.86 cm 4.89 cm 0.02 cm 0.03 1.01 

60% 9.72 cm 11.83 cm 0.05 cm 2.11 1.22 

90% 14.58 cm 21.52 cm 0.52 cm 6.94 1.48 

100% 16.20 cm 23.50 cm 1.00 cm 7.30 1.45 

 

  
Table 8: Translation Measures for T = 100 ms 

D Theoretical 
Distance (d) 

Mean (μ) Typical 
Deviation (σ) 

μ- d μ/d 

30% 2.43 cm 2.43 cm 0.00 cm 0.00 1.00 

60% 4.86 cm 6.43 cm 0.24 cm 1.57 1.32 

90% 7.29 cm 9.95 cm 0.26 cm 2.66 1.36 

100% 8.10 cm 10.82 cm 0.23 cm 2.20 1.34 

 

With all those measurements, equation (6.20) and equation (6.21) are modified with a 
correction factor to achieve the expected results. 

▪ In rotation case, observing the last column of table 6, it can be appreciated a 

pattern for angles lower than |𝜋
8
| and another for angles equal to |𝜋

8
|. This difference 
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is because in angles lower than |𝜋
8
|, equation (6.20) is followed, meanwhile at |𝜋

8
| or 

higher (but limited to this angle) does not follows the rotation equation but the 

interval time T1 must be T and duty cycle must be lower to rotate |𝜋
8
| radians in this 

interval time.  
 
With these patterns and some experimental tests, it is obtained that the correction 
factor is the shown in table 9. 
 

 
Table 9: Rotation Correction Factors 

Angles lower than |
𝝅

𝟖
| 

 

 
γ = 0.51 

Angles equal to  |𝝅
𝟖
| 

 

 
γ = 0.9 

 

With all of that, it can be said that |Δθ|max follows equation (6.22). 

 

|Δθ|max, = min(|𝜋
8
|, 

2·𝑅·𝜔𝑚𝑎𝑥·𝐷1·𝑇1·𝛾1

𝐿
)         (6.22) 

 

▪ In translation case, using the Least Squares optimization technique with the 
measures, a correction factor is obtained to adjust the values to a new equation. 
Least Squares is an optimization technique that consists in the approximation of a 
set of data to a determine continuous curve according to a least squared error [44]. 
 
Equation (6.23) shows the correction factor used in translation, where D is D2 and T  
is T2. 

 
 

𝛾2 = 0.8654 - 0.3227·D + 2.6269·D2 - 1.8236·D3 + 0.3132·T        (6.23) 

 

So, finally equations (6.12) and (6.13) are obtained after that process. These equations are 
represented again below for convenience. 

 

𝛥𝜃 =
2·𝑅·𝜔𝑚𝑎𝑥·𝐷1·𝑇1·𝛾1

𝐿
           (6.12) 

 

𝛥𝐷 = 𝑅 · 𝜔max · 𝐷2 · 𝑇2 · 𝛾
2
          (6.13) 
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Figure 56 shows the representation of equation (6.20) (Δθ without the correction) which is 
the blue curve, and equation (6.12) for angles lower than |𝜋

8
| (Δθ with the correction γ = 

0.51) which is the red curve. 

 

 

Figure 56: Δθ in function of D for equation without correction and with correction (γ= 0.51) 

 

Figure 57 shows the representation of equation (6.21) (ΔD without the correction) which is 
the blue curve, and equation (6.13) (ΔD with the correction) which is the red curve. 

 

 

Figure 57: ΔD in function of D for equation without correction and with correction 
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When implementing the movements equations, ΔD and Δθ are given, so D1 and D2 must be 
calculated. For that reason, translation equation implies a fourth-degree equation. As can be 
observed, obtain D from Δθ is much easier that obtain it from ΔD. For the solution of the 
fourth-degree equation, two options are planned: 

 

▪ Arithmetic way with an iterative algorithm: Knowing ΔD, equation (6.13) can be 
rewritten as equation (6.24). 
 
 

𝛾2 · 𝐷2 =
𝛥𝐷

𝑅·𝜔𝑚𝑎𝑥·𝑇2
           (6.24) 

 

 

From equation (6.21) can be obtained the theoretical D2 denominated D’. Then the 
algorithm in pseudo-code is: 
 
 

D’ = ΔD / (R · ωmax · T2); 
Value2find = D’; 
do { 
    found_value = 𝛾 · value2find; 
    value2find = value2find – arbitrary_value; 
    if (found_value equal to value2find or with a determined 
error) 
     condition = true; 
while (!condition); 
 

 
That algorithm tries to make equal or similar 𝛾2 · D2 from equation (6.13) and D2 

from equation (6.21) due to 
ΔD

R·ωmax·T2
 has the same value in both cases. 

 
▪ Geometrical way with Newton-Raphson method: That method approaches to the 

wanted point in a geometrical way using the derivatives. That concept is better 
understood with an example shows in figure 58. 
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Figure 58: Newton-Raphson Method 

 

Desired distance (ΔD) in the example is d which is 15 cm. To travel this distance, a 
D duty cycle must be applied. To obtain this duty cycle must start from a close 
value. That close value is D0, duty cycle corresponding to equation (6.21), i.e. 
translation equation without any correction. 
Taking the derivate of equation (6.13), i.e. translation equation with correction 
factor, tan(α) is obtained, and tan(α) follows equation (6.25). 

 

tan(α) = 𝑑0−𝑑

𝐷𝑜−𝐷1
           (6.25) 

 
So, D1 can be obtained solving equation (6.25). With that new duty cycle, the 
derivate of equation (6.13) in that point can be obtained, and it starts an iterative 
process until Di is equal to Di+1 or with a certain error between them.  

 

Finally, the Newton-Raphson method was selected due to it converges faster than 
arithmetic way, so a lower latency time is applied to the system. 

It is important to remark that maximum duty cycle is 100 % (D = 1), and maximum 
translation time interval is 200 milliseconds, so ΔD is limited to that maximum duty cycle 
and maximum time interval. 

For implementing the movements equations (6.12) and (6.13) in the custom software 
application is necessary to know all parameters involved. For this purpose, some 
measurements are done getting the parameters given in table 10. 
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Table 10: Rover Parameters 

Axis Length L 10 cm 

Wheels Radius R 3 cm 

Constant k 3.375 rad/(V·s) 

Maximum Voltage 
Amplitude 

A 8 V 

Maximum Angular 
Velocity 

ωmax = k · A 27 rad/s 

 
It could be confusing the fact that the maximum amplitude voltage is 8 V, when the power 
supply for DC motors was previously said to be 9 V. That is obtained from measurements 
done in-lab. Figure 59 shows the waveform which is applied to the motors generated for the 
current’s driver, meanwhile figure 60 shows the perfect square waveform generated by the 
DWM1001-Dev module. 
 

 

Figure 59: Voltage waveform generated by DWM1001-Dev with 50 % duty cycle 
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Figure 60: Voltage waveform from the current’s driver with 50 % duty cycle 

 
It can be seen in figure 59 that the square waveform is distorted. That is because the motors 
draw more power than batteries are able to provide. To demonstrate that effect, motors 
were fed with an external power supply configured at 9 V and a high current limit. Figure 
61 shows the results. 
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Figure 61: Voltage arrived at motors from a power supply 

 

It can be observed in figure 61 a perfect square waveform with an amplitude of 9 V. So, to 
solve that problem, more batteries placed in parallel must be used in our prototype, but the 
space in the rover is totally used.  

Taking more measures on the two motors and with different duty cycles, it is observed that 
the mean maximum amplitude is 8 V and the mean voltage can be calculated as 8·D as 
shown in figure 54. For that reason and taking into account that the space is fully used in 
the rover, 8 V is taken as maximum voltage amplitude without include any other battery. 

 

4.3.8 Position 
 

This block gets the current rover position either in cartesian or hyperbolic coordinates after 
its movement. For getting cartesian coordinates Decawave’s firmware provides a location 
engine [40]. 

For getting hyperbolic coordinates, as with Decawave’s firmware tag calculates its distance 
to the anchors, hyperbolic coordinates are calculated as said previously following equations 
(6.26) and (6.27).  

 

hyp12 = d1– d2            (6.26)  

hyp23 = d2 – d3           (6.27) 
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In equation (6.26) and (6.27) di is the distance between tag and focus i in the plane, but the 
anchors have a height, so to obtain di is applied equation (6.28) where l is the real distance 
between the tag and anchor, and h is the difference between the height of the anchor (h1 in 
figure 62) and the tag (h2 in figure 62).  

 

ⅆ𝑖 = √𝑙2 − ℎ2            (6.28) 

 

 

Figure 62: Distance plane between tag and anchor 

 

When testing the system, it is observed that near to the anchors the distance l is always 
estimated by Decawave’s firmware as 0, so for correcting that, the parameter h is adding to 
the distance l estimated by the firmware. 

Simulating the system in MATLAB and finally when testing it, it is observed that when 
rover is near to the target point, it starts to rotate from one side to another side (an 
instability occurs). That is because of the variation of the rover’s position when is 
estimated. For solving that, in cartesian coordinates a 10 centimeters radius uncertainty 
circle with center in target point is drawn, and when rover enter in it, rover must stop. In 
hyperbolic coordinates case, due to it is difficult draw a circle, a difference of twelve 
centimeters between the target hyperbolic coordinates and the rover current hyperbolic 
coordinates is considered. So, when both hyp12 and hyp23 of current rover position have a 
difference of twelve centimeters respect the hyperbolic coordinates of target point, rover 
must stop. 

4.4 Tag-Host Communication Solution 

After the navigation solution is implemented and although it was not set originally as an 
objective in this project, we considered as a very good improvement and which makes more 
useful, attractive and brings an added value to this project, to stablish a communication 
between the tag and a central host (PC or Smartphone) with the aim to share the target point 
and the coordinate system used in the navigation solution from the host to the tag.  
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For carrying out this task two options were planned. One of them consisted on stablishing a 
BLE communication. And the other one consisted on deploying a gateway with UWB 
technology for the communication. 

The first option planned was to modify the BLE stack provided by Decawave’s firmware, 
but as said previously, BLE stack provided in Decawave’s firmware is proprietary and no 
modifications can be done. Taking into account that, and continuing with the option to BLE 
communication, it was decided to remove the API function which includes the BLE stack 
part in the firmware, and implement an own BLE stack with a service which contain two 
characteristics. One of these characteristics was intended for sharing the target point, and 
the other one was intended to share the coordinate system in which the navigation will be 
done. 

That was intended to be done by using the BLE application template provided in v12.1.0 
Nordic Semiconductor SDK [37] and a tutorial of how to build a custom service [45]. 

The second option planned was to develop a gateway using a Raspberry Pi 3 model B with 
the image provided by Decawave [38] and a DWM1001-Dev module attached to it and 
configured as a bridge to set an UWB communication channel up. With this option, the 
anchors and tag can send uplink data to the gateway which pass it to the central host, and 
the central host can send data to the gateway and the gateway sends that downlink data to 
the anchors and tag. This communication is done using UWB from the anchors and tags 
and to the gateway an vice versa, and the gateway can be connected via Wi-Fi or Ethernet 
to the central host. 
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Chapter 5 
 

Results 

In this chapter, the system performance, both on cartesian and hyperbolic coordinates, are 
exposed and discussed. 

The tests consist of some experiments but always (except test 9) in the scenario shown in 
figure 63 (1.2 m x 1.05 m) either in cartesian and hyperbolic coordinates and for LoS 
conditions. This will be referred, from here on, as the Test Area. 

 

 

 

Figure 63: Testing Scenario 
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5.1 Cartesian Coordinates 

Tests done in this sub-section, are made with cartesian coordinates. The results of the tests 
are more detailed discussed on Results Interpretation sub-section. 

 

5.1.1 Test 1: Measures inside the Test Area. Cartesian 
 

This test consists on selecting some target points inside the test area delimited by the 
anchors, and to make the rover moves with the developed navigation solution to those 
points, from different origin points, placed inside the test area. 
Purpose of this test is to determine the performance of the system with cartesian 
coordinates. 
The processed results are shown in table 11.  

 
Table 11: Test 1. Results 

 Distance between 
target point and final 
position of the rover. 

Distance between rover 
final position and final 
PANS estimated position 
of the rover 

Distance between 
the target point and 
final PANS 
estimated position 

Mean 9.27 cm 7.22 cm 7.92 cm 

Median  10.77 cm 5.83cm 8.06 cm 

Maximum  18.11 cm 17.72 cm 15.38 cm 

Minimum  1.41 cm 1.00 cm 1.00 cm 

 
Those results do not include the measures done near the anchors because when the target 
point is near the anchors (approximately 15 centimeters distance or less to the anchors), the 
distance between the target point and the final rover position generally increase. For this 
reason, test 2 is done. 

That is due to as said previously, the distance estimated by PANS next to the anchors is 0, 
and because the cross of the hyperbolas next to the anchors are less orthogonal than in other 
points inside the test area and because the hyperbolic coordinates are more separately of 
each. Although cartesian coordinates are used, this coordinates are obtained form 
hyperbolic coordinates. 

5.1.2 Test 2: Measures inside the test area. Target points near the anchors. 
Cartesian 
 

Due to it is observed that for target points near the anchors, the distance between the target 
point and the final rover position, and the distance between the final rover position and the 
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position estimated by PANS firmware are both increased, this test intends to observe how 
much that is increased. 

Test consists on selecting some target points inside the test area formed by the anchors as in 
the last test, but in this case next to the anchors (at a distance less or equal to 15 
centimeters), and to make the rover moves from some origin points inside the same test 
area to those points. 

Table 12 shows the measures for target points next to the anchors. 

 
Table 12: Test 2. Results 

 Distance between 
target point and final 
position of the rover 
(Target point near 
anchors) 

Distance between rover 
final point and final 
PANS estimated position 
of the rover (Target 
point near anchors) 

Distance between 
the target point and 
final PANS 
estimated position 
(Target point near 
anchors) 

Mean 15.91 cm 11.72 cm 9.13 cm 

Median  17.46 cm 13.60 cm 9.00 cm 

Maximum  24.84 cm 23.43 cm 19.31 cm 

Minimum  8.00 cm 2.24 cm 5.00 cm 

 

As can be observed, the error distance increases respect the measures of test 1 as said 
previously. 

5.1.3 Test 3: Rover stops when N = 3. Cartesian 
 

Results of test 1 gives a maximum distance higher than the 10 centimeters expected. That 
can be explained due to Decawave’s firmware offers a typical error position estimation of 
less than 10 centimeters, so a maximum error of 20 centimeters may occur.  

For probing that, instead of stopping the rover when enters into the uncertainty circle, it is 
stopped when, by the firmware estimation, rover is inside of the uncertainty circle for a 
given consecutive number of times (N). That number of times (N) is set to three. For that 
reason, this test 3 is done. So, this test consists of the same that test 1 but with added 
condition. 

With that, it is tried to reduce the maximum distance error between the final rover position 
and the target point. 

Table 13 shows the results when N is equal to three. 
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Table 13: Test 3. Results 

 Distance between target point 
and final position of the rover 
(With   N = 3) 

Distance between rover final 
position and final PANS estimated 
position of the rover (With N = 3) 

Mean 8.34 cm 5.91 cm 

Median  9.22 cm 5.83cm 

Maximum  13.46 cm 13.34 cm 

Minimum  5.00 cm 1.00 cm 

 

It can be observed that the error distance decrease respect test 1 and the PANS position 
estimated error is lower too as expected.  

Same experiment was done with N equal to two and four, with similar results obtained. 

 5.1.4 Test 4: Target point outside the test area. Cartesian 
 

This test consists on selecting some target points outside the rectangle test area delimited by 
the anchors, and to make the rover moves from origin points inside the test area to those 
target points.  

Purpose of this test is to check if target points outside the delimited area can be reached 
successfully. So, check if system works outside the rectangle area delimited by the anchors. 

This and following tests were performed by using cartesian coordinates with N = 3, due to 
better result were obtained. 

Results of this test expose that sometimes rover gets lost and cannot be able to reach the 
target point, and another times which the rover seems to reach the target point. Distance 
results when rover stopped are shown in table 14. It is important to remark that distance 
between rover final point and the point estimated by the PANS firmware it is not very 
reliable due to many times, the firmware estimated value changed rapidly between quite 
different values. This phenomenon is included in the Conclusions section to be studied in a 
future work. 

 
Table 14: Test 4. Results 

 Distance between target point 
and final position of the rover  

Distance between rover final point 
and final PANS estimated position 
of the rover 

Mean 16.64 cm 18.97 cm 

Median  17.20 cm 15.62 cm 

Maximum  26.63 cm 33.12 cm 

Minimum  0.00 cm 5.00 cm 
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When rover reaches the target point in these conditions, it can be observed that the error 
distance between the target point and the final position of the rover increases respect test 1, 
as well as the error of the PANS estimated position. That leads to think that firmware 
location estimation out of the test area is not so good. Additionally, it is observed that when 
rover gets lost is due to PANS firmware is not able to estimate the rover’s position. 

5.1.5 Test 5: Origin point outside the test area. Cartesian 
 

This test consists on selecting some target points inside the rectangle test area formed by 
the anchors and to make move the rover from origin points outside the rectangle area 
formed by the anchors to those points.  

Purpose of this test is to check if target points inside the delimited area can be reached 
successfully when the origin point is outside the rectangle test area delimited by the 
anchors. 

The most of times that this test is done, the rover is able to reach the target point, although 
sometimes occur that rover gets lost. Results when rover reaches the target point are shown 
in table 15. 

 
Table 15: Test 5. Results 

 Distance between target point 
and final position of the rover  

Distance between rover final point 
and final PANS estimated position 
of the rover 

Mean 9.73 cm 6.00 cm 

Median  9.00 cm 5.00 cm 

Maximum  13.00 cm 10.20 cm 

Minimum  6.71 cm 3.61 cm 

 

In this case, when the target point is inside the test area, most of times the rover reaches the 
target point and with an error distance not much higher than when the origin and target 
points. That may be explained because rover gets closer to the test area, and in this case, 
PANS firmware is able to obtain the rover’s position. 

5.1.6 Test 6: Origin and target point outside test area. Cartesian 
 

Due to it has been tested when target or origin point is outside of the test area, this test tries 
to observe what happens when both the origin and the target points are outside of the test 
area. So, this test consists on select some target points outside the test area aforementioned 
and to make move the rover to those points from origin points also outside the test area. 

It is obtained that almost all times the rover gets lost. It is observed that outside the test 
area, the most part of the times the Decawave’s PANS firmware is not able to estimate a 
position for the rover or the estimation is incorrect. It is for that reason, that rover gets lost. 
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5.1.7 Test 7: One anchor down. Cartesian 
 

This test is based on performance the navigation when one anchor is down. For this 
purpose, one of the anchors is not connected to the battery. Both target points and origin 
points are inside the test area previously mentioned. 

The aim of this test is to observe if the system is able to work when one of the anchors is 
down. 

Obtained results demonstrate that firmware is not able to get the location of the scale-model 
vehicle as is expected due to the needed of at least three anchors to estimate the position. 
Due to this, rover gets lost. 

 

5.2 Hyperbolic Coordinates 

Tests done in this sub-section, are made with hyperbolics coordinates. The results of the 
tests are more detailed discussed on Results Interpretation sub-section. 

 

5.2.1 Test 8: Measures inside the test area. Hyperbolic 
 

As done in cartesian coordinates, this test consists on selecting some target points inside the 
rectangle area delimited by the anchors, and to make the rover moves with the developed 
navigation solution to those points from different origin points inside the same rectangle 
test area. 
Purpose of this test is to determine the performance of the system with hyperbolics 
coordinates. 
Results are shown in table 16 and 17.  

In table 16, although the test is done in hyperbolic coordinates, the cartesian coordinates of 
these hyperbolic coordinates are used to get the distance between the target point and the 
final rover position, and the distance between the final estimated position by the firmware 
and the final rover position , in order to be compared with the test 1 on cartesian 
coordinates.  

Table 16: Test 8. Results 1 

 Distance between target point 
and final position of the rover 

Distance between final rover point 
and final PANS estimated position 
of the rover 

Mean 16.63 cm 8.26 cm 

Median  15.00 cm 7.28 cm 

Maximum  26.63 cm 21.02 cm 

Minimum  2.83 cm 2.00 cm 
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Table 17 follows the equation (5.1) for observing if the 12 centimeters distance between 
hyp12 and hyp23 coordinates of the rover final position, and hyp12 and hyp23 coordinates of 
the target point is fulfilled: 

 

|(ℎ𝑦𝑝12, ℎ𝑦𝑝23)𝑡𝑎𝑟𝑔𝑒𝑡 − (ℎ𝑦𝑝12, ℎ𝑦𝑝23)𝑟𝑜𝑣𝑒𝑟|            (5.1) 
 

Table 17: Test 8. Results 2 

 Hyp12 target – Hyp12 rover Hyp23 target – Hyp23 rover 

Mean 13.94 cm 16.28 cm 

Median  13.00 cm 11.00 cm 

Maximum  34.00 cm 49.00 cm 

Minimum  0.00 cm 1.00 cm 

 
Additionally to those results, it is important to remark that next to the target point, the 
scale-model vehicle rotates from one side to another side until it stops.  

Those results do not include the measures done near the anchors because when the target 
point is next to anchors (approximately 15 centimeters distance or less to the anchors), the 
error distance between the target point and the rover final position generally increases as in 
cartesian coordinates and for the same reasons. For that reason, test 9 is made. 

5.2.2 Test 9: Measures inside the test area. Target points near the anchors. 
Hyperbolics 
 

Due to it is observed that for target points near the anchors, the distance between the target 
point and the final position of the rover, and the distance between the final rover position 
and the position estimated by the PANS firmware are increased, this test pretends to 
observe how much increases. 

Test consist on selecting some target points inside the rectangle test area formed by the 
anchors as in the last test, but in this case next to the anchors (at a distance less or equal to 
15 centimeters), and to make the rover moves from some origin points inside the teste area 
to those points. 

Tables 18 and 19 show the results. They follow the same philosophy as previously. 
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Table 18: Test 9. Results 1 

 Distance between target point 
and final position of the rover 
(Target point near anchors) 

Distance between final rover point 
and final PANS estimated position 
of the rover (Target point near 
anchors) 

Mean 22.76 cm 13.65 cm 

Median  22.20 cm 13.45 cm 

Maximum  36.80 cm 22.36 cm 

Minimum  6.62 cm 6.40 cm 

 
 

Table 19: Test 9. Results 2 

 Hyp12 target – Hyp12 rover 

(Target point near anchors) 
Hyp23 target – Hyp23 rover  

(Target point near anchors) 

Mean 19.29 cm 19.14cm 

Median  21.00 cm 10.00 cm 

Maximum  36.00 cm 39.00 cm 

Minimum  3.00 cm 4.00 cm 

 

5.2.3 Test 10: Rover stops when N = 3. Hyperbolics 
 

It is observed from test 1 that the error of 12 centimeters distance between hyp12 and hyp23 
coordinates of the rover final position and hyp12 and hyp23 coordinates of the target point is 
not fulfilled in mean (although is very closer), and that maximum values are very high. 

In order to determine what is the problem is, as in cartesian coordinates, it is set a number 
of three consecutive times that rover must be inside the 12 centimeters error distance, 
before the rover to be stopped. Results are shown in table 20. 

 
Table 20: Test 10. Results 1 

 Hyp12 target – Hyp12 rover Hyp23 target – Hyp23 rover 

Mean 9.83 cm 9.00 cm 

Median  9.00 cm 9.00 cm 

Maximum  17.00 cm 17.00 cm 

Minimum  6.00 cm 2.00 cm 
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It can be observed that the error decreases and it is within the 12 centimeters limit, except 
for the maximum values. 

The reason for that maximum value is not within the error limit may occur because of the 
ranging estimation error. To demonstrate that, some measures are done between the tag and 
one anchor at different distances. For that reason, test 11 is carried out. 

In addition, table 21 shows the results of the distance between the target point and the final 
rover position. 

 
Table 21: Test 10. Results 2 

 Distance between target point and 
final position of the rover 

Mean 16.89 cm 

Median  15.33 cm 

Maximum  26.40 cm 

Minimum  9.85 cm 

 

It can be observer that distance between target point and final position of the rover 
practically does not change respect N = 1. 

5.2.4 Test 11: Ranging 
 

The purpose of this test is to observe how the modules estimate the distance between an 
anchor and a tag. 

For that purpose, the tag is placed in front of one anchor at a certain distance between the 
antennas and the ranging is measured (during the measures the tag and anchor do not move. 
Figure 64 shows that concept. 

Table 22 shows the results. 
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Table 22: Test 11. Ranging Results 

Theoretical 
Distance 

25 cm 30 cm 45 cm 60 cm 75 cm 90 cm 105 cm 120 
cm 

Mean 
distance 

measured  

0.00 
cm 

 

18.14 
cm 

37.68 
cm 

52.51 
cm 

62.95 
cm 

84.45 
cm 

95.72 
cm 

113.23 
cm 

Difference 
between 

theoretical 
and 

measured 
distance 

 
 

25.00 
cm 

 
 

11.86 
cm 

 
 

7.32 
cm 

 
 

7.49 
cm 

 
 

12.05 
cm 

 
 

5.55 
cm 

 
 

9.28 
cm 

 
 

6.77 
cm 

 

It can be appreciated that the deviation in the maximum error is caused by this ranging 
error. 

 

 

Figure 64: Test 9 Scenario 
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5.2.5 Test 12: Target point outside test area. Hyperbolic 
 

This test consists on selecting some target points outside the rectangle test area formed by 
the anchors and to make move the rover from origin points inside the rectangle test area 
formed by the anchors to those points.  

Purpose of this test is to check if target points outside the delimited area can be reached 
successfully. 

This and following tests are done using cartesian coordinates with N = 3 due to the 12 
centimeters error is better fulfilled. 

Tables 23 and 24 shows the results. As in other tests, the results are exposed in the same 
way that test 8. 

Table 23: Test 12. Results 1 

 Distance between target point 
and final position of the rover  

Distance between final rover point 
and final PANS estimated position 
of the rover 

Mean 28.80 cm 17.94 cm 

Median  27.54 cm 20.17 cm 

Maximum  45.65 cm 30.87 cm 

Minimum  11.66 cm 6.32 cm 

 

 
Table 24: Test 12. Results 2 

 Hyp12 target – Hyp12 rover Hyp23 target – Hyp23 rover 

Mean 11.67 cm 9.33 cm 

Median  9.00 cm 9.50 cm 

Maximum  23.00 cm 19.00 cm 

Minimum  3.00 cm 1.00 cm 

 

5.2.6 Test 13: Origin point outside the test area. Hyperbolics 
 

This test consists on selecting some target points inside the rectangle test area formed by 
the anchors and to make the rover moves from origin points outside the rectangle test area 
formed by the anchors to those target points.  

Purpose of this test is to check if target points inside the test area can be reached 
successfully when the origin point is outside the rectangle test area delimited by the 
anchors. 



94  Chapter 5. Results 
 

  

It is obtained that sometimes the rover gets lost. For times which rover reach the target 
point tables 25 and 26 shows the results. 

 
Table 25: Test 13. Results 1 

 Distance between target point 
and final position of the rover  

Distance between final rover point 
and final PANS estimated position 
of the rover 

Mean 22.97 cm 14.28 cm 

Median  22.36 cm 11.40 cm 

Maximum  37.20 cm 27.29 cm 

Minimum  10.05 cm 4.00 cm 

 
Table 26: Test 13. Results 2 

 Hyp12 target – Hyp12 rover Hyp23 target – Hyp23 rover 

Mean 14.13 cm 9.25 cm 

Median  9.50 cm 6.50 cm 

Maximum  31.00 cm 18.00 cm 

Minimum  6.00 cm 0.00 cm 

 

5.2.7 Test 14: Origin and target point outside test area. Hyperbolic 
 

Due to it has been tested when target or origin point is outside of the test area, this test tries 
to observe what happens when both the origin and the target points are outside of the test 
area, so this test consist on select some target points outside the area aforementioned and to 
make the rover moves to those target points from origin points also outside the test area. 

The results obtained shown that sometimes the rover gets lost. For that times at which rover 
reach the target point tables 27 and 28 show the results, exposed as the other tests. 

 
Table 27:Test 14. Results 1 

 Distance between target point 
and final position of the rover 

Distance between final rover point 
and final PANS estimated position 
of the rover 

Mean 10.56 cm 8.24 cm 

Median  10.98 cm 7.94 cm 

Maximum  14.87 cm 15.00 cm 

Minimum  3.16 cm 4.25 cm 
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Table 28: Test 14. Results 2 

 Hyp12 target – Hyp12 rover Hyp23 target – Hyp23 rover 

Mean 18.50 cm 13.17 cm 

Median  16.50 cm 12.50 cm 

Maximum  30.00 cm 20.00 cm 

Minimum  10.00 cm 9.00 cm 

 
 

5.2.8 Test 15: One anchor down. Hyperbolic 
 

This test is based on performance the navigation when one anchor is down. For this 
purpose, one of the anchors is not connected to the battery. 

The aim of this test is to observe if the system is able to work when one of the anchors is 
down. 

Obtained results demonstrate that it is not possible to get the location of the scale-model 
vehicle as is expected due to the needed of at least three anchors to estimate the position. 
Without one distance, at least one of the hyperbolic coordinates cannot be calculated. Due 
to this, rover gets lost. 

 

5.3 Results Interpretation 

With all the results exposed, some conclusions can be inferred: 

▪ One of them is that both in cartesian and hyperbolic coordinates, when target points 
are next to the anchors, the distance between the final rover position and the target 
point increases respect when are not next to the anchors. (This distance increment is 
approximately 6 centimeters in both cases).  
 
It can be observed in addition that the distance between the final rover position and 
the position estimated by the firmware increases too. All of this is due the cross of 
the hyperbolas next to the anchors are less orthogonal than in other points inside the 
test area and because the hyperbolic coordinates are more separately of each other 
making the positioning less accurate. 
 
That is applied to the cartesian coordinates too because PANS firmware estimates 
the cartesian coordinates using hyperbolic coordinates (although a mobile mean 
with the last three positions is done too). 
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In addition, as said previously, next to the anchors the estimated distance by PANS 
is always 0. 
 
That leads to the conclusion that must be a separation between the anchors and the 
site where the navigation is done to achieve the best performance. 
 

▪ Another conclusion is that results with N = 3 reduces the distance between the final 
rover position and the rover target in the cartesian coordinates, and the 12 
centimeters error between the difference of the hyperbolic coordinates of the target 
point and the final rover position is fulfilled in average. So, the performance of the 
system is better. 
 
In cartesian coordinates some measures exceed the 10 centimeters. Those deviations 
can be explained due to sometimes, the error in the position estimation by the PANS 
firmware is higher than the typical 10 centimeters in LoS according to [40]. 
 
In hyperbolic coordinates, something similar occurs. When the 12 centimeters error 
in each hyperbolic coordinate between the target point and the final rover position in 
hyperbolics is higher seems to be due to the variation in the distance range 
estimation between the tag and the anchors. 
 

▪ Another conclusion to remark is that the navigation must be done inside the 
rectangle test area limited to the anchors. This is due to outside this test are, the 
rover may get lost in both cartesian and hyperbolic coordinates. However, 
hyperbolic coordinates demonstrate more robustness when the rover was outside of 
the area. 
 

▪ Another conclusion is that the use of the cartesian coordinates makes the navigation 
more accurately than using hyperbolic coordinates. 

 
▪ Navigation solution works well, achieving an average of a distance between the 

target point and the final rover position of 8.34 centimeters in cartesian coordinates 
and 16.89 centimeters in hyperbolic coordinates. 

 
▪ Those times when in hyperbolic coordinates rover rotates abruptly may be caused 

by a sudden change in the hyperbolics coordinates position estimated. A solution for 
that is proposed in Improvements and Future Work sub-section of chapter from 
Conclusions section. 

 
 

▪ Finally, it is important to remark, that the hyperbolic coordinates results are 
obtained to a determined height based on the height of the towers where the anchors 
are placed and the height at tag module is embarked on the scale-model vehicle.  
 
Due to the anchors have a height, hyperboloids are formed instead hyperbolas, but 
the cross with the plane in which the rover antenna is, creates the hyperbolas. 
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Depending on the height, the hyperboloids are crossed in different parts of them 
giving as result different hyperbolas. As antenna’s height increases, the curvature of 
the hyperbolas is greater making the positioning less accurate. 
 
 

5.4 Tag-Host Communication 

As said previously, out of the goals of this project and thinking that add more value to the 
navigation solution, a tag-host communication was intended to be implemented. The option 
chosen between the two previously proposed were to use the BLE technology implemented 
in the SoC nRF52832 following the philosophy of saving costs 

The results of testing this improvement during its implementation are shown then. 

For testing the communication, the nRF Connect for mobile app running in a smartphone 
was used, and a new BLE stack into to SoC nRF52832 in the Decawave module on board 
the scale model vehicle was implemented. 

 5.4.1 Test 1: Advertising 
 

In a BLE connection the first step is the advertising process, so the purpose of this test is 
verified the correct operation of advertising. 

Advertising process can be observed that is carried out successfully in figure 65. 

 

 

Figure 65: Advertising 
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5.4.1 Test 2: Connection 
 

Due to stablish a connection is found, this test tries to verify a successfully connection. 

When click on Connect button, the tag is able to connect with the smartphone, but when the 
connection parameters are updated then there is a problem, and a disconnection occurs. 
That can be seen in figure 66. 

 

Figure 66: Connection is down 

 

The reason why this happens is unknown, but maybe some incompatibility problems could 
exist when using a new BLE stack while Decawave’s PANS firmware is running too. This 
assumption is based on some post on the Decawave’s Tech Forum [47] where it is 
commented that UWB scheme integrity can be broken and because when firmware is used, 
some peripherals are blocked [35]. A further investigation should be carried out in a future 
work to explore about the viability of this solution. 
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After that, it was tried to implement the other solution for the communication (by creating a 
gateway with a Raspberry Pi 3 model B and an attached DWM1001-Devmodule) but the 
delivery of the Raspberry was delayed, and the lack of time made impossible continue with 
this improvement. This idea is suggested as a future work in the Conclusions and Future 
Work chapter. 
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Chapter 6 
 

Budget 

This chapter exposes the expenditures of this project. The budget is divided in three 
sections. The first one corresponds to the material resources, the second one to the software 
resources and the third one corresponds to the human resources. 

The most part of the material resources have been funded by the Radio-Communications 
research group (GRC).  

6.1 Software Resources Budget 

Software resources budget are shown in table 29. 

 

Table 29: Software Resources Budget 

Ref Details Units Unit Value Total 

1 MATLAB 1 0.00 € 0.00 € 

2 SEGGER IDE 1 0.00 € 0.00 € 

3 J-Flash Lite 1 0.00 € 0.00 € 

4 DWM1001_PANS_R2.0 1 0.00 € 0.00 € 

5 Nordic Semiconductor nRF5 SDK v12.1.0 1 0.00 € 0.00 € 

6 Microsoft Office 1 0.00 € 0.00 € 

7 DRTLS Manager App 1 0.00 € 0.00 € 

8 nRF Connect for Mobile App 1 0.00 € 0.00 € 

Subtotal: 0.00 € 

 
Note: MATLAB and Microsoft Office cost is 0 € thanks to the campus license which 
makes possible its use without any fee. The other software resources cost is 0 € due to this 
software is free for developers and/or non-commercial purposes. 
 

6.2 Material Resources Budget 

Material resources expenditures are shown in table 30. 
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Table 30: Material Resources Budget 

 

Ref Details Units Unit Value Total 

1 Adafruit scale-model vehicle Mini Round 
Robot Chassis Kit-2WD 

1 18.11 € 18.11 € 

2 Adafruit TB6612FNG Motor Current Driver 1 5.07 € 5.07 € 

3 Decawave DWM1001-Dev board 5 25.48 € 127.40 € 

4 Batteries Xiaomi Mi Power Bank 2S 2 18.09 € 36.18 € 

5 Personal Computer 1 40.00 € 40.00 € 

6 Oscilloscope 1 0.00 € 0.00 € 

7 Solder 1 3.33 € 3.33 € 

8 Multimeter 1 2.00 € 2.00 € 

9 Automatic Screwdriver 1 20.00 € 20.00 € 

10 Drill 1 12.50 € 12.50 € 

11 Radial 1 22.50 € 22.50 € 

12 Pliers 1 0.50 € 0.50 € 

13 9V batteries 4 1.80 € 7.20 € 

14 1.5 V AA batteries 3 0.29 € 0.87 € 

15 9V battery holder. Type 1 1 7.25 € 7.25 € 

16 9V battery holder. Type 2 1 2.65 € 2.65 € 

17 1.5 V AA 3 batteries holder 1 4.75 € 4.75 € 

18 2x13 Pin Header 1 9.60 € 9.60 € 

19 Materials to construct anchors tower 3 1.65 € 4.95 € 

20 Cables 2  0.40 €/m 0.80 € 

21 Screws Some 0.20 € 0.20 € 

22 Smartphone 1 67.00 € 67.00 € 

23 Raspberry Pi 3 model B 1 40.92 € 40.92 € 

Subtotal: 433.78 € 

 
Note: Oscilloscope cost is 0 € due to this material is in the IAC (Ingeniería Audiovisual y 
Comunicaciones) department laboratory. Personal computer, solder, multimeter, automatic 
screwdriver, drill, radial, pliers and smartphone cost are weighted between the project 
period time, original cost and life years due to these materials were not specifically got for 
this project. 
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6.3 Human Resources Budget 

Human resources expenditures are shown in table 31. 
 

Table 31: Human Resources Budget 

 

Ref Details Hours Price/Hour Total 

1 Recently graduated engineer  390 12.00 € 4,680.00 € 

Subtotal: 4,680.00 € 

 
 

6.4 Total Budget 

 
Total expenditures are shown in table 32. 

 
Table 32: Total Budget 

 

Ref Details Total 

1 Material Resources Expenditure 433.78 € 

2 Software Resources Expenditure 0.00 € 

3 Human Resources Expenditure 4,680.00 € 

Total: 5,113.78 € 

 
Total budget for this project amounts the figure to FIVE THOUSAND ONE HUNDRED 
THIRTEEN EUROS WITH SEVENTY-EIGHT CENTS. 
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Chapter 7 
 

Conclusions and Future Work 

The main purpose for this project was to propose a solution for indoor positioning and 
autonomous navigation by developing an indoor RTLS system based on an UWB WSN to 
get the position of a scale-model vehicle (rover) and to make it autonomously move from 
an origin point to a destination point.  

For that purpose, some goals were originally gives such as: building the anchors, assembly 
an autonomous scale-model vehicle and integrate all the components required in order to 
develop a full indoor navigation solution. 

Additionally, out of the goals for this project, a tag to a central host communication was 
proposed to be implemented by BLE or UWB, In order to share the target point and the 
coordinate system using in the navigation from the central host to the tag, as we considered 
this could give an added value to the navigation solution. 

For that purpose, a RTLS positioning system with three anchors, one tag (on board an 
scale-model vehicle) and one smartphone was deployed. 

Anchors are composed by a tower and a DWM1001-Dev board running Decawave’s PANS 
firmware, and the tag is composed by the scale-model vehicle, a DWM1001-Dev board 
running Decawave’s PANS firmware, a TB6612FNG current’s driver for 2 DC motors, and 
a C tailored application on top of it which implements the navigation solution. In addition, 
it is composed by some batteries for powering DWM1001-Dev, TB6612FNG current’s 
driver for moving the motors using the GPIOs from DWM1001-Dev board, and two 9 V 
batteries for powering the motors.  

Smartphone runs the DRTLS application which allow to configure the tag and the anchors 
via BLE as well as receiving the tag’s position on the opposite direction. 

After building the anchors, assembly the scale-model vehicle and integrate the components 
on the scale-model vehicle, the navigation solution was developed. 

Navigation solution was done by using a closed-loop solution with different blocks as a 
limiter, vector comparer, etcetera. In addition, that navigation is done using the SS-TWR 
ranging technique for positioning and may be performed either in cartesian or in hyperbolic 
coordinates. 

For carrying out the navigation, two movements are done by the scale-model vehicle 
(rotation and translation), so the theoretical movements equations were obtained and later 
modified to adapt them to the rover real conditions and to the environment. These equations 
with the rest of the blocks were implemented in software in a C tailored application 
uploaded to the DWM1001-Dev board. 
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After testing the system with different tests some conclusions were obtained. The most 
important of them were that outside the rectangle test area delimited by the anchors, the 
scale-model vehicle may be lost, so the navigation must be performance inside this area. 

In addition, both in cartesian and hyperbolic coordinates, target points next to the anchors 
makes that the distance between the final rover position and the target point increases, so 
for a better performance, the anchors must be a bit separately from the navigation area. 

Another important conclusion is that between cartesian and hyperbolic coordinates, the 
navigation is more accurate with cartesian coordinates. 

With all conclusions, it can be said that the objectives for this project were completely 
achieved (building the anchors, assembly the scale-model vehicle, integrates the electronic 
components of the rover, develop the navigation solution in cartesian and hyperbolic 
coordinates, etc.), obtaining an average distance error between the target point and the final 
rover position of 8.34 centimeters in cartesian coordinates, and 16.89 centimeters in 
hyperbolic coordinates. 

Talking about the improvement of the tag-host communication, the results after testing the 
tag-host communication is that the advertising is carried out successfully, but after the 
connection parameters update, the connection is down for any unknown reason. That reason 
is assumed to be a problem for use a new BLE stack when Decawave’s firmware is running 
too. 

7.1 Improvements and Future Work 

As said, the objectives for this project were met, but still exist some improvements and new 
opportunities that need further actions. 

Continuing with the improvement discussed in this document, i.e. the implementation of 
the communication between the tag and central host using the Raspberry Pi 3 model B and 
the DWM1001 module as gateway. 

One issue detected is in hyperbolic coordinates, when the scale-model vehicle gets move 
with abrupt rotations from one side to another side near to the destination point. Maybe, 
one way to achieve a better stability of the rover is make something similar that is done in 
the Decawave’s firmware location engine where a mobile mean of some last positions is 
done to smooth the error, or maybe use some kind of filter solves that. 

Another improvement is related with the accuracy. It can be inferred that when the 
positioning accuracy is better, the distance between the target point and the final rover 
position decrease allowing a better performance. So, maybe adding another anchor (due to 
Decawave`s firmware ranging up to four anchors) at least in cartesian coordinates, the 
positioning accuracy could be better, so the navigation performance could be improved too. 

Something that has not been much commented until now is that rover cannot detect any 
obstacle, so the area where the navigation is done must be empty. So, another improvement 
is to equip the scale-model vehicle with some sensors to detect obstacles and avoid them. 
Some sensors that can be used for this purpose are ultrasound sensors, cameras, infrared, 
etc. In addition, this type of sensors may increase the performance of the system. 
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Another improvement related to the efficiency is the control of the power applied to the 
motors. As the scale-model vehicle is operated in time, the voltage of the batteries 
decreases varying the maximum angular velocity, and even making in some point that the 
power applied to motors for a determine movement is so low than cannot be done. So, 
maybe, the voltage at the motors can be sensed to modify some parameters based on this 
voltage value and take a better advantage of the batteries. 

In addition, with navigation solution, a set of destination points can be passed with a 
determine distance between them and build a route through which the rover must go. 
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Appendix 1. User Manual 

This appendix consists on the user manual relative to the indoor positioning and 
autonomous navigation solution developed on this project. 

First thing is to download and/or install the following software: 
▪ J-Link software suite. Can be downloaded from [43]. 

 
▪ SEGGER Embedded Studio. Can be downloaded from [43]. 

 
▪ GNU ARM Embedded Toolchain 5.4 2016q3. Can be downloaded from [42]. 

 
It is recommended to use the default installation path. 
In order to start the system, the first step is to flash the firmware provided by Decawave 
into the DWM1001 modules. This firmware is provided in the CD-ROM. 

That is made using J-Flash Lite program from J Link software suite. For flashing 
DWM1001 modules: 

1) Connect the DWM1001-Dev board to the PC (Personal Computer). 
 

2) Open J-Flash Lite. 
 

3) Select NRF52832_XXAA in device field, SWD in interface field and a speed of 
1000 kHz. Figure Appdx 1 shows the configuration. Click OK. 

 

 

Figure Appdx 1: J-Flash Lite Configuration 

 
4) A screen as figure Appdx 2 will appear. Click Erase Chip. 

 
 

5) In Data File field select the DWM1001_PANS_R2.0.hex file. 
 

 
6) Click Program Device. 

 
 

7) When flashing is done remove the DWM1001-Dev board from the PC. 
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8) Repeat these steps for all modules. 

 
 

 

 

Figure Appdx 2: J-Flash Lite Screen 

 

So far, the Decawave’s firmware is flashed into the DWM1001-Dev boards involved in the 
RTLS (Real Time Location System). 

Next thing to do is configure the role of the modules (tag or anchor). For that, install the 
DRTLS Manager app in your Android smartphone or tablet. DRTLS Manager release 2 is 
provided in the CD-ROM as an apk file. 

For configuring the modules: 
1) Connect the DWM1001-Dev board to the battery. 

 
2) Open DRTLS Manager. For using the app please refer to section 6 in [48] 

MDEK1001_System_User_Manual 
 

3) If the module will perform as anchor set the configuration shown in figure Appdx 3. 
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In network field will appear the name of your network, in initiator field check it only in one 
anchor, in the rest of them do not check it, and in position field, select the position at which 
the anchor will be placed.  
 
If using the scale-model vehicle and the anchors developed in this project, in Z coordinate 
select 0.22 due to it is the real height from the scale-model vehicle antenna to the anchor 
antenna. 
 
Anchor with address DW479D is focus 1, anchor with address DW5DAD is focus 2, and 
anchor with address DW0CE6 is focus 3.  
Focuses must be placed in the same relative position as shown in figure Appdx 4 i.e. focus 
1 in the negative x-axis, focus 2 in the positive x-axis, and focus 3 in the positive y-axis in 
the mediatrix of focuses 1 and 2. 
 

 

Figure Appdx 3: Anchor Configuration 
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Figure Appdx 4: Focuses Relative Positions 

 

4) If the module will perform as tag (embarked on the scale-model vehicle) set the 
configuration shown in figure Appdx 5. 
 

In network field will appear the name of your network 
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Figure Appdx 5: Tag Configuration 

 

5) The configuration of all modules involved must be done. 
 

Next thing to do is select the coordinate system, the destination point and other parameters. 
In the CD-ROM, go to /rover/Proyecto/rover and open the SEGGER project 
(rover.emProject).  

 
▪ If navigation must be done in cartesian coordinates: 

 
1) Go to rover_main.c and find the lines shown in figure Appdx 6. In target_x 

variable replaces its value by the desired target x-coordinate and in target_y 
idem with target y-coordinate. 
 

2) In coord variable, replaces its value by CARTESIAN_COORD 
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Figure Appdx 6: Lines to Modify. Cartesian 

▪ If navigation must be done using hyperbolic coordinates: 
 

1) Go to rover_main.c and find the lines shown in figure Appdx 7. In target_x 
variable replaces its value by the desired target hyp12-coordinate and in target_y 
idem with desired target hyp23 coordinate. 
 

2) In coord variable, replaces its value by HYPERBOLIC_COORD. 
 

3) In height variable put the Z coordinate put in DRTLS Manager app for the 
anchors. 

 
4) In the rest of the variables idem as previous step, i.e. same x and y-coordinate in 

which the anchors will be placed as in DRTLS Manager app. 

 

 

Figure Appdx 7: Lines to Modify. Hyperbolics 

 

5) If different modules are used as anchors, they have different addresses that used 
in this project. If that occurs, must be changed that on lines shown in figure 
Appdx 8 (get_location function in rover.c file). That numbers must be the 
addresses in decimal notation. 
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Figure Appdx 8: Lines to Modify 

Final step is flashing the application into the DWM1001 module which is going to act as 
tag. For flashing the custom application: 

 
1) Inside the SEGGER project, click on Build in the top bar menu, and then Build 

rover. 
 

2) Click on Target in the top bar menu and then Download rover. 
 

3) When flashing is done remove the DWM1001-Dev board from the PC. 

 
Finally, placed the anchors in the select place. 
 
So far, the system is able to be used. 
The use of the scale-model vehicle is explained now. 
When all is setting, place the rover inside the rectangle area delimited by the anchors, hit 
the switch (see figure Appdx 9) to power the DWM1001-Dev board and connect the free 
cable within 10 seconds into the correspondent place (see figure Appdx 10) for powering 
the motors. 
Now scale-model vehicle will go from its current point to the target point selected. 
To choose another target point you must change the values of tharget_x and target_y 
variables. 
To turn off the scale-model vehicle, remove the cable aforementioned and hit the switch 
again. 
Every time you want change the target position, the rover must be turn off for flashing the 
new target position. 
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Figure Appdx 9: Switch Location 

 

 

Figure Appdx 10: Connect Motor Batteries 
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