UNIVERSIDAD POLITECNICA DE MADRID

Escuela Técnica Superior de Ingenieros Industriales

Encoded surfaces that are read by three-

dimensional radar imaging systems

DOCTORAL THESIS

Submitted for the degree of Doctor by:

Alejandro Badolato Martin

Ingeniero de Telecomunicacion

Madrid, 2024



UNIVERSIDAD POLITECNICA DE MADRID
Escuela Técnica Superior de Ingenieros Industriales

INDUSTRIAL

Doctoral Degree in Mechanical Engineering

Encoded surfaces that are read by three-

dimensional radar imaging systems

DOCTORAL THESIS

Submitted for the degree of Doctor by:

Alejandro Badolato Martin

Ingeniero de Telecomunicacion

Under the supervision of:

Dr. Juan de Dios Sanz Bobis

Madrid, 2024



Title: Encoded surfaces that are read by three-dimensional radar imaging

systems
Author: Alejandro Badolato Martin
Doctoral Programme: Mechanical Engineering
Thesis Supervision:

Dr. Juan de Dios Sanz Bobis, Profesor Contratado Doctor, Universidad
Politécnica de Madrid

External Reviewers:

Thesis Defense Committee:

Thesis Defense Date:



1

Dedicado a 1a memoria de mi Padre



Acknowledgements

A la Universidad Politécnica de Madrid, por formarme como Ingeniero y por
seleccionar, como proyecto ganador del concurso ActaaUPM en su certamen del
ano 2016, a la empresa Auto Drive Solutions S.L. Al Grupo de Microondas y
Radar de la Escuela Técnica Superior de Ingenieros de Comunicacién de la UPM
por mi formacién como investigador en tecnologia radar. Al CDTI por su apoyo
financiero para la realizacion de los prototipos desarrollados en esta tesis a
través de sus programas NEOTEC y CIEN. A Avalmadrid por facilitar ayuda
financiera para la realizacién de los proyectos de investigaciéon de esta tesis. A
ENISA por el impulso que supuso en este proyecto su préstamo participativo. Al
Ministerio de Ciencia, Innovacion y Universidades por su beca Torres Quevedo.
Al Instituto Fraunhofer por ofrecerse a colaborar en el proyecto EUREKA. A
Carlos A. Fernandes del Instituto de Telecomunicac¢oes de Lisboa por el disefio de
la lente de enfoque empleada en los prototipos ferroviarios de esta tesis. A Julian
Arribas de la empresa Keysight Technologies por su apoyo y por facilitar equipos
de instrumentaciéon y medida para realizar ensayos. A Wolfgang Winkler de la
empresa Silicon Radar Gmbh por facilitar prototipos radar para la realizacién de

los prototipos.

A Metro de Madrid, por facilitar sus trenes e instalaciones para realizar ensayos.
A la Direccion General de Infraestructuras de Transporte Colectivo de la
Consejeria de Transportes, Movilidad e Infraestructuras de la Comunidad de
Madrid por su autorizaciéon de acceso a las vias de la linea Pinto-San Martin de la
Vega para la realizaciéon de ensayos. A Frederic, Polis y Joan de la empresa
Masats S.A. por su interés y colaboracién para implementar el sistema de parada
precisa que se propone en esta tesis en su sistema de puertas de andén. A los
Ferrocarrils de la Generalitat de Catalunya por facilitar la realizacién de ensayos

de parada precisa con sus trenes en sus instalaciones.

A Javier Herrero, responsable del area de vias y obras del Ayuntamiento de Leon,
por su apoyo al proyecto y por facilitar el despliegue de una pista de pruebas para
dar soporte al transporte publico mediante la solucién de guiado que se propone

en esta tesis.

A todos aquellos que han contribuido, de alguna manera, a que haya podido

realizar esta tesis. A todos vosotros, muchas gracias.

1ii



A Juan de Dios por aceptarme como alumno para la elaboracién de esta tesis, por
todo el conocimiento que me ha transmitido, por toda la ayuda que me ha

prestado incondicionalmente y por su amistad.

A mi compafniero de trabajo y amigo Javier. Por su apuesta personal por este

proyecto, por sus ideas y por su sentido del humor.

A mi intimo amigo, socio y companiero de estudios de Doctorado Jestis Antonio del
Castillo. Jests estuvo apoyandome este proyecto de tesis desde sus inicios.
Gracias a sus conocimientos como Ingeniero de Caminos Canales y Puertos,
descubrimos juntos la forma éptima de adaptar la carretera mediante marcas de
pintura en relieve. Su colaboracién también ha sido esencial a la hora de fundar y
gestionar la empresa Auto Drive Solutions S.L. que ambos dirigimos y cuyo
objetivo no es otro que el de tratar de desarrollar y comercializar las soluciones

tecnoldgicas que se proponen en esta tesis.

A mis amigos por estar siempre ahi cuando se les necesita y por los divertidos

momentos que compartimos.

A mi numerosa familia. A todos ellos, por sus animos y por su interés en mi
proyecto. A mi Padre Alfonso, a mi Madre Maria del Carmen y a mis hermanos
Cristina, Alfonso y Andrés por su apoyo. También quiero agradecer a Andrés la
paciencia y dedicacion que ha demostrado trabajando estrechamente conmigo en

este proyecto.

A mis suegros, Fernando y Maria Luisa, por toda la ayuda y carifio que he

recibido de ellos.

A mis hijos y sobrinos Noa, Pablo, Lucas y Marcos, por aguantarme cada dia y
por el tiempo que les he podido robar durante mis estudios. Especialmente, en

sus anos de infancia.

A mi companera de viaje en la vida y mi mujer Maria Luisa. Sin duda, es la
persona a la quiero agradecer su incondicional apoyo con mas énfasis y a la que
debo reconocer el mérito y el esfuerzo que ha permitido que pueda dedicarme al

estudio durante tantos anos. Gracias a ella hoy finalizo esta tesis.

v



Abstract

Millimeter wave radars, due to their high performance, have typically been used
for space exploration and security applications. Currently, they are used
massively in the automotive sector so that vehicles can perceive objects in their

environment.

This Thesis proposes a new use of these devices that consists of using radars as a
reading system on board a vehicle so that it can read encoded information over
the infrastructure that is deployed along its trajectory. By reading this
information, the vehicle can know its position safely and reliably with centimeter
precision. This approach i1s of special interest in rail transport and road

transport.

The operating principle of the reader system consists of determining the distance
between the onboard radar and the surface of each of the elements that encode
the information. These coding elements are low-cost, low-maintenance passive
devices that facilitate their deployment. Depending on the scope of application, a
set of metal sheets arranged at different heights on the tracks or a certain
combination of embossed 6 mm high two-component cold-plastic paint marks on
the asphalt is used.

As it is a radar reading system, its reliability is independent of the ambient
lighting conditions, it is not necessary for the surfaces to be clean or have good

retro-reflectivity and they can support traffic speeds greater than 360 km/h.

Precise train stopping at stations for platform screen doors deployment or impact
protection against buffer stops are some of its applications in the railway
industry. In road transport, this system provides an additional guidance
mechanism to the LDWS/ALKS systems that has greater reliability than optical
systems and better resilience on roads that are in poor condition. On the other
hand, the precise positioning and orientation of vehicles offered by this solution
enables the sharing of target-detection vectors between vehicles. This allows
vehicles to have a network of sensors deployed at different points to better

perceive the environment.

Another application that is of interest is to serve as a reference for ISA systems
for the adoption of a progressive speed limitation system in urban environments

or to serve as a reference for unmanned truck convoys.



In this Thesis, a valid encoding system is proposed and implemented for massive
deployment in the road network around the world using road markings that are
commonly used on numerous roads to improve the visibility of road markings in
rainy environments. A coding system that uses PVC pipes with metal sheets
inside to facilitate a precise stopping system for trains is also manufactured and

tested 1n real environments.

Two prototypes are presented for each of the two areas of application and the
results obtained. The ability of a vehicle to follow a track of raised paint
markings is demonstrated and the ability of a train to know its stopping point

with an accuracy of better than 2.5 cm 1s demonstrated.

The thesis concludes that vehicles equipped with an appropriate millimetre-wave
radar sensor can read information encoded in the infrastructure and, thanks to
this, can determine their position with centimeter precision. It also demonstrates
that it is possible to make a simple adaptation of the road network to achieve
digitalization through rapid, low-cost deployment that requires zero maintenance

during the useful life of the asphalt.
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Resumen

Los radares de ondas milimétricas, por sus elevadas prestaciones, han sido
utilizados tipicamente para la exploracién espacial y en aplicaciones de
seguridad. En la actualidad, son utilizados de forma masiva en el sector de la

automociéon para que los vehiculos puedan percibir objetos en su entorno.

Esta tesis contempla un nuevo uso de estos dispositivos que consiste en utilizar
los radares como un sistema de lectura embarcado en un vehiculo para que este
pueda leer informacion codificada sobre la infraestructura que esta desplegada a
lo largo de su trayectoria. Gracias a la lectura de esta informacion, el vehiculo
puede conocer su posicion de manera segura y fiable con precision centimétrica.
Esta aproximacion resulta de especial interés en el transporte ferroviario y en el

transporte por carretera.

El principio de funcionamiento del sistema lector consiste en determinar la
distancia existente entre el radar embarcado y la superficie de cada uno de los
elementos que codifica la informacién. Estos elementos de codificaciéon son
dispositivos pasivos de bajo coste y bajo mantenimiento que facilitan su
despliegue. Dependiendo del ambito de aplicacion, se emplea un conjunto laminas
metalicas dispuestas a diferentes alturas sobre las vias o una determinada
combinacién de marcas de pintura de plastico frio de doble componente en relieve

de 6 mm de altura sobre el asfalto.

Al tratarse de un sistema de lectura radar, su fiabilidad es independiente de las
condiciones luminicas ambientales, no es necesario que las superficies estén
limpias o presenten una buena retro-reflectividad y soportan velocidades de

circulacion superiores a 360 km/h.

La parada precisa del tren en estaciones para facilitar el despliegue de puertas de
andén o la protecciéon de impacto contra toperas son algunas de sus aplicaciones
en la industria ferroviaria. En el transporte por carretera, este sistema facilita un
mecanismo adicional de guiado a los sistemas LDWS/ALKS que presenta una
fiabilidad mayor que los sistemas Opticos y una mejor resiliencia en aquellas vias
que tienen un mal estado de conservacién. Por otro lado, el posicionamiento y la
orientacion precisa de los vehiculos que ofrece esta soluciéon habilitan la
comparticiéon entre vehiculos de los vectores de deteccién de objetos. Se permite
asi que los vehiculos puedan disponer de una red de sensores desplegados en

diferentes puntos para percibir mejor el entorno.
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Otra aplicacién que resulta de interés es servir de referencia a los sistemas ISA
para la adopcién de un sistema de limitacién de velocidad progresivo en entornos

urbanos o servir de referencia a los convoyes no tripulados de camiones.

En esta tesis se propone y se realiza un sistema de codificacién valido para su
despliegue de forma masiva en la red de carreteras de todo el mundo mediante
marcas viales que se utilizan habitualmente en numerosas carreteras para
mejorar la visibilidad de las marcas viales en entornos lluviosos. También se
fabrica y prueba en entornos reales un sistema de codificacion que emplea
tuberias de PVC con laminas metalicas en su interior para facilitar un sistema de

parada preciso a los trenes.

Se presentan dos prototipos para cada uno de los dos ambitos de aplicacion los
resultados obtenidos. Se demuestra la capacidad de un vehiculo para seguir una
pista de marcas de pintura en relieve y se demuestra la capacidad de un tren

para conocer su punto de parada con una precisiéon mejor que 2,5 cm.

La tesis concluye que los vehiculos equipados con radares de ondas milimétricas
adecuados pueden leer informacion codificada en la infraestructura y que, gracias
a ello, pueden determinar su posicion con precision centimétrica. También
demuestra que es posible realizar una sencilla adaptaciéon de la red de carreteras
para lograr su digitalizacién mediante un rapido despliegue de bajo coste que

requiere de un mantenimiento nulo durante la vida 1til del asfalto.
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Introduction

1. Introduction

1.1.Motivation and objectives of the Thesis

After finishing my degree in Telecommunications Engineering, I started my PhD
studies at the Microwave and Radar Group of the Polytechnic University of
Madrid. During my 4 years as a researcher in this group, I worked on developing
a novel millimeter wave radar (300-330 GHz) [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11] for remote detection of coanceled weapons and explosives under
clothing described in 4.1. This radar is capable of scanning a person's torso at 8
meters distance and obtaining a three-dimensional image of it. Since clothing is a
material permeable to millimeter waves, it 1s possible to detect potentially

dangerous hidden objects concealed under it.

In this research project, I had the opportunity to learn about the capabilities of

this type of radars such as:

Ability to measure distances with millimeter precision

Ability to detect any material

Ability to measure in times of tens of microseconds

Ability to focus radiated energy on a centimeter area

Ability to detect two targets separated by less than 1 cm from each other
Ability to pass through plastics

Given these properties, I wondered whether these devices could be used to help
guide and position wheeled vehicles. I considered two approaches to the problem.
The first approach involves installing radar devices in the infrastructure that are
capable of detecting the position of the vehicles. However, this solution was
quickly discarded due to the high installation and maintenance costs involved in
deploying it across the entire network. The second approach involves installing
sensors in the vehicles that detect certain patterns in the infrastructure that
allow the position and orientation of the vehicle to be determined accurately. For
this second approach to be valid, the infrastructure must have a sufficiently

precise unique radar signature that remains stable over time.

Taking advantage of the measurement capabilities of millimetre wave radars and
taking into account the characteristics of the infrastructure, I conclude, in a first

approximation, that it is necessary to modify the latter in order to provide it with

1
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a valid signature. This signature must consist of a certain type of information
that is encoded along the path followed by the vehicles. Given the enormous
length of the network, such modification must be low cost, easy to deploy and

require very low maintenance.

Reading information encoded using millimetre wave radars poses numerous
challenges. One option for encoding information that can be read by these radars
may be to modify the surface of the infrastructure to vary its reflectivity. In this
way, a logical level of O or 1 can be associated depending on the power level
received. However, this approach is not the most appropriate. The signal received
from a millimetre wave radar does not allow a metallic reflector to be easily
distinguished from a reflector with absorbent material. This is because the shape
of the surface on which the waves hit and, above all, the angle at which the
waves hit said surface, can cause variations in the power of the received signal in
the order of tens of decibels. Another possibility for encoding logical levels is to
generate dielectric change boundaries at different radial distances from the
radar. In this way, a reflection will occur at said dielectric change boundaries and
the radar will be able to accurately measure the distance to it. By associating

different distances with different logical levels, information can be encoded.

It is also possible to encode information by associating logical levels with
different thicknesses of a wave-permeable material such as plastic. In addition to
proposing these solutions, I conducted a search in scientific publications and in
the patent database. Not finding any similar solution, I decided to file a patent
application to solve the problem of precise and reliable positioning. This patent
has been published, among other countries, in the United States, Australia and

Israel and is pending publication in Europe.

This solution for positioning vehicles is also applicable to railways. However, I
did not initially consider this solution to be of interest as I thought that there
would be simpler solutions to solve the problem. By design, this means of
transport is guided by the tracks laid out along the route. Therefore, a simple
odometer should solve the problem. Later, I discovered the difficulties that train
detection systems have in determining the position accurately and I applied the

same operating principle to railway vehicles.

This thesis aims to present the solution for vehicle positioning using radar
devices that I have designed from a theoretical and technical point of view, to

analyse its possible advantages and disadvantages with respect to other existing
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technologies and to carry out a feasibility study for a possible mass deployment.
The ultimate motivation of this thesis is to try to improve transport safety and

efficiency.

1.2.0rganization of the Thesis

The Thesis is structured in 6 chapters. Chapter 1 is introductory and sets out the
motivation and objectives of this Thesis, provides a brief introduction to
millimetre wave radar systems and describes the state of the art of guidance and

positioning systems for railway vehicles and road vehicles.

Chapter 2 describes the methodology implemented to achieve the objectives of the
Thesis. It describes the different designs, prototypes and tests carried out that

have allowed the proposed ideas to be validated.

Chapter 3 explains in greater detail the operating principle of radars, with

special emphasis on continuous wave and frequency modulated radars.

Chapter O presents, as an introduction to millimetre wave radar systems, a radar
system for the detection of objects hidden under clothing, which I have
collaborated in developing during my experience as a researcher. This
introduction also proposes a positioning solution for railway vehicles and a
guidance and positioning system for road vehicles that uses this type of radar

and which are the result of my invention.

In subsequent sections, the proposed solutions are described in greater detail and
the adaptation of the respective infrastructures is proposed so that the on-board
radar sensors can read the information encoded in them, and the different

deployments of these adaptations are described.

This chapter also describes the mechanism by which the sensor reads the
encoded information and allows the position of the vehicle to be determined in
each of the two cases. It also presents 2 prototypes manufactured for each of the

two environments and the results obtained in the different tests.

Chapter 5 presents the different applications of the positioning systems
developed in both environments and refers to the results obtained in the tests of
each of the 4 prototypes manufactured, the collaboration in research projects, the

presentations, the publications and the patents that are the result of this Thesis.

Finally, Chapter 6 presents the conclusions and proposes future lines of action.
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En este capitulo, también se describe el mecanismo mediante el cual el sensor lee
la informacién codificada y permite determinar la posiciéon del vehiculo en cada
uno de los dos casos. También se presentar 2 prototipos fabricados para cada uno

de los dos entornos y los resultados obtenidos en los diferentes ensayos.

1.3.Millimeter wave radar systems

The word radar comes from the acronym Radio Detection And Ranging. These
are devices that, through the propagation of radio waves, are capable of detecting
the presence of an object and measuring the radial distance to it. Radars were
developed during the Second World War to detect the presence of enemy aircraft.
Since then, the main field of research and development of this technology has
remained in the military field. The first radars worked in frequency bands of
hundreds of megahertz and, later, as components such as oscillators, frequency
multipliers or higher frequency circulators have been developed, radars have
gradually increased their frequency. The main advantages of increasing
frequency are greater compactness of the radiating system and greater
resolution. The resolution of a radar is the ability to detect 2 targets that are very

close to each other and not confuse them with a single target.

Two-dimensional scanning radars (distance and azimuth) are those used to
detect aircraft in a given volume. These radars have two types of resolution:
longitudinal resolution and transverse resolution. Longitudinal resolution allows
the detection of two nearby targets that are at two different distances from the
radar in the same radial direction. This type of resolution is directly proportional
to the bandwidth transmitted by the radar and its theoretical value is governed
by equation (1) where c is the speed of light in the medium and BW is the
transmitted bandwidth.

AR = —= (1)

T 2BW

The bandwidth transmitted by a radar is usually limited by approximately 20%
of the radar's central frequency. Thus, the higher the operating frequency, the
greater the bandwidth available and the radar's range resolution can be
improved. On the other hand, the transverse resolution is the ability of a radar to
detect two targets close to each other that are at the same range from the radar

but are observed at a different azimuth angle. Transverse resolution depends on
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the directivity of the radiating system. The narrower the radiation beam, the
better the transverse resolution obtained. Directivity, in turn, is related to the
electrical size of the antenna. The electrical size of an antenna is defined as the
ratio between the physical dimensions of the antenna with respect to the
transmitted wavelength. The higher the frequency, the shorter the wavelength

and the larger the electrical size of the antenna for given dimensions.

Radars are typically built with components coupled in waveguides whose
dimensions are reduced with frequency to ensure monomodal propagation along
the frequency. These waveguides must be coated on the inside with a conductive
material. The higher the working frequency, the smaller the cross-section of the

waveguide and the lower the machining tolerances.

At the end of the 20th century, the state of the art did not reflect the existence of
components in the millimetre wave spectrum area, which comprises the
frequency range [30-300] GHz. Subsequently, improvements in machining
precision have been achieved and components in waveguides of hundreds of
gigahertz have been developed. However, these components are usually quite

expensive and are mainly used in defence and space exploration applications.

Over the last two decades, thanks to projects such as DOTSEVEN (FP7),
advances in semiconductor cut-off frequencies have enabled the development of
silicon components capable of operating at up to 800 GHz [12]. Other projects
such as ELIRAD (H2020) have collaborated in the development of millimetre
wave radars. These new radars do not require waveguides and are integrated
into a single chip which also includes the antennas. Thanks to their high
compactness and the drastic reduction in manufacturing costs, these radars
enable a new spectrum of applications in the industrial field [9], [10], [11], [13],
[14], [15], [16], [17]. Among these new applications, driving assistance radar

systems stand out.
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1.4. State of the art of vehicle guidance and positioning

systems

1.4.1. Positioning of railway vehicles

The main objective of train positioning is to regulate traffic safely. The main
railway traffic regulation systems are based on movement authorizations [18],
[19][20], [21], [22] that are sent from the control center that manages the
infrastructure to the trains as they circulate. If a train exceeds its movement
authorization without receiving a new authorization from the control center, it
stops. In order to properly manage movement authorizations, the control center
has deployed a series of equipment for train detection. These equipments include
axle counters [23], [24], [25], [26], [27], [28], [29], [30], track circuits [31], [32],
[33], [34], [35], [36], [37], [38] and radio frequency beacons [39], [40], [41], [42],
[43], [44], [45], [46]. Axle counters are devices installed at at least two points
along the route that detect when a bogie axle passes over the sensor. The
operating principle of this sensor is based on the variation of the magnetic field
produced by the presence of a metal wheel in its vicinity. In this way, these
sensors generate a signal for each wheel axle that passes over the sensor. The
objective of these sensors is to detect the occupation of a segment of the track
called a block. The block will remain occupied until the output axle counter
detects the same number of axles as the input sensor detected. Otherwise, it is
possible that one of the wagons has become uncoupled from the rest of the
composition, compromising traffic safety. This solution does not position the train
but rather aims to detect whether a track segment is free or not so that another
train can circulate through it. It is a fairly simple mechanism to determine
whether the block is occupied, however, it requires an initialization process

during start-up to ensure that no wagon is stopped inside the block.

The main objective of train positioning is to regulate traffic safely. The main
railway traffic regulation systems are based on movement authorizations [18],
[19] that are sent from the control center that manages the infrastructure to the
trains as they circulate. If a train exceeds its movement authorization without
receiving a new authorization from the control center, it stops. In order to
properly manage movement authorizations, the control center has deployed a
series of equipment for train detection. These equipments include axle counters
[23], [24], [25], [26], [27], [28], [29], [30] , track circuits [31], [32], [33], [34], [35],
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[36], [37], [38] and radio frequency beacons [39], [40], [41], [42], [43], [44], [45],
[46]. Axle counters are devices installed at at least two points along the route
that detect when a bogie axle passes over the sensor. The operating principle of
this sensor is based on the variation of the magnetic field produced by the
presence of a metal wheel in its vicinity. In this way, these sensors generate a
signal for each wheel axle that passes over the sensor. The objective of these
sensors is to detect the occupation of a segment of the track called a block. The
block will remain occupied until the output axle counter detects the same number
of axles as the input sensor detected. Otherwise, it i1s possible that one of the
wagons has become uncoupled from the rest of the composition, compromising
traffic safety. This solution does not position the train but rather aims to detect
whether a track segment is free or not so that another train can circulate through
it. It is a fairly simple mechanism to determine whether the block is occupied,
however, it requires an initialization process during start-up to ensure that no

wagon 1s stopped inside the block.

Another similar device for managing the occupation of blocks is the so-called
track circuits. The operating principle of track circuits consists of electrically
isolating each of the two rails that make up a section of the track and
transmitting a signal of a known frequency through one of them. This signal does
not propagate to the other rail thanks to the insulation between the two rails.
When a train or wagon is located inside the track circuit, it short-circuits the two
rails with its metal axis, allowing the signal to propagate to the other rail. This
device has the advantage, compared to axle counters, that it does not require an
Initialisation process during its start-up. On the contrary, it requires that the
rails are suitably insulated and limits the maximum length of the circuit to
several kilometres. Track circuits, like axle counters, do not determine the

position of a specific train.

Another device that does allow a train to be positioned is radio frequency
beacons. These beacons are classified into two types: active or passive depending

on whether they incorporate a power source that energizes them.

In the case of passive beacons, a sensor located on the underbody of the train and
called the Balise Transmission Module (BTM) [47], [48], [49] transmits a
frequency typically at 4.2 MHz. The radiated energy, when in the vicinity of the
beacon, resonates in the receiving antenna of the same and serves to energize a
transmitter that it incorporates and that transmits a pre-coded signal at the

frequency of 29 MHz that uniquely identifies the installed beacon. The receiving
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antenna of the BTM decodes the received telegram and the train signaling
systems associate this telegram with a specific position according to the database
that it has pre-configured in its memory. This information can be shared by
means of a radio link with the control center. The margin of error in the
positioning of the train is usually about 2 meters. In order to determine the
direction of travel of the train, it is necessary to deploy 2 different beacons close

to each other and take into account the reading order of each of them.

Another similar device for managing the occupation of blocks is the so-called
track circuits. The operating principle of track circuits consists of electrically
isolating each of the two rails that make up a section of the track and
transmitting a signal of a known frequency through one of them. This signal does
not propagate to the other rail thanks to the insulation between the two rails.
When a train or wagon is located inside the track circuit, it short-circuits the two
rails with its metal axis, allowing the signal to propagate to the other rail. This
device has the advantage, compared to axle counters, that it does not require an
Initialisation process during its start-up. On the contrary, it requires that the
rails are suitably insulated and limits the maximum length of the circuit to
several kilometres. Track circuits, like axle counters, do not determine the

position of a specific train.

Another device that does allow a train to be positioned is radio frequency
beacons. These beacons are classified into two types: active or passive depending

on whether they incorporate a power source that energizes them.

In the case of passive beacons, a sensor located on the underbody of the train and
called the Balise Transmission Module (BTM) [47], [48], [49] transmits a
frequency typically at 4.2 MHz. The radiated energy, when in the vicinity of the
beacon, resonates in the receiving antenna of the same and serves to energize a
transmitter that it incorporates and that transmits a pre-coded signal at the
frequency of 29 MHz that uniquely identifies the installed beacon. The receiving
antenna of the BTM decodes the received telegram and the train signaling
systems associate this telegram with a specific position according to the database
that it has pre-configured in its memory. This information can be shared by
means of a radio link with the control center. The margin of error in the
positioning of the train is usually about 2 meters. In order to determine the
direction of travel of the train, it is necessary to deploy 2 different beacons close

to each other and take into account the reading order of each of them.
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On the other hand, active beacons exchange information with the BTM when the
train is moving over it. The information received by the beacon can be
transmitted to the control centre if the beacon has an appropriate communication

channel.

Another solution that serves to determine the position of the train is the German
system called Linienzugbeeinflussung (LZB) [50], [51]. This system involves the
deployment of an inductive loop along about 40 km of track where the outbound
wire is close to one rail and the return wire to the other. Both wires cross every
25 or 100 metres. The inductive loop serves as a means of communication
between the control centre and the antennas equipped on the train to exchange
information. Each time the train passes a crossing, a phase change occurs in the
received signal. In this way, the detection of the train's progress is increased by
counting the phase changes produced. This system is still operational in many
countries. However, the new European ERTMS signalling standard, which
guarantees interoperability throughout the Union, does not contemplate the use

of this system.

Signaling systems for mass transit use the technique called moving block, which
allows increasing the amount of traffic that a given network can support
compared to fixed block systems. This technique consists of assigning a moving
block to each train that moves in solidarity with it. To implement this technique,
it is necessary to have, at all times, communication between the train and the
control center that allows determining the position of the train. Thus, these
systems are called Communications Based Train Control (CBTC) [52], [53], [54].
Typically, a radiating wire deployed along the route is used to serve as a means
of communication between the train and the control center [55]. This radiating
wire consists of a coaxial cable that has certain slots in its shielding every certain
length through which the signals are propagated. The antenna on board the train
points towards the radiating wire with a radiation pattern narrow enough to
1lluminate 2 or 3 slots in the cable. The radio equipment connected to the
radiating wire analyses the signal transmitted by the train at each end of the
radiating wire and, taking into account the propagation times at each of the two
ends, determines the point where the train is located. Its use is typically
restricted to high-traffic lines such as metro lines due to their high installation
and maintenance costs. Currently, Madrid Metro operates two of its train lines
with this CBTC system.
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In addition to the signaling equipment deployed on the tracks to facilitate the
positioning of trains, there is a series of equipment that can be loaded onto trains
to estimate the position of the train or its progress [56], [57], [58], [59], [60], [61],
[62], [63]. Among this equipment, the tachometer, the Doppler radar, the Inertial
Motion Unit (IMU) sensor and the GNSS receiver stand out. The first two are
used to determine the odometry of the train while the last one allows the
estimation of the positioning. The tachometer is an inductive sensor that detects
each revolution of one of the train's axles. For the measurement to be accurate, it
1s necessary to continuously calibrate the wheel radius to avoid drifts due to
wheel wear. Despite this calibration, the tachometer has inaccuracies caused by
the conicity of the train wheels that cause a variable radius depending on the
lateral displacement of the train with respect to the track and the slippage and

blockages that occur between the rail and the wheel.

A more accurate method for calculating train odometry is achieved by combining
the information from the tachometer with the speed information provided by a
Doppler radar. The radar is installed on the underside of the train with a given
angle of attack that maximizes the reflection of the transmitted signal in the
dihedral that occurs between the ground plane and one of the vertical faces that
make up the sleepers or the train supports or the reflections that occur in the
ballast. The radar transmits a given frequency (typically 24 GHz) and the
reflected signal is received with a frequency variation caused by the Doppler
effect. This variation is proportional to the speed of the train. The Doppler radar
usually has typical accuracies close to +3%. These inaccuracies are caused
because the angle formed by the reflecting surface with the plane on which the
rails are supported is not fixed. The inaccuracy of the tachometer and the
Doppler radar cause a cumulative error in determining the position of the train
as it advances. An accuracy of +3% in determining speed means a position
ambiguity of 600 metres after the train has travelled 10 km. To eliminate the

accumulated error, an RFID beacon is usually installed at certain distances.

The on-board GNSS receiver allows train positioning and is considered as a
possible candidate to determine the train position in the future ERTMS 3 version
[64], [65], [66]. However, GNSS systems have not yet demonstrated sufficient
availability, especially in environments with complex orography or in tunnels,
and do not meet the required Safety Integrity Level requirements. Finally, IMU

devices are able to determine the acceleration to which the sensor is subjected in
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each of the 3 axes and allow to resolve, to a certain extent, this lack of

availability.

Other solutions to determine the progress of the train based on temporal
correlation between sensors have been explored but have not been commercially
successful due to their lack of reliability. The temporal correlation technique
consists of deploying at least two sensors arranged on a longitudinal axis. Each of
the sensors monitors the infrastructure and obtains a characteristic signal of the
infrastructure as the train advances. The temporal correlation of both signals in
a given period in which the speed of the train is considered to be constant allows
the delay between both signals to be determined. From the calculated delay, the
speed of the train can be estimated if the separation between both sensors is
known. This technique has been used in [67], [68], [69], [70] using as sensors: 2
optical cameras that point to the ground, 2 Doppler radars and 2 magnetic

sensors that monitor one of the rails.

The state of the art described above meets the current needs of the railway
industry. However, this thesis proposes the use of radar devices to read
information from the infrastructure, which resolves some limitations of current
systems. For example, precise train stopping or protection against buffer impacts,

which are detailed in sections 5.1.2 and 5.1.3 respectively.

1.4.2. Positioning and guidance of road vehicles

In the automotive industry, advanced driver assistance systems (ADAS) increase
traffic safety. There are numerous ADAS systems that serve to warn the driver of
potential risks or to activate safety systems in certain circumstances. An example
of these systems are those that, using radar sensors [71], [72], [73], [74], [75],
[76], [77], [78], [79], [80], [81], [82], [83], [84], [85], [86], detect that another
vehicle is approaching the vehicle in the left lane and warn the driver when the
latter begins the maneuver to change lanes. Another example of an ADAS system
is one that activates emergency braking when a vehicle approaches another
vehicle traveling at a slower speed at high speed or when the vehicle approaches
a pedestrian at an inappropriate speed [87], [88], [89], [90], [91], [92], [93], [94],
[95], [96], [97], [98], [99], [100], [101]. There are also ADAS systems to warn the
driver about an inappropriate trajectory or to keep the vehicle in its lane. The
main ADAS systems of this type are: the Lane Departure Warning System
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(LDWS) [102], [108], [104], [105], [106], [107], [108], [109], [110], [111], [112],
[113], [114], [115], [116], [117], [118], [119], [120], [121], [122], [123], [124], [125],
[126], [127], [128], [129] and the Automatic Lane Keeping Assist System (ALKS)
[130], [131], [132], [133], [134], [135], [136], [137], [138], [139], [140], [141], [142],
[143], [144], [145], [146], [147], [148], [149]. Both have been massively deployed in

the market for a decade.

The LDWS system sends a warning signal to the driver when the vehicle leaves
its lane without using the appropriate indicator. It can also slightly correct the
steering wheel for a limited period of time to slightly modify the trajectory and
warn the driver. Unlike the LDWS system, the ALKS system acts on the steering
wheel for the entire time that the system is operating, allowing the vehicle to

remain in its lane without the driver having to act on the steering wheel.

LDWS and ALKS systems use video cameras to detect the road markings that
delimit the lane. From the images obtained, they calculate the vanishing point of
the projection of the same. To achieve sufficient precision, it is necessary that, in
addition to detecting the markings that are a few meters from the vehicle, it is
also necessary to detect the markings that are dozens of meters ahead. In many
cases, these markings cannot be detected adequately because they are covered by
other vehicles traveling in front, due to a lack of image contrast or due to changes
in elevation. Under these conditions, the system may lose reference to the
vanishing point and stop working abruptly. In the LDWS system, this sudden
loss of operation means the disabling of a safety system that is not considered
critical. When the system is re-armed, it will again warn the driver of possible
inappropriate lane departures. However, in the ALKS system, the lack of
availability requires rapid intervention by the driver. This transition in which
the driver has to regain control of the vehicle's direction is critical and is called
handover. The ALKS system requires the driver to keep his or her hands on the
steering wheel and to monitor the correct operation of the system at all times. Its
use is only recommended on dual carriageways or motorways with driving speeds
below 60 km/h.

As automation systems are implemented in vehicles, drivers tend to overestimate
the effectiveness of these systems, especially if failures or unavailability of these
systems occur only rarely. This results in drivers becoming more relaxed in
assessing potential risks associated with driving and in less awareness of their

surroundings.
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The response time for a driver to properly perform a handover maneuver when
not paying attention to the road ranges from 6 to 45 seconds [150], [151].
Unfortunately, with such high reaction times and the current state of the art,
problems associated with handover when driving at high speeds cannot be
adequately resolved. This problem is one of the biggest impediments to
developing reliable ADAS systems and limits the deployment of Level 3, 4, and 5
autonomous driving solutions in environments that do not have geographical

restrictions.

As automation systems are implemented in vehicles, drivers tend to overestimate
the effectiveness of these systems, especially if failures or unavailability of these
systems occur only rarely. This results in drivers becoming more relaxed in
assessing potential risks associated with driving and in less awareness of their

surroundings.

The response time for a driver to properly perform a handover maneuver when
not paying attention to the road ranges from 6 to 45 seconds [150], [151].
Unfortunately, with such high reaction times and the current state of the art,
problems associated with handover when driving at high speeds cannot be
adequately resolved. This problem is one of the biggest impediments to
developing reliable ADAS systems and limits the deployment of Level 3, 4, and 5

autonomous driving solutions at non-geofenced environments.

In addition to guidance systems based on digital processing of video images to
guide the vehicle along its lane, there are so-called Simultaneous Localization
and Mapping (SLAM) solutions that allow positioning vehicles by generating
maps of the environment [152], [153], [154], [155]. One way to achieve this is to
use LIDAR cameras to recognize the environment and compare it with a known
map that is stored in the memory of the positioning system. LIDAR cameras emit
laser beams in multiple directions that are reflected on surfaces and objects and
some bounce back to the camera. These beams are analyzed using ToF (Time of
Flight) techniques and with the information obtained a point cloud is obtained
with which a three-dimensional reconstruction of the environment through which
the vehicle is traveling is made. Subsequently, the reconstruction is compared
with a previous model that is stored in the memory of the positioning system and
that contains known references such as the cornices of certain buildings. In this

way, the position of the vehicle is obtained with centimeter precision. This
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technology is used by some of the companies that are offering level 4 driving
services. However, 1t poses numerous difficulties that prevent a mass
deployment. The main one is that it requires a continuous update of the maps
since the environment changes over time. For this reason, these companies offer

their services only in certain cities.

In addition to guidance systems based on digital processing of video images to
guide the vehicle along its lane, there are so-called Simultaneous Localization
and Mapping (SLAM) solutions that allow positioning vehicles by generating
maps of the environment [152], [153], [154], [155]. One way to achieve this is to
use LIDAR cameras to recognize the environment and compare it with a known
map that is stored in the memory of the positioning system. LIDAR cameras emit
laser beams in multiple directions that are reflected on surfaces and objects and
some bounce back to the camera. These beams are analyzed using ToF (Time of
Flight) techniques and with the information obtained a point cloud is obtained
with which a three-dimensional reconstruction of the environment through which
the vehicle is traveling is made. Subsequently, the reconstruction is compared
with a previous model that is stored in the memory of the positioning system and
that contains known references such as the cornices of certain buildings. In this
way, the position of the vehicle is obtained with centimeter precision. This
technology is used by some of the companies that are offering level 4 driving
services. However, it poses numerous difficulties that prevent a mass
deployment. The main one is that it requires a continuous update of the maps
since the environment changes over time. For this reason, these companies offer

their services only in certain cities.

A similar approach has been developed by a team at MIT, in which the subsoil is
monitored with a ground-penetrating radar and compared with a known model
[156]. This system allows the vehicle to be positioned with centimetre precision
and has the advantage of being able to operate even on snowy surfaces [157]. As
with positioning systems based on LIDAR cameras, the main drawback of this
solution is that the radar maps of the subsoil vary over time depending on the

degree of humidity of the different substrates.

There are other types of solutions for guiding and positioning a vehicle that
require adaptation of the infrastructure. An example of this i1s the solution
presented by VOLVO in 2017, in which 3,000 neodymium magnets are embedded
in each kilometre of lane and the vehicle is equipped with magnetic sensors that

can detect them and thus determine the lateral displacement of the vehicle with
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respect to the centre of the lane with an error of better than 10 centimetres and
the longitudinal advance with an error of one metre [158]. There are also
solutions in which metal sheets are deployed over road markings and inductive
sensors or Ultra Wide Band radars are installed in the vehicle to detect them
[159].

A similar approach has been developed by a team at MIT, in which the subsoil is
monitored with a ground-penetrating radar and compared with a known model
[156]. This system allows the vehicle to be positioned with centimetre precision
and has the advantage of being able to operate even on snowy surfaces [157]. As
with positioning systems based on LIDAR cameras, the main drawback of this
solution is that the radar maps of the subsoil vary over time depending on the
degree of humidity of the different substrates.

There are other types of solutions for guiding and positioning a vehicle that
require adaptation of the infrastructure. An example of this i1s the solution
presented by VOLVO in 2017, in which 3,000 neodymium magnets are embedded
in each kilometre of lane and the vehicle is equipped with magnetic sensors that
can detect them and thus determine the lateral displacement of the vehicle with
respect to the centre of the lane with an error of better than 10 centimetres and
the longitudinal advance with an error of one metre [158]. There are also
solutions in which metal sheets are deployed over road markings and inductive
sensors or Ultra Wide Band radars are installed in the vehicle to detect them
[159].

The current state of the art in vehicle positioning and guidance does not offer
ADAS systems the reliability and availability required to relieve the driver of
liability while driving. Despite the advances made in Al, ADAS systems and
autonomous driving systems still need to be supervised by a remote driver or
operator. This thesis proposes an improvement of the infrastructure through
digitalisation of the infrastructure and an improvement of vehicle positioning
and guidance systems using on-board radar devices that can help to solve the

current limitations as described in 1.4.2.

15



Alejandro Badolato Martin

2. Methodology

This thesis is the result of research conducted within the framework of a PhD in
the Industrial Doctorate modality, where the study and thesis development were
embedded within an R&D project carried out in collaboration between a company
and the University. The research leverages a deductive methodology, grounded in
the established measurement capabilities of millimetre-wave radars, and applies
this technology under specific working conditions to validate the hypothesis. The
core hypothesis posits that these radars can equip cars and trains with a reading
system capable of extracting information from the infrastructure over which they
travel, allowing the vehicles to accurately determine their position based on the

radar data.

Thus, the focus of this thesis is not to develop new lines of research in radar
technology itself, but rather to explore and develop new applications for radar
technology and advance the industrialisation process of innovative products
using such systems. Achieving this goal required exploring the current limits of
commercial millimetre-wave radars, particularly regarding their ability to
perform rapid measurements and to detect objects located within short distances

of a few centimetres.

The concept of using on-board radars for vehicles is not novel. Previous
applications primarily involved the detection of reflectors installed along the
infrastructure, which altered the power level of the reflected signal. However,
this approach presented significant challenges. Firstly, installing and
maintaining numerous reflectors across large infrastructures, especially asphalt
surfaces, proved to be logistically and financially demanding. Secondly, the
received signal strength often varied unpredictably due to external factors such

as the angle of incidence or the presence of liquids on the surface.

To circumvent these issues, a novel method was proposed, based on measuring
the distance between the radar and the reflecting surface, thus enabling the
encoding of different logical levels of information. The initial approach involved
the use of a 6-centimetre thick plastic strip with internal air cavities at various
depths, which was laid along the vehicle's path. The radar emitted waves that
were partially reflected by the surface of the strip, with the remaining waves

penetrating the material and being reflected by the internal cavities. This
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approach, while promising, revealed several implementation challenges.
Integrating a plastic track into continuous asphalt surfaces proved difficult, and
potential water leaks at the joints threatened to obstruct the radar’s
performance. Additionally, ensuring that the surface remained free from water

films thick enough to block radio wave penetration became a concern.

In response, a new approach was developed, replacing the plastic track with
raised paint markings to encode the necessary information. The initial concept
proposed varying the thickness of the paint marks to represent different logical
levels; however, practical implementation difficulties led to the adoption of an
alternative solution. Instead of varying the thickness, the paint marks were
arranged along both longitudinal and transverse axes of the road, enabling the
encoding of information through different combinations of marks. This
configuration required the on-board radar sensor to scan a wider area, effectively
capturing the information encoded across the road surface.

Based on this concept, prototypes were designed, manufactured, and validated in
relevant environments. The advantages and potential applications of the

proposed positioning system were then analysed.

For railway transport, however, the road-based solution proved unsuitable. The
infrastructure of railway systems, characterised by ballast stones, sleepers, and
other track equipment, presented an irregular surface that required a different
approach. As a result, a system using PVC pipes embedded with metal reflectors
at varying heights was developed. Like the road vehicle solution, two sensor
prototypes were designed and manufactured, with 100 metres of coded pipe
installed for testing in real-world railway environments. The feasibility of this
system and its potential applications within the railway sector were thoroughly

examined.

The dissemination of the results from this thesis has primarily occurred through
presentations at conferences and publications in specialised journals. As the
focus i1s on the industrialisation of new products and applications, rather than
extending the frontiers of scientific knowledge, the emphasis has been on

practical, real-world applications of radar technology.

From this framework, the methodology employed in this research is rooted in a
deductive framework through experimental plan, building upon established

principles of millimetre-wave radar technology. The overarching goal was to
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determine whether these radars could be effectively utilised to equip vehicles
with a system capable of extracting positional information from their
surrounding infrastructure. This chapter outlines the steps taken to validate this
hypothesis, from theoretical design to practical implementation and testing.

2.1.Experimental Plan and Hypothesis Validation

The research followed an experimental approach, starting with a clear hypothesis
based on the known capabilities of millimetre-wave radar systems. Specifically,
the hypothesis posited that millimetre-wave radars, traditionally used in military
and aerospace applications, could be repurposed to guide and position vehicles on
road and railway networks. To validate this, it was necessary to adapt the
infrastructure such that it provided a consistent radar signature. On-board radar
devices would then read this signature to determine the vehicle’s exact position
with high precision. The methodology focused on modifying existing commercial
radar technologies to meet the specific demands of vehicle guidance systems.

2.2.Prototype Development

The research progressed through several iterative phases of design, prototyping,
and testing. Each phase addressed specific technical challenges identified in the

previous iterations.

- First Prototype — Road Vehicles: The initial approach involved deploying a
plastic strip with embedded air cavities along the vehicle’s path. While
theoretically sound, practical issues with water accumulation and

integration into asphalt led to the exploration of alternative solutions.

- Second Prototype — Raised Paint Markings: A more robust and scalable
solution involved using **raised paint markings** to encode positional
data. These markings were arranged on transverse and longitudinal axes,
with radar sensors on the vehicle scanning these patterns to determine

position.

- Railway Vehicle Positioning: In the railway context, the infrastructure’s
complexity required a different solution. The final prototype for railways
involved a PVC pipe with embedded metal reflectors, which allowed radar

sensors to read encoded information at key points along the track.
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2.3.Testing and Validation

Rigorous testing was a crucial aspect of the methodology, ensuring that the
systems developed could function effectively in real-world conditions. Tests were

conducted both in controlled environments and on actual roads and railways.

- Controlled Testing: Laboratory simulations were used to fine-tune the
prototypes, ensuring that they could accurately read encoded information

under varying conditions

- Field Testing — Road: Tests on road vehicles equipped with radar sensors
confirmed the system's accuracy at high speeds (up to 120 km/h) and under

different environmental conditions.

- Field Testing — Railways: In railway tests, the radar systems were able to
detect position with high precision, even at speeds of 100 km/h. The
system's ability to provide centimetre-level accuracy in vehicle stopping

positions was particularly noteworthy.

2.4.Technical Challenges

Several technical hurdles were encountered, including signal interference,
precision at high speeds, and cost constraints. These were addressed through
iterative design improvements and the selection of commercially available radar

components

2.5.Conclusion

Through a systematic and iterative process, the methodology demonstrated the
feasibility of using millimetre-wave radars for precise vehicle positioning. The
solutions developed in this research have the potential to significantly enhance
the safety and efficiency of vehicle navigation systems, both in road and railway

context.
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3. Introduction to radar systems

This Thesis proposes using on-board radars as reading devices. A brief
introduction to radar systems is provided below, emphasizing the type of radars

considered most suitable for this application.

3.1.Operating principle and types of radars

Radar systems are devices that are capable of determining the distance to an
object called a target. They are classified according to their operating principle as
primary radars and secondary radars. Primary radars are mainly used in defense
applications and do not require the cooperation of the target in the measurement
process. In secondary radars, the target has a device called a transponder that
emits a response signal when it is interrogated by the radar station. Its main
advantage over primary radars is a greater detection range. This type of radar is
typically used in civil aviation applications. Primary radars emit an
electromagnetic signal and detect the time it takes for this signal to propagate to
the target and return to the radar after part of the energy is reflected by the
target.

Radars are also classified as continuous or pulsed depending on the type of signal
they transmit. Pulsed radars transmit an electromagnetic pulse and then
activate their receiver to detect the echo of said pulse. Continuous wave radars
transmit energy throughout the measurement process. One of the aspects that
determine the range of a radar is the amount of energy transmitted. This range
is greater the greater the amount of energy transmitted. Thus, a continuous wave
radar that transmits the same power as a pulsed radar with similar
characteristics will have a greater range. On the other hand, a pulsed radar has
greater difficulty in detecting nearby targets compared to a continuous wave
radar since, during the time in which the radar transmits the pulse, the receiver
must be deactivated. Thus, in pulsed radars the appropriate balance must be
established between the maximum range and the minimum detection distance

depending on the application to be implemented.

Another advantage of continuous wave radars is that their hardware architecture
1s simpler, which mainly affects their price and the size of the device. In contrast,
continuous wave radars are easier to detect in electronic warfare applications

and can use a single radiating system to transmit and receive, as opposed to

20



Introduction to radar systems

continuous wave radars which require the use of a transmitting and receiving

antenna.

3.2.Linear Frequency-Modulation Continuous-Wave radar

Continuous-Wave radars transmit a signal in which the amplitude, phase or
frequency is modulated in a sustained manner over time throughout the
measurement process. The most commonly used continuous-wave radars are
frequency modulated, where the frequency varies linearly with time. They are
identified by the acronym LFMCW (Linear Frequency-Modulation Continuous-
Wave) and the signal they transmit is called a chirp. Figure 1 shows the
operating principle of a LFMCW radar where, at a distance R, a surface is located
that reflects part of the energy transmitted by the transmitting antenna. Part of
this signal is captured by the receiving antenna. A mixer combines this signal
with a copy of the signal being transmitted and, at its output, a signal called a
beat signal is obtained. The graph on the right of the same figure shows, in black,
the instantaneous frequency that is transmitted and, in red, the instantaneous

frequency of the signal that is received.
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Figure 1: Operating principle of a LFMCW radar

The instantaneous frequency of a chirp signal from a LFMCW radar is
determined by equation (2) where Af corresponds to the bandwidth being

transmitted, T is the period of the chirp signal and f, corresponds to the
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frequency of the signal at the beginning of each period. The waveform of a chirp

signal in the time domain is shown in Figure 2

O =fi+Le=fo+at @

A N
V VI

Figure 2: Chirp signal transmitted by a LFMCW radar

Equation (3) shows the phase of the signal obtained by integrating the

Instantaneous frequency:

0(©) = [fi®de = [(fo+at)de = fyt+% ()

Equation (4) corresponds to the phasor expression of the signal with amplitude A

transmitted by the radar:

fi() = Ae”’ en(fot+5) (1)

The time taken by the transmitted signal to reach the target and return to the
receiving antenna is called the flying time and is determined by equation (5)
where R is the distance to the target and c is the speed of electromagnetic waves

in the medium.
%z? (5)

For simplicity, a perfect reflector is considered whose reflection coefficient is p=1.
Thus, equation (6) expresses the signal received by the reflecting antenna, which

is an identical copy of the transmitted signal delayed t, and multiplied by a
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factor K that takes into account the losses caused by attenuation and by the

reflected power that is not captured by the receiving antenna.

a(t—tg)?

rl(t) = KAe_jzn[fO(t_t0)+f] (6)

The beating signal present at the output of an ideal mixer that does not present
conversion losses is obtained by the simple multiplication of both signals and is
determined by equation (7).

a(to?- 2
m;(t) = KAe_jz"foto_w) (7)

The frequency of this beat signal is determined by equation (8) where ¢(t) is the

phase of the signal m;(t):

ad 2R
fbeat(t) = %t) = aty = 0[7 (8)

In this expression, it can be seen that the frequency of the beat signal, when the
radar is aimed at a single target, is constant and its value at, is proportional to

the distance to the target.

The beat signal of a radar that is aimed at several targets is the sum of sinusoids
corresponding to the distances to each target. In this case, in order to identify
each of the targets, it is necessary to observe the signal in the frequency domain.
One way to achieve this is by means of a FFT (Fast Fourier Transform) of the
signal. Thus, radar receivers typically have an analogue-to-digital converter to
digitise the beat signal and a digital signal processing system to extract the
information of the targets detected in the frequency domain. On the left side of
Figure 3, the excitation signal of the local oscillator that generates the chirp
signal of the equipment described in 4.2.3 is shown. On the right side of the
figure, the FFT of the beat signal is shown when the radar is pointed at a target
located 28 c¢cm away. In this same graph, a target can also be identified at a
distance of 16 cm, which 1s associated with the reflection produced in the lens of

the equipment used to focus the radiated energy.
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Figure 3: Excitation signal of a VCO to generate a chirp signal and a beat signal of a
target located 28 cm away

3.2.1. Radar resolution

Radar resolution is defined as the ability of a radar to detect two targets close to
each other. The radar must be able to identify that they are two independent
targets whenever the separation between them is greater than the radar
resolution. There are two types of resolution: range or longitudinal resolution and
transverse or azimuth resolution. Transverse resolution is related to the
directivity of the radar's radiating system. The greater the directivity of the
antenna, that is, the smaller the width of the radiation beam, the better the
transverse resolution of the radar. This greater directivity is typically achieved
with larger electrical antennas [160], [161], [162], [163]. An example of radar
with good azimuth resolution is the surface radars that are typically installed in
airport control towers. The longitudinal or distance resolution is determined by
equation (1) where c is the speed of light in the medium and AB is the bandwidth
of the signal transmitted by the radar[164], [165], [166], [167].

Radar resolution is defined as the ability of a radar to detect two targets close to
each other. The radar must be able to identify that they are two independent
targets whenever the separation between them is greater than the radar
resolution. There are two types of resolution: range or longitudinal resolution and
transverse or azimuth resolution. Transverse resolution is related to the
directivity of the radar's radiating system. The greater the directivity of the
antenna, that is, the smaller the width of the radiation beam, the better the
transverse resolution of the radar. This greater directivity is typically achieved
with larger electrical antennas [160], [161], [162], [163]. An example of radar

with good azimuth resolution is the surface radars that are typically installed in
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airport control towers. The longitudinal or distance resolution is determined by
equation (1) where c is the speed of light in the medium and AB is the bandwidth
of the signal transmitted by the radar [164], [165], [166], [167].

The longitudinal resolution of a radar will be better the greater the transmitted
bandwidth. In turn, this bandwidth is usually limited by the central frequency at
which the radar transmits. The design of electronic filters and antennas usually
have a typical bandwidth of approximately 20% of the central frequency. Thus,
the higher the radar's working frequency, the greater its bandwidth and the

better its distance resolution.
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4. Applications of millimeter-wave radars

In the frequency band between 30 and 300 GHz the wavelength in vacuum is 1
mm < A <1 cm. Until recently, no applications had been developed in this area of
the spectrum due to the limited variety of circuits capable of working at such
frequencies. Currently, commercial technology is beginning to exist that allows

new applications to be designed in this frequency range as shown in Table 1.

At these frequencies, radiating systems are small in size and a high bandwidth
can be transmitted. Taking advantage of these properties, new radar applications
are being developed such as driving assistance or ACC (Adaptive Cruise Control)
[168], aircraft landing assistance [169] or obtaining high-resolution SAR/ISAR
(Inverse Synthetic Aperture Radar) images [170], [171]. In addition, in this
frequency range the waves have a great capacity to penetrate tissues and a wide

variety of materials.

Therefore, other applications at these frequencies are imaging radar systems
such as those shown in Table 1 that allow non-intrusive inspections of objects.
Currently, there are systems on the market capable of scanning a person's torso
in order to detect whether they are carrying weapons or explosives hidden under
their clothing [172], [173], [174]. As an alternative to these systems, there are
also devices based on X-ray backscattering [175], [176].
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Table 1 Millimeter-Wave Imaging Radar Systems
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4.1.300 GHz radar to detect coanceled objects

Before starting my PhD studies in the Department of Mechanical Engineering at

ETSII, T spent 3 years studying PhD in the Microwave and Radar Group

belonging to the Department of Signals, Systems and Radiocommunications at

ETSIT. During my research, I collaborated in the design, manufacture, start-up

and characterization of a millimeter wave body scanner in the 300 GHz band.

The scanner performs a similar function to the equipment shown in Figure 1,

which is deployed at security checkpoints in numerous airports.
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Figure 4 Millimeter-wave portal for coanceled object detection

When the person enters the cabin, a set of radars deployed in a vertical array
rotate around the person for a few seconds. Each radar measures the distance to
the body in each of the rotation positions. By combining the detections of all the
radars in the array in the different rotation positions, a three-dimensional image
of the body is obtained. Part of the signal emitted by each radar is reflected by
the person's clothing and part penetrates through the fabric and is reflected on
the skin. In this way, 2 detections are obtained for each measurement and,
ignoring the first detection, it is possible to observe whether the person is
carrying any suspicious objects between the clothing or the skin. Figure 5 shows

an image obtained with this type of scanner.
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Figure 5: Radar images obtained at a coanceled object inspection portal

Unlike this type of cabin equipment, the GMR scanner obtains a body image
using a single radiating system located 8 meters from the object to be scanned.
The system obtains three-dimensional images of the torso in times close to a
second. The scanner scans an area 50 cm wide by 1 meter high located 65 cm
from the ground. This area covers approximately the area between the knee and
the neck of the torso of an adult person. The three-dimensional image obtained
has a resolution of less than 1.5 ¢cm in each of its three orthogonal axes. Figure 6
shows the upper part of the structure that incorporates all the components of the
scanner except for the HMI (Human Machine Interface) which consists of a

mouse, keyboard and screen.
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Figure 6. Stand-off radar for the detection of coanceled objects

In the lower part of the structure, part of the radio frequency systems, the power
supply system, the synchronization box, the signal generation box, the rotation
and elevation motor controllers, the computer that houses the ADC (Analog to
Digital Converter) and runs the software necessary to obtain the image are
hidden.

A device with similar features is the one developed by the JPL (Jet Propulsion
Laboratory), belonging to the NASA (National Aeronautics and Space
Administration) [177], [178]. Table 2 shows a comparison between both systems.
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Table 2. Comparison of radar systems

JPL GMR

Frequency 675 300 (GHz)

Bandwidth 28.8 27 (GHz)

T chirp 0.1 0.0001 -1744 (ms)
Tx power -1.5 0 (dBm)

Acquisition time 1 0.5-1 (s)

Standoff range 25 8/10 (m)

Spot diameter 13 1.3 (cm)

Main antenna aperture 1 0.65 (m)
Field of View  0.4x0.4 0.9x0.5 (m?)

In References [1], [2], [3], [4], [5], [6], [7], [8], the design and operation of the

radar are detailed, as well as the results obtained.

As a result of this research work, I considered using millimeter wave radars on
board vehicles so that they could monitor the infrastructure as they moved
through it. After carrying out an analysis of the state of the art and verifying that
there was no scientific documentation or published patents in this regard, I
decided to reorient my Thesis in this new direction and register the set of patents
described in Annex B.

In section 4.2 a positioning system for railway vehicles is proposed and in section

4.3 a guidance and positioning system for road vehicles is proposed.

4.2.Radar positioning system for railway vehicles

4.2.1. Radar signature of the infrastructure

Railway infrastructure is typically made up of a surface of ballast stones and a
set of sleepers arranged approximately every 60 cm. The upper surface of these
sleepers, being flat, contrasts with the characteristic surface patterns of the
ballast. In addition, as this surface is usually slightly raised with respect to the
average level of the ballast, it is relatively easy to detect them by observing a
cross section of the infrastructure. This profile may seem, at first, to be a

repetitive pattern, considering that all the sleepers are at the same height and
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that there is a constant separation between sleepers. However, in the report of
the tests carried out on the Madrid Metro test track in Annex B, it can be seen
that the infrastructure presents a characteristic signature. This signature can be
used to identify the position of the train on the track. In addition to the signature
generated by the arrangement of each sleeper, the track equipment or switch
points also generate characteristic profiles that enrich the signature of the

infrastructure.

4.2.2. Adaptation of the infrastructure to improve the radar signature

It is possible to increase the signature of the infrastructure by deploying
structures on it that generate known patterns when scanned by millimetre wave
radar. In this way, it is possible to encode information at points that may be of
special interest, such as stations, or at points where the radar signature is too
monotonous, as may occur in slab track areas. An example of this type of
structure 1s used in the test described in Annex C, where 125 mm diameter PVC
pipes are installed between the rails containing a set of reflectors installed every
5 centimetres at different heights. The height of each reflector encodes a different

logical level.

5 heights are defined that encode 5 logical levels: S (start), E (end), 0, 1 and W
(word). The data sequence is fixed and repetitive with the following pattern S, X,
E where X can be a bit 0, 1 or W. In this way, each coded PVC pipe has at each
end a sequence S, W, E and, between both ends, there are as many sequences S,
Y, E as data bits to be encoded where Y can take the value 0 or 1. This coding
system that includes logical levels S and E allows to easily identify the reading
direction of the different bits so that the receiver is able to adequately reorder the
bits to read the encoded data. The pipe segment obtained can be installed
discreetly at those points that are considered of interest and represent a low-cost

alternative to deployed RFID beacons.

When the train is moving over one of these pipe segments, the radar receiver
reads the beacon code whose value can be associated with a position or a specific
information or limitation, identifies the reading direction and measures the speed
at which the train is moving through it thanks to the logic level transitions that

are detected every 5 cm.
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The beacons can also be deployed continuously as shown in the figure by
concatenating 3-metre-long pipe segments to facilitate permanent feedback from

the train.

- M
A

Figure 7. Continuous beacon

Once the infrastructure has been adapted, the data sequence deployed is geo-
referenced and stored in the receiver's memory in a geo-referenced manner.
When a train equipped with a radar sensor suitable for reading the beacon
circulates over it and travels a first code completely, the sensor determines the
position of the train with centimetre precision. From this moment on, each time
the train advances 5 centimetres and the sensor detects a logic level transition, it
updates the position and speed of the train. This continuous positioning can be
used as a precise station stop system, as described in 5.1.2, or as a buffer
protection system, as described in 5.1.3. Thanks to the chosen coding system, the
radar equipment is able to identify the direction of advance of a train stopped on

a beacon that starts moving in less than 6 centimetres.

4.2.3. Design and results of the first prototype

In order to properly monitor the infrastructure, it is necessary to have a
sufficiently directional radiating system capable of concentrating the transmitted
energy on the area of the infrastructure to be explored [179], [180]. ]. If this area,

which is typically circular and called a spot, is too large, the energy of the beat
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signal in the frequency domain will be concentrated in the frequency range that
corresponds to the average distance of the reflections obtained. In addition,
certain frequency peaks will also appear on those reflective surfaces scanned by
the radar that present a significant radar section and that are at least the
minimum resolution away from the average surface level. In the case of a railway
infrastructure, the appropriate spot size for monitoring is considered to be 1 cm

in diameter.

As with the radiant system shown in 4.1, it is necessary that the spot remains
well defined in a range of distances without increasing its size. That is, the
aiming must not have a single focus given that the distance between the on-board
sensor and the surface of the infrastructure can vary. Thus, it has been
established as a design requirement for the radiant system that the spot remains

well defined in the range of distances between 200 and 700 mm.
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Figure 8. Radiation diagram of the 120 GHz lens

As in 4.1, the design of the radiating system can be done using reflectors.
However, in this case, a design using dielectric lenses has been chosen to
facilitate greater compactness of the sensor. In order for the antenna integrated
into the designed radar chip to properly illuminate the lens, the separation

between both must be 120 mm.
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Figure 9 shows the HDPE (High Density Polyethylene) lens designed by the
Department of Electrical and Computer Engineering (DEEC) of the Instituto
Superior Técnico (IST), Faculty of Engineering of the University of Lisbon
together with a 3D printed frame that allows the radar to be positioned in the

correct position.

Figure 9. 120 GHz lens prototype

This lens is illuminated by a Silicon Radar model TRX_120_001 radar integrated
into the 8 x 8 mm QFN56 chip shown in Figure 10. The frequency multipliers,
the VCO (Voltage Controlled Oscillator), the transmitting and receiving
antennas, and the frequency mixer are integrated inside the chip. The radar

hardware architecture is shown in Figure 11.

This lens is illuminated by a Silicon Radar model TRX_120_001 radar integrated
into the 8 x 8 mm QFN56 chip shown in Figure 10. The frequency multipliers,
the VCO (Voltage Controlled Oscillator), the transmitting and receiving
antennas, and the frequency mixer are integrated inside the chip. The radar

hardware architecture is shown in Figure 11.

Figure 10. Radar model TRX_120_001 from Silicon Radar
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Figure 11 Radar system architecture

The radar has a bandwidth of 7 GHz and transmits in the frequency range [120,-
127] GHz. The VCO of this radar is excited by an external PLL (Phase Locked
Loop) model ADF4159 from the manufacturer Analog Devices, which in turn
receives the signal generated by the VCO as a reference. The PLL is programmed
so that the RADAR transmits its bandwidth in 30 ps. In this way, a radar on
board a train travelling at 360 km/h samples the infrastructure every 3

millimetres.

The beat signal obtained from the mixer phase channel is conveniently filtered
and amplified by an external amplifier and then digitized by an AD9446 ADC
that samples the signal at a rate of 80 Megasamples per second. The digitized
samples are introduced into a Zynq 7010 FPGA from the manufacturer Xilinx

that processes the signal in real time. This processing consists of performing a
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16k point FFT and detecting the maximum power spectral density in the bin

range that corresponds to the distances between 20 and 70 cm.

The same architecture described is duplicated within the same sensor except for
the FPGA which is shared by both radars. This new radar is integrated within
the same equipment casing at a distance of 60 cm. The equipment is installed on
the underside of the locomotive frame so that both radars are arranged on the
same longitudinal axis defined by the rails that make up the track. Figure 8

shows the prototype built.

The same architecture described is duplicated within the same sensor except for
the FPGA which is shared by both radars. This new radar is integrated within
the same equipment casing at a distance of 60 cm. The equipment is installed on
the underside of the locomotive frame so that both radars are arranged on the
same longitudinal axis defined by the rails that make up the track. Figure 12
shows the prototype built.

Figure 12. First radar prototype for railway applications

The objective of integrating a second radar is to be able to determine the speed of
the train by means of the temporal correlation of the radar profiles as described
in 5.1.1.

Figure 13 shows the profile obtained by one of the radars when it is moved along

a railway-like infrastructure.
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Figure 13. Laboratory tests of the prototype

The prototype has been mounted on a bimodal-road rail vehicle and tested in real
environments. Figure 14 shows the profile obtained by the 2 radars when it
passes over a defined structure. This structure consists of a set of wood with
bumps at different heights. The structure encodes information by placing each
bump at a different height. It can be seen that the structure has 4 initial bumps
that encode the start and stop sequence 4 times and then starts a repetitive
sequence in which a start bit is encoded, higher than the rest, a data bit, whose
height defines logical levels W, 1 or 0 in a similar way to the encoding system

described in 4.2.2 and a stop bit whose height is the lowest of all.
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Figure 14. Testing the prototype in real environments

The results obtained are shown in Annex C.

4.2.4. Design and results of the second prototype

A second prototype design has been carried out, shown in Figure 15Figure 15, in
which both radars have been made completely independent by adding another

FPGA to process the second radar channel. The devices are galvanically isolated
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from each other and share a 1 Gbps optical fibre link to exchange information
between them. Each of them has a PoE (Power Over Ethernet) port through
which it receives power and communicates at 100 Mbps with the device that

records the radar profiles obtained.
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Figure 15. Second radar prototype for railway applications

This second prototype is aimed at metro applications where traffic speeds are
usually less than 100 km/h. For this reason and to achieve greater compactness
of the equipment, the distance between radars has been reduced to 17.5 cm. In
this way, when a radar points to the centre of one of the bits, the other radar
points to the transition between 2 bits, thus reducing the uncertainty of the
stopping point to 2.5 cm and the detection of the direction of advance of a train

that begins its movement to less than 3 cm.

The results of the precise stopping tests obtained with this equipment on board a

Ferrocarrils de la Generalitat de Catalunya train are available in Annex C.
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Figure 16. Precise stopping tests carried out with the second prototype

4.3.Radar positioning system for road vehicles

4.3.1. Adaptation of infrastructure

The objective of adapting the infrastructure is to encode information in it so that,
when it is read by a suitable sensor on board the vehicle, the vehicle can know its

position accurately.

Adapting the road network is an enormous challenge due to its enormous
extension. Therefore, this adaptation must not only meet the technical
requirements established in the design of the solution, but must also be simple,
easy to deploy, low cost and, above all, very low maintenance. In addition, it must

not interfere with road signs or road users.

The adaptation proposed for this purpose consists of deploying 6 mm high raised
road markings in structured paint. This type of paint is commonly used on roads
to improve the retro-reflectivity of road markings in rainy environments. Figure
17 shows an example of this type of marking. These markings have glass spheres
attached to their surface that act as reflectors and diffusers of light. Due to the
curved surface of the sphere, part of the light emitted by vehicle headlights is

reflected back towards the driver, thus improving the visibility of road markings.
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Figure 17. Structured paint
Two types of materials are commonly used to deploy this type of marking:
thermoplastic paint and two-component cold plastic paint. Thermoplastic paint is
applied after heating the material and the recommended ambient temperature
for its application must be above 15 degrees. It is a relatively soft material so its
durability is not very high and the glass spheres easily come off its surface. For
this reason, the spheres are mixed with the material before application. As the
plastic is worn away by the passage of wheels over it, new spheres from the

interior emerge to the surface.

Unlike thermoplastic paint, cold plastic paint is applied by mixing 90% of a
plastic material and 10% of a catalyst. It can be applied at ambient temperatures
close to 0 degrees and is therefore much more widely used in northern European
countries. It is also used to deploy speed-reducing rumble strips that are
deployed in a checkerboard pattern at the approach to some roundabouts as

shown in Figure 18.

Figure 18. Rumble strips for speed reduction
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This is an extremely hard and abrasion-resistant material. Due to its extreme
hardness, the spheres adhere strongly to the surface, so it is not necessary to mix
the paint with the spheres and these are applied in the form of a spray once the
paint has been deposited on the asphalt. At room temperature, the catalyst acts

in less than 5 minutes and the material acquires its final hardness.

Both types of road markings are printed with the help of trucks, such as the one
shown in Figure 19, which travel at typical speeds of around 8 km/h and their
approximate cost is about €1,000/km per lane [181]. This cost is similar to the

cost of deploying 3 vertical traffic signs per kilometer.

This is an extremely hard and abrasion-resistant material. Due to its extreme
hardness, the spheres adhere strongly to the surface, so it is not necessary to mix
the paint with the spheres and these are applied in the form of a spray once the
paint has been deposited on the asphalt. At room temperature, the catalyst acts

in less than 5 minutes and the material acquires its final hardness.

Both types of road markings are printed with the help of trucks, such as the one
shown in Figure 19, which travel at typical speeds of around 8 km/h and their
approximate cost is about €1,000/km per lane [181]. This cost is similar to the

cost of deploying 3 vertical traffic signs per kilometer.

Figure 19 Paint truck for 2-component cold-plastic structured paint

Due to the above-mentioned characteristics, the material selected as optimal for

the adaptation of the proposed road network is cold double-component plastic. It
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is proposed to continuously deploy this type of markings in the centre of the lane

in black so as not to interfere with the rest of the road markings.

The coding system of the track must be simple and make it easy for the sensor in
charge of reading it to be resilient to possible errors in the track. It must also

allow the entire road network to be coded in a unique way.

The proposed track consists of a sequence of rows deployed on transverse axes of
the lane separated every 90 mm. In each row, one of the 4 defined logical levels is
coded: Start, 0, 1 and End by means of a combination of 4 drops of paint. This
combination, in turn, is deployed on 4 longitudinal axes located in the centre of
the lane that are 90 mm apart from each other. Figure 20 shows the different

combinations of paint drops that define each of the logical levels.

Due to the above-mentioned characteristics, the material selected as optimal for
the adaptation of the proposed road network 1s cold double-component plastic. It
is proposed to continuously deploy this type of markings in the centre of the lane

in black so as not to interfere with the rest of the road markings.

The coding system of the track must be simple and make it easy for the sensor in
charge of reading it to be resilient to possible errors in the track. It must also

allow the entire road network to be coded in a unique way.

The proposed track consists of a sequence of rows deployed on transverse axes of
the lane separated every 90 mm. In each row, one of the 4 defined logical levels is
coded: Start, 0, 1 and End by means of a combination of 4 drops of paint. This
combination, in turn, is deployed on 4 longitudinal axes located in the centre of
the lane that are 90 mm apart from each other. Figure 20 shows the different

combinations of paint drops that define each of the logical levels.
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Figure 20. Coding system

The outer columns of the track serve as a clock signal to the receiver to facilitate
the identification of each bit. They also serve to accurately determine the speed of
the vehicle and to calibrate the effective radius of the wheels. Once the effective
radius of the wheel is known and with the information supplied by the wheel
encoder, the receiver is also able to identify the loss of several consecutive rows in

those tracks that present errors, thus allowing the synchronization of the
successive bits not to be lost.

The track encodes a set of words that are defined by a first Start bit, a succession
of data bits 0 and 1 and a last End bit. The set of data bits must be of a sufficient
size to allow the road network to be encoded uniquely worldwide.

The earth's surface has a surface area of 510.1 million km2[182]According to
equation (9), each square centimeter of the earth's surface can be encoded
uniquely by a combination of 63 bits.

The outer columns of the track serve as a clock signal to the receiver to facilitate
the identification of each bit. They also serve to accurately determine the speed of
the vehicle and to calibrate the effective radius of the wheels. Once the effective
radius of the wheel is known and with the information supplied by the wheel
encoder, the receiver is also able to identify the loss of several consecutive rows in

those tracks that present errors, thus allowing the synchronization of the
successive bits not to be lost.

The track encodes a set of words that are defined by a first Start bit, a succession
of data bits 0 and 1 and a last End bit. The set of data bits must be of a sufficient
size to allow the road network to be encoded uniquely worldwide.
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The earth's surface has a surface area of 510.1 million km2[182]. According to
equation (9), each square centimeter of the earth's surface can be encoded

uniquely by a combination of 63 bits.

Log,(510,1 km?) = Log,(510-10'® cm?) = 62,1 9)

The area covered by the road network is a very small percentage of the total
surface of the planet, which also includes the area occupied by the oceans, the
poles and the mountain ranges where there are no roads. In addition, it must be
taken into account that a 64-bit code corresponds to 5.94 metres of lane, the area
of which includes more than 20,000 square centimetres that do not need to be
coded.

Thus, it is considered that a 64-bit coding dimension will allow the entire existing
network to be coded. It will also be sufficient to contemplate future expansions of
the network or modifications to the infrastructure due to possible resurfacing
tasks. In these works, the existing codes will be replaced by new codes to avoid
problems of inconsistency with previous versions of road maps that have not been

conveniently updated.

To facilitate easy deployment of the track, it is proposed to use a unique pseudo-
random sequence. To do this, each of the painting trucks must have a set of
unique codes that, once printed, cannot be repeated. This track will be printed in
the vicinity of the central axis without the need for the geometry of the track to

match the geometry of the central axis of the lane to facilitate painting tasks.

Once the painting is finished, a vehicle equipped with precision odometry,
cameras for detecting the markings that delimit the lane and a GNSS receiver
travels along the track storing the sequence of codes together with its GNSS
position and the deviations recorded with respect to the real geometry of the lane.
This information will then be stored in the memory of vehicles that have a track
reader. Since this is information of a few hundred bytes per kilometer of lane, it
is estimated that a 32 GB flash memory will be sufficient to store the entire road

network deployed in the world.

The coded track is only passed over by the wheels of vehicles when they change
lanes. Taking into account that the material used to code the track is extremely

resistant to abrasion and that the reading systems are resilient to occasional
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track failures, it is estimated that the track's useful life will be longer than the
asphalt's useful life, so that track maintenance will not be necessary and a new

track will only be deployed each time new asphalt is laid.

4.3.2. Testing a first deployment

A road painting truck has been adapted to deploy a coding system similar to that
proposed 4.3.1 to deploy 1,200 meters of track in the City of Leén. The adaptation
of the truck has consisted of inserting a relay in each of the cables that activate
the 4 extruders that print the markings. These relays are governed by a micro-
controller that determines which extruders are activated and which are not in
each row. The paint marks deployed are made of thermoplastic material and are
white in color and their choice responds to a criterion of machinery availability.
Their approximate dimensions are 45x45x6 mm3. A subsequent painting in green
has been carried out on the track to demarcate a safe area in the lane for low-
mobility vehicles such as scooters and bicycles. The word size has been reduced to
17 bits instead of 64 to facilitate the identification of complete position codes to
optical devices. The purpose of deploying this track is to serve as a demonstrator
for assisting public transport buses. Figure 21 shows several sections of the

track.

Figure 21 Coded track deployed in Leon city to support public transport
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A device has been installed on one of the municipal buses, which has a camera
that takes images of the asphalt every 4 seconds. The images obtained have
demonstrated the capacity of this type of sensor to read the track under all types
of lighting conditions thanks to the shadows generated at the edges of each mark.
A radar sensor has not been installed on the underside of the vehicle due to the

space and technical difficulties involved in its installation.

The track has been in place for a year. Although thermoplastic paint is a softer
material than dual-component cold plastic paint, no damage or signs of wear on
the track have been observed during this time. No incidents have been reported

with pedestrians, scooters, bicycles or motorcycles.

4.3.3. Reading the coded track

The coded track can be read by optical cameras such as those fitted in rear-view
mirrors or on the back of some vehicles. Although the markings are black, similar
to that of asphalt, the shadows generated at the edges of each drop when
illuminated by the sun or by the vehicle's headlights facilitate their
identification, and computer vision systems allow the track to be decoded.
However, this reading method is considered more appropriate when the vehicle is

stopped or travelling at low speed.

Reading the track using a radar sensor has multiple advantages over reading
using optical cameras or other types of sensors. In this case, the sensor does not
measure the retro-reflectivity of the surface but the distance between the sensor
and the surface where the waves are reflected. In this way, the reading is not
affected by dirt that may affect the sensor, by low retro-reflectivity of the surface,
by low lighting of the environment or by adverse weather conditions. In addition
to these advantages, the radar can perform measurements with sampling
frequencies greater than 30 kHz. This sampling frequency corresponds to a
sample every 1.1 millimetres of advance on the infrastructure when a vehicle
travels at 120 km/h. Table 33 shows a comparison of the different sensors capable

of reading a coded track.
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Precisiéon | Tiempo de | Fiabilidad | Fiabilidad | Bajo coste
de la la medida en en
medida condiciones | entornos
luminicas sucios
adversas

Camara 6ptica

*

*kk

Lidar

*k

*k

*k

*k

Infrarrojos

*k

*k

*k

*k

*k

Radar de ondas

*kk

*kk

*kk

*kk

*kk

milimétricas

Table 3 Comparison of sensors for reading the coded track

The sensor is installed on the underside of the vehicle and consists of a linear
array of 24 radars arranged every 20 millimetres perpendicular to the
longitudinal axis of the vehicle. Each radar scans an area of the asphalt with a
diameter of 1 cm called a spot and measures the distance to the surface with an

error of better than one millimetre.

The sensor can detect each bit in real time as it passes over it. Taking into
account that the diameter of the drops is 45 mm, that the width of the radiation
spot of each radar is 10 mm and that there is a sufficient sampling frequency to
determine the exact moment of passing over the highest point of the drop, the
positioning error when a radar points to the centre of a drop is close to one

centimetre.

When a sensor starts reading the track, it begins to detect the sequence of bits
that it passes over. Once the vehicle has advanced at least 6 metres, the sensor
has read a complete 64-bit code. In this way, the location of this code can be
consulted in the memory map, the direction of travel of the vehicle can be
determined and other parameters associated with the position can be consulted,
such as the maximum speed and the recommended speed of the track segment in
question. In addition, the following codes in the sequence and their geometry can
be consulted in said memory. From this moment on, each time the sensor passes
a new row, it is checked that the bit read matches the expected one in the
sequence. In this case, the position of the vehicle is updated by increasing the

previous position by 90 millimetres.
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The information supplied during the reading of the track by the wheel and
steering wheel encoders is used to calibrate the steering system and calculate the
effective radius of the wheels. In addition, this information must match the
geometry of the track stored in the vehicle memory. Otherwise, a possible
malfunction of the system or manipulation of the track will be detected and the
last valid position and the data from the encoders will be taken as a reference to

estimate the position of the vehicle using the dead-reckoning technique.

This same position estimation technique allows, in the event of a sudden failure
of the track reading system, the vehicle to continue travelling in its lane for 200
metres using only the wheel and steering wheel encoders as sources of
information provided that the initial starting point, the orientation of the vehicle
with respect to the centre axis of the lane and the effective radius of the wheels

are accurate [183].

4.3.4. Design and results of the first prototype

A first prototype sensor has been designed, built and tested. The aim of this first
prototype is to demonstrate the ability of radars to read tracks encoded by means
of raised paint marks. The sensor consists of two printed circuits. A first circuit
integrates an array of 4 radars arranged linearly. The radars have a dielectric
lens coupled to concentrate the radiation pattern as shown in Figure 22. This
card is coupled to another printed circuit equipped with an FPGA where the

signal from the 4 radars is processed.
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Figure 22. Design of the second prototype

Each lens generates a circular spot of 1 cm in diameter at a distance of 12 cm,
which corresponds to the typical distance between the underside of a
conventional vehicle and the road surface. The sensor has been installed on the

underside of an electric vehicle for children that is driving on a test track.

The separation between the two inner radars is 60 millimetres. The outer radars
are 30 millimetres from the inner radars. Each radar integrates a 5 mm by 5 mm
QFN32 chip similar to that used 4.3.4. However, the chip model used is
TRA_120_031 which, unlike the previous model, transmits a bandwidth of 18
GHz. The reason why a different model with a higher bandwidth has been

selected 1s to be able to detect targets that are very close in frequency.

Continuous wave and FM radars have difficulty detecting very close targets that
are not received with high power. This is due to the coupling that exists between
the transmitting and receiving antennas due to their close proximity to each
other. This coupling causes the beat signal to have a strong component close to 0
hertz, which corresponds to a signal with a flight time (the time it takes for the
signal to propagate from the transmitting to the receiving antenna) of almost

Zero.
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In an ideal case, the beat signal generated when the radar scans a single static
target at a specific distance is a sinusoidal signal whose frequency depends on
the distance. The Fourier transform of this signal observed during the period of
the chirp signal corresponds to a sinc signal centered on the beat frequency.

Figure 22 shows the Fourier transform of an observation window of size TO.

Continuous wave and FM radars have difficulty detecting very close targets that
are not received with high power. This is due to the coupling that exists between
the transmitting and receiving antennas due to their close proximity to each
other. This coupling causes the beat signal to have a strong component close to 0
hertz, which corresponds to a signal with a flight time (the time it takes for the
signal to propagate from the transmitting to the receiving antenna) of almost

Zero.

In an ideal case, the beat signal generated when the radar scans a single static
target at a specific distance is a sinusoidal signal whose frequency depends on
the distance. The Fourier transform of this signal observed during the period of
the chirp signal corresponds to a sinc signal centered on the beat frequency.

Figure 23 shows the Fourier transform of an observation window of size To.
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Figure 23. Fourier transform of a rectangular observation window

This ideal sync signal is distorted in real radars for various reasons such as the
oscillator phase noise, the non-linearities of the signal generation system and the
frequency multipliers used to reach the working frequency, the amplitude

modulations caused by a frequency response of the different components and
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antennas of the system that varies throughout the transmitted bandwidth, etc.
Thus, the signal of a single target in the frequency domain has a specific form for
each type of radar and working configuration, which is called PSF (Point Spread
Function). The PSF that appears centered at 0 hertz extends towards higher
frequencies and can hide the signal of a nearby target that is less powerful than
the coupling between antennas. One way of trying to solve the problem could be
to increase the target beat frequency by decreasing the period T of equation (2).
However, with this, the PSF also widens proportionally, so the problem of
overlapping between signals continues to occur, although the same phenomenon
occurs at a higher frequency. One way to avoid this problem is to increase the
radar bandwidth until the target's beat frequency does not fall within the PSF of
the antenna coupling. Thanks to this new chip model that transmits at 18 GHz, it

1s possible to correctly identify targets at a distance of 12 centimeters.

The designed sensor consists of 4 radars that are integrated into a single PCB as

shown in Figure 23 where each beat signal is also amplified and digitized.

The designed sensor consists of 4 radars that are integrated into a single PCB as

shown in Figure 24 where each beat signal is also amplified and digitized.

Figure 24. 4-channel radar prototype for low-speed vehicle guidance

A second card that is coupled to this one is responsible for processing the signals
in real time as shown in Figure 25. . This card is the Picozed model from AVNET

that integrates a Zynq-7010 model FPGA from the manufacturer Xilinx.
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Figure 25. Detail of the experiment setup

Given the sensor's limitation in terms of the number of available radar channels,
the test track consists of a series of rows of 2 drops of paint that do not encode
information. This prototype could serve as a line-following sensor with progress

control by detecting each row of a vehicle traveling at low speed.

The track consists of drops of cold, dual-component plastic paint, 45 millimeters
in diameter and 6 millimeters high, arranged on two longitudinal axes that are
90 millimeters apart. Figure 25 shows the test track setup and the vehicle

equipped with the radar sensor.

Given the sensor's limitation in terms of the number of available radar channels,
the test track consists of a series of rows of 2 drops of paint that do not encode
information. This prototype could serve as a line-following sensor with progress

control by detecting each row of a vehicle traveling at low speed.

The track consists of drops of cold, dual-component plastic paint, 45 millimeters
in diameter and 6 millimeters high, arranged on two longitudinal axes that are
90 millimeters apart. Figure 26 shows the test track setup and the vehicle

equipped with the radar sensor.
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Figure 26. Low speed vehicle guidance track setup

In this figure, two drops of paint can be seen that are slightly displaced from
their axes. Figure 26 shows the Boolean decisions of each of the signal processing
systems of each radar to determine the presence or absence of a drop on the radar
along the track. In this figure, it can be observed how, due to the effect of the
acceleration of the vehicle, the pulse corresponding to each row of drops is

compressed as the vehicle advances and increases its speed.

In this figure, two drops of paint can be seen that are slightly displaced from
their axes. Figure 27 shows the Boolean decisions of each of the signal processing
systems of each radar to determine the presence or absence of a drop on the radar
along the track. In this figure, it can be observed how, due to the effect of the
acceleration of the vehicle, the pulse corresponding to each row of drops is

compressed as the vehicle advances and increases its speed.
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Figure 27. Drop detections from each of the 4 radar channels
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It can also be observed how the drops that are slightly displaced are not detected
by the corresponding central channel and, however, are detected by the adjacent

outer channel.

4.3.5. Design and results of the second prototype

The track deployed in 3.3.3 does not have a sufficient number of columns to
encode the information described in 3.3.1. Furthermore, the dynamic conditions
of a vehicle travelling at speeds of up to 120 km/h are very different from those of
the vehicle used in 3.3.3, so there will be a lateral displacement of the vehicle
which will cause it to not travel exactly on the track. For this reason, it is
necessary to increase the number of radar elements in the array to an
appropriate size. Taking into account that each row of the track has a width of
315 mm, it 1s proposed to develop a sensor equipped with 24 radar channels
equally spaced every 2 centimetres. In this way, a FoV of 480 mm 1s achieved,
which is considered sufficient for a sensor on board a vehicle travelling at 120
km/h to be able to read the track. In the event of a misalignment greater than
that allowed by the sensor, the number of columns of the track read by the radar

sensor will be progressively reduced.

55



Alejandro Badolato Martin

The track deployed in 4.3.4 does not have a sufficient number of columns to
encode the information described in 4.3.1 Furthermore, the dynamic conditions of
a vehicle travelling at speeds of up to 120 km/h are very different from those of
the vehicle used in 4.3.4 so there will be a lateral displacement of the vehicle
which will cause it to not travel exactly on the track. For this reason, it is
necessary to increase the number of radar elements in the array to an
appropriate size. Taking into account that each row of the track has a width of
315 mm, it is proposed to develop a sensor equipped with 24 radar channels
equally spaced every 2 centimetres. In this way, a FoV of 480 mm is achieved,
which is considered sufficient for a sensor on board a vehicle travelling at 120
km/h to be able to read the track. In the event of a misalignment greater than
that allowed by the sensor, the number of columns of the track read by the radar

sensor will be progressively reduced.

I

Figure 28. 24-channel radar array

Scaling the design described in 4.3.5 requires a high investment due to the cost
associated with each channel. Table 4 details the approximate costs of the main

elements of this architecture.
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Radar frontend 120 GHz 300 €
PLL 10 €

ADC 60 €

FPGA 150 €

Table 4 Approximate costs of a radar sensor

To reduce the final cost of the sensor, a new design has been made that uses
radars typically used in the automotive industry for obstacle detection. The
model chosen is the TI6843A0P from the manufacturer Texas Instruments. Like
the radar used in 4.2.3 the chip includes the VCO, the frequency multipliers, the
mixer and the antennas. In addition, this model incorporates the PLL that
controls the VCO, the beat signal amplifier, the ADC and the signal processing
required to determine the distance to the target. Its approximate cost is €16.
However, its bandwidth 1s limited to 4 GHz. Due to the limitations described in

4.3.4, this bandwidth is insufficient to resolve targets at 12 centimeters.

One way to avoid this limitation is to increase the distance to the target by

inserting an elliptical reflector in between as shown in Figure 29.

240 mm

150 mm

Figure 29. Elliptical reflector design
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In order for the reflector to focus correctly, the radar antenna must be positioned
at the focus of the ellipse and the radar must concentrate its energy on the
surface of the reflector. This is achieved by means of a lens that is attached to the

surface of the chip.

Figure 30. IWR4803A0OP RAAR Evaluation Board with Lens Attached

The correct positioning of the prototype is achieved with the help of a PVC pipe
and a pair of custom-made parts made with a 3D printer. The first of these is
attached to the inside of the tube and has a surface with the required elliptical
curve that acts as a reflector. A metallic paper has been glued to this surface to
improve the reflection of the radar signal. The second piece is also attached to the
inside of the tube at the other end and has the appropriate supports to correctly

anchor the evaluation board supplied by the radar manufacturer.
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Figure 31. Radar sensor and elliptical reflector positioning system

Measurements have been taken to check that the radiant system concentrates
the energy on an area of approximately one centimetre in diameter above the
ground with the help of a metal rod. One of the drops of paint used in 4.3.4 has
also been moved over the spot to check that the sensor detects it correctly.

Figure 32 shows the sensor temporarily attached to the body of a vehicle and a
set of paint drops deployed in a suitable manner so that they are passed over by
the sensor when the vehicle starts moving. It has been verified that the sensor
detects the drops correctly. A short 1 km route has also been made to explore the

asphalt and check that its surface is measured correctly throughout the journey.

Figure 32. Onboard radar setup

59



Alejandro Badolato Martin

Once the capabilities of this prototype to detect and measure asphalt and raised
droplets have been demonstrated, it is proposed to make a third prototype that
incorporates 24 identical radar sensors and a processing system that allows the
track to be decoded from the radar profiles supplied by each chip. The objective of
this prototype is to demonstrate the ability to read a coded track at high speed in

a real environment and the vehicle's guidance capacity.

Due to time constraints, this prototype is outside the scope of this Thesis and is

proposed as a future line of action in 6.
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5. Applications of radar positioning

5.1.Railway applications

5.1.1. Correlation of radar profiles for speed determination

In 1.4.1, the main techniques for determining train speed using on-board sensors
and the main drawbacks of each are described. The importance of determining
the speed of the train with high precision to determine the position of the train

using odometry is also described.

Other techniques based on the temporal correlation of signals have been explored
to determine train speed. In these, a first sensor records a measurement that
remains invariant over time for a given static position but that varies with the
progress of the train. In this way, this measurement behaves as if it were a
signature present in the infrastructure. A second identical sensor, installed at a
known distance, records the same information. Subsequently, a signal processing
system performs a correlation of both records to detect the delay that exists

between both signals.

MEMORY #1
e \. 4 N \ ."'
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| -~ ~ N\ 7 h
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Figure 33. Working principle of the time correlation system

The main advantage of this type of technique is that it allows the measurement
error to be limited by increasing the distance between sensors. Figure 33 shows
the relative error in determining the speed by correlating samples taken every 30

ps by two sensors 60 cm apart.
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The main advantage of this type of technique is that it allows the measurement
error to be limited by increasing the distance between sensors. Figure 34 shows
the relative error in determining the speed by correlating samples taken every 30
ps by two sensors 60 cm apart.
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Figure 34. Relative speed error obtained by correlating 30 ps samples and 60 cm gap

In [69], [184], [185] this technique is applied using optical cameras that point at
the floor of the infrastructure. For a correct operation of this solution, it is
necessary that both sensors are free of dirt. In addition, the system must be able

to function in extreme or changing lighting conditions.

In [68], [186], [187] two magnetic sensors are used to detect the disturbances
caused by the rail and by the presence of the rail fixing screws and clamps. In
[67]], two Doppler radars are used. Due to the lack of repeatability, reliability

and precision, none of these solutions are currently commercially exploited.

Another correlation method proposed in this Thesis is to use as a correlation
signal the profile obtained by a millimetre wave radar which obtains a detailed
profile of the infrastructure as the vehicle advances. Appendix D describes the

operating principle and shows the results obtained from a prototype.

5.1.2. Precise stop

Precise train stopping is a necessary requirement at stations equipped with
platform doors. To facilitate passenger boarding, the doors of the train cars must

match the platform doors at the stopping point. These platform doors are
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typically deployed at subway stations and mass transit systems such as

Automated People Movers.

Figure 35. Platform doors

Platform doors prevent people from falling onto the track, which causes
numerous human losses and huge service interruptions, increase passenger
capacity at stations, reduce passenger boarding and disembarking times, allow
for more efficient station air conditioning and facilitate a higher level of

automation in train operations.

The most commonly used technique consists of deploying a beacon a few metres
from the stopping point and applying, as it passes, a calibrated braking
force[188], [189], [190], [191], [192], [193], [194], [195], [196], [197], [198], [199].
This calibration is obtained for each station through a series of previous tests in
which a specific train approaches at different speeds. There are also systems that
self-calibrate the braking curve at all times taking as a reference the errors made
at the last stops. The precision of this technique is usually about £25 cm since
there are numerous parameters that influence the result that are considered
constant in the calculation but that can be variable over time such as the number
of passengers on board or the coefficient of friction between wheel and rail at
each point of the route. This last parameter can vary abruptly in the event of an
oil or liquid spill on the track.

The most commonly used technique consists of deploying a beacon a few metres
from the stopping point and applying, as it passes, a calibrated braking force
[188], [189], [190], [191], [192], [193], [194], [195], [196], [197], [198], [199]. This
calibration is obtained for each station through a series of previous tests in which
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a specific train approaches at different speeds. There are also systems that self-
calibrate the braking curve at all times taking as a reference the errors made at
the last stops. The precision of this technique i1s usually about +25 ¢cm since there
are numerous parameters that influence the result that are considered constant
in the calculation but that can be variable over time such as the number of
passengers on board or the coefficient of friction between wheel and rail at each
point of the route. This last parameter can vary abruptly in the event of an oil or

liquid spill on the track.

The beacon described in 4.2.2 is an alternative to this technique that provides
feedback of the train's position and speed to the braking system in real time and
accurately throughout the stopping process. In this way, the braking system can
dynamically calculate the braking intensity at each instant. In addition, it allows
the safety systems to verify that the train is stopped in the correct position once
the braking process has finished. In Annex D, you can consult the results
obtained on a Ferrocarrils de la Generalitat de Catalunya train with the

prototype described in 4.2.4.

5.1.3. Protection against impact to buffer stops

The rail ends of railway yards or the ends of the line usually have a buffer stop to
prevent the train from advancing [200]. Although both the train and the buffers
usually have shock absorbers to absorb part of the energy in the event of an
impact, their effectiveness is very limited due to the enormous amount of
movement that the train can accumulate when travelling at speed. Figure 35
shows examples of impacts against buffers that have occurred in Spain in recent

years.

The rail ends of railway yards or the ends of the line usually have a buffer stop to
prevent the train from advancing [200]. Although both the train and the buffers
usually have shock absorbers to absorb part of the energy in the event of an
impact, their effectiveness is very limited due to the enormous amount of
movement that the train can accumulate when travelling at speed. Figure 36
shows examples of impacts against buffers that have occurred in Spain in recent

years.
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Figure 36: Trains crashing into buffer stops in Spain

For this reason, many buffer zones have an additional safety mechanism
consisting of one or more RFID beacons deployed at a certain safety distance.
Each of them can trigger an emergency braking of the train if the speed exceeds a
certain threshold. They can also trigger an emergency braking regardless of the

speed if the beacon exceeded delimits a no-traffic zone.

This protection system has two problems. The first is that, if the emergency
braking system is triggered at the beacon closest to the buffer zone and the
driver, once the train has stopped, starts moving again, the protection system is
disabled. The second problem with this system is related to the safety distance
between the closest beacon and the buffer zone. An end-of-line station usually
has a beacon deployed at the entrance to it that limits the approach speed of the
train. To ensure smooth traffic, this speed threshold is usually set at 20 km/h.
Thus, it may be the case that a train passes the last safety beacon at 20 km/h. In
such a case, a sufficiently large distance to the buffer must be available to allow
the speed to be reduced to a safe level where the impact is adequately absorbed.
This condition may entail a high investment, especially if the end of the line is

located underground.

Similarly, the precise stopping system described in 4.1.2 can be used as a safety
system to prevent an approach to an end of line or buffer. This solution solves the
two problems raised above. On the one hand, a continuous beacon makes it
possible to define an approach speed limit every 5 cm. In this way, the speed
limit can be progressively reduced even at very low running speeds as the
position approaches the buffer. On the other hand, a continuous beacon system
makes it possible to reset the safety trigger as many times as necessary. Once the
train enters the prohibited zone, each time the train moves in the wrong

direction, the alarm will be triggered.
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Similarly, the precise stopping system described in 5.1.2 can be used as a safety
system to prevent an approach to an end of line or buffer. This solution solves the
two problems raised above. On the one hand, a continuous beacon makes it
possible to define an approach speed limit every 5 cm. In this way, the speed
limit can be progressively reduced even at very low running speeds as the
position approaches the buffer. On the other hand, a continuous beacon system
makes it possible to reset the safety trigger as many times as necessary. Once the
train enters the prohibited zone, each time the train moves in the wrong

direction, the alarm will be triggered.

5.1.4. Other applications

The precise positioning of a train described in 4.2.1, which uses the
infrastructure signature itself as a source of information, can be useful for
implementing moving-block type systems, eliminating or reducing to a minimum
the necessary track equipment. It can also be used as a system to assist in the
digitalisation of the infrastructure [227] or to apply efficient driving algorithms
in which the train's traction is modulated based on the specific point of the route
and the result of the simulations obtained that consider the train dynamics and

the characteristics of the route.

5.2.Road transport applications

5.2.1. LDWS/ALKS

The operating principle of current LDWS/ALKS systems and their limitations are
described in 1.4. These driving assistance systems reduce accidents [202].
However, these systems still lack sufficient availability and reliability. Therefore,
other solutions should be explored to complement the decision-making of these
systems to improve their availability and reliability. The adaptation proposed in
4.3.1 can help in this regard. This adaptation provides suitably equipped vehicles
with a new lane-keeping mechanism that does not have the difficulties presented

by systems based on optical cameras and the retro-reflectivity of road markings.

In addition to increasing the reliability and availability of current LDW/ALKS
systems, this solution provides a safe handover mechanism to SAE Level 3
autonomous driving systems that addresses the high-speed driving issue

described in 1.4.2 by providing safe guidance using the dead-reckoning technique
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for 200 meters. This safety distance can be used to progressively reduce the
vehicle speed, thus providing sufficient response time to the driver or, in the

worst case, to stop the vehicle if necessary.

5.2.2. Intelligent Speed Assistance

European Union regulations require that the ISA (Intelligent Speed Assistance)
system be incorporated into all vehicles manufactured in Europe from 2022
onwards. This system uses the information captured by the video cameras
equipped on board to identify those signs that limit the speed and thus know the
maximum speed allowed on the section of road on which the vehicle is travelling
[203], [204], [205]. This regulation also contemplates being able to estimate the
speed limit of the road on which the vehicle is travelling using the information
supplied by a GNSS receiver and the information from a road map stored in the
vehicle's memory. The objective of the ISA system is to alert the driver that he or
she 1s travelling at an inappropriate speed. The European Union contemplates
that, once the ISA system detects that the vehicle is travelling at a speed higher
than that established, this system notifies the driver of the excess speed through
three possible mechanisms. The first mechanism consists of a hardening of the
accelerator pedal that forces the driver to exert greater force on the pedal to
maintain the same level of acceleration. The second mechanism consists of an
electronic restriction of the vehicle's thrust system that limits the engine power.
The third mechanism consists of an acoustic and light signal that warns the
driver of the excess. The driver has the option of temporarily deactivating this
warning system. However, the system will automatically re-arm itself the next

time the vehicle is started.

European Union regulations require that the ISA (Intelligent Speed Assistance)
system be incorporated into all vehicles manufactured in Europe from 2022
onwards. This system uses the information captured by the video cameras
equipped on board to identify those signs that limit the speed and thus know the
maximum speed allowed on the section of road on which the vehicle is travelling
[203], [204], [205]. This regulation also contemplates being able to estimate the
speed limit of the road on which the vehicle is travelling using the information
supplied by a GNSS receiver and the information from a road map stored in the
vehicle's memory. The objective of the ISA system is to alert the driver that he or
she 1s travelling at an inappropriate speed. The European Union contemplates
that, once the ISA system detects that the vehicle is travelling at a speed higher
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than that established, this system notifies the driver of the excess speed through
three possible mechanisms. The first mechanism consists of a hardening of the
accelerator pedal that forces the driver to exert greater force on the pedal to
maintain the same level of acceleration. The second mechanism consists of an
electronic restriction of the vehicle's thrust system that limits the engine power.
The third mechanism consists of an acoustic and light signal that warns the
driver of the excess. The driver has the option of temporarily deactivating this
warning system. However, the system will automatically re-arm itself the next

time the vehicle is started.

Current ISA systems are limited in their reliability in estimating the speed limit
of the road on which a vehicle is travelling. Sometimes video cameras are
obscured by extreme ambient lighting conditions, or image processing systems
fail to adequately detect road signs due to poor weather conditions. There are
also occasions when other large vehicles driving or stopped in front of the vehicle
prevent the cameras from seeing the signs. Speed estimation based on GNSS
positioning also suffers from unreliability. Sometimes the position accuracy is not
good enough to identify the exact road on which a vehicle is travelling, or it is
simply not available. Speed maps stored in the vehicle's memory may also not be
up-to-date.

The adaptation of the infrastructure proposed in 3.3.1 allows to increase the
reliability and availability of current ISA systems. In addition, the reading of the
coded track allows to define speed limits every 90 mm. This property is of
particular interest in urban environments as it allows to define a progressive
maximum speed curve as a vehicle approaches, for example, a pedestrian
crossing. In this case, when the vehicle approaches the pedestrian crossing, the
speed limit can be progressively reduced to 5 km/h. At this speed, a pedestrian
can escape from a threatening vehicle and the damage suffered in the event of an

impact is mitigated.

The adaptation of the infrastructure proposed in 4.3.1 allows to increase the
reliability and availability of current ISA systems. In addition, the reading of the
coded track allows to define speed limits every 90 mm. This property is of
particular interest in urban environments as it allows to define a progressive
maximum speed curve as a vehicle approaches, for example, a pedestrian
crossing. In this case, when the vehicle approaches the pedestrian crossing, the

speed limit can be progressively reduced to 5 km/h. At this speed, a pedestrian
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can escape from a threatening vehicle and the damage suffered in the event of an

impact is mitigated.

5.2.3. Data sharing between vehicles

Current vehicles can identify an object in a vectorized manner by estimating its
distance and angle to the object and are even able to classify it as a pedestrian or
a vehicle. However, even though many advances have been made [206], [207],
[208], [209], [210], [211], they are still not able to perceive the environment with
adequate precision. These limitations are typically related to an insufficient
dynamic range and an insufficient instantaneous dynamic range of the sensors.
Dynamic range is the relationship between the highest intensity level that the
sensor can record without distorting the signal and the minimum detectable level
or sensitivity. The instantaneous dynamic range is the dynamic range that a
sensor has at a given instant in which it can simultaneously detect both limit

excitations.

Another limitation characteristic of the sensors used to perceive the environment
properly is their limited detection range and the difficulties in detecting objects
behind other objects, beyond changes in elevation or before going around corners.
These limitations are directly related to the lack of spatial dispersion of the
sensors. All the sensors are on board the vehicle and all perspectives start from

the same point.

These limitations could be reduced if the vehicles could share the detection
vectors of their sensors via radio with the rest of the connected vehicles.
However, in order to be able to transpose a vector, it is necessary to have the
exact coordinates of the position and orientation of the two vehicles that

exchange information with respect to an absolute reference system.

The adaptation of the infrastructure described in 4.3.1 facilitates an absolute
reference system that enables the transposition of detection vectors. This
capability exponentially increases vehicle perception since, in addition to being
able to use its sensor network, it can use the sensor network of vehicles

circulating in the vicinity.

5.2.4. Unmanned Platooning

The technique known as platooning involves a group of trucks travelling in a

convoy in a synchronised manner by means of a virtual coupling between vehicles
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with the aim of reducing energy consumption and polluting emissions [212],
[213]. These improvements are achieved by reducing the aerodynamic resistance
of the group thanks to a minimum separation between vehicles. The first vehicle
in the convoy is called the leader and the rest of the vehicles are called followers.
Drivers of follower vehicles have a driving assistance system that automatically
manages the acceleration and braking of the vehicle to maintain a fixed distance
from the preceding vehicle. This distance between vehicles, for safety reasons, is

usually about 6 metres.

There is a variant of platooning called unmanned platooning which is also being
tested, in which drivers are eliminated from follower vehicles thanks to a higher
level of automation of the vehicles [214], [215], [216], [217], [218], [219], [220],
[221], [222], [223], [224], [225]. In this way, a platoon or convoy is led by a single
driver. The main advantage of this variant is the reduction of road transport
costs associated with the driver, which typically account for 40% of the final

costs.

The follower vehicles of unmanned platooning systems have a set of cameras that
identify the position of the vehicle in front of them and radar sensors to measure
the distance to it. With this information, the vehicle guidance system can follow
the vehicle at a given distance. However, this type of virtual coupling between
vehicles suffers from a cumulative error in the position of the follower vehicles,

which causes the last vehicles in long convoys to invade another lane.

The adaptation of the infrastructure described in 4.3.1 resolves these limitations.
The leader vehicle records the precise trajectory it follows, taking the coded track
as a reference. This information is shared with the other vehicles in the convoy
and replicated by them. In this way, it is possible to implement long convoys that
act as a train on the asphalt in which all vehicles describe the same trajectory.

This solution is claimed in one of the patents in Annex A.

This patent also provides for a secure communications network between vehicles.
This communications network is achieved through a wired system between
vehicles similar to the helical cables that interconnect the tractor units of trucks
with their trailers to transmit brake force and lights. Thanks to this wired
network, communication with quality of service or QoS (Quality of Service) can
be provided, which, unlike radio networks, guarantees that the information
transmitted by the leader is propagated to the rest of the vehicles within a

certain time. In the event of a failure in the interconnection, the vehicles detect
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the communication failure and the convoy switches to a safe mode in which the

speed of the vehicle is progressively reduced.

Current Ethernet communication networks allow transmission speeds of 10 Gbps
and propagation delays of less than 1.3 ps between nodes [226]. This makes it
possible to reduce the safety distance between vehicles to 1 meter. This increases
the aerodynamic efficiency of the convoy and simplifies the physical
interconnection of vehicles using helical cables. In the event of a failure or
disconnection, a follower vehicle traveling at 100 km/h that identifies the
communication failure in less than 50 ps will travel 1.4 mm to react
appropriately. Assuming that the speed of the predecessor vehicle is like that of
the vehicle that loses communication at the time of the failure, the safety
distance will remain unchanged when the vehicles in the convoy switch to safe

driving mode.

The physical interconnection between vehicles using helical cables, in addition to
providing a QoS communication channel, enables the exchange of energy between
vehicles. This exchange of energy allows the vehicles in the convoy to have a
small electric battery to operate autonomously for a limited time during
exceptional situations, but normally receive a flow of energy from another unit in
the convoy. Thus, for example, one or more of the vehicles in the convoy can have
a hydrogen-powered generator that supplies energy to the rest of the vehicles.
This solution makes it possible to reduce the weight of the batteries in electric
vehicles and to reduce the costs of equipping each vehicle in the convoy with a

hydrogen generator.

5.2.5. Path recording

It 1s becoming more and more common to find vehicles on the road with driver
assistance systems and even vehicles equipped with autonomous driving systems.
The introduction of this type of vehicle poses a challenge for insurance companies
or the police to determine responsibility in the event of an accident. Detecting
possible malfunctions in the software systems that make decisions about driving
can be a tedious task due to the enormous amount of code used. Having a device
that records, like a black box, the trajectory, speed and position of the vehicle
accurately can be of great help in clarifying what happened and simplifying the

determination of responsibility.
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5.2.6. Synchronized traffic flows

One of the challenges of mobility in urban environments is to provide safe
transport to users and pedestrians, which is free of polluting emissions and is
agile and efficient. Current traffic light systems for regulating traffic do not
optimise mobility to the maximum. The capacity of these systems to work in a
coordinated manner is limited and their decision algorithms do not take into

account the individual routes planned for each vehicle.

The adaptation of the infrastructure described in 3.3.1 allows vehicles to share
their position and speed with a traffic regulating element that can make
decisions based on the type of vehicle, its current position and its destination.
These decisions can affect, for example, something as simple as the authorisation
of a vehicle or group of vehicles to access a crossing, but they can also affect the
authorisations for movement of each vehicle individually, in a similar way to how
rail traffic is regulated. For example, it is possible for vehicles connected to the
regulating element to cross a junction in a coordinated manner with the other
connected vehicles circulating at the junction without the risk of collision
between them. This solution prevents the regulating element from having to
prioritise the movement of the vehicles, allowing for greater energy efficiency and

greater mobility capacity.

One of the challenges of mobility in urban environments is to provide safe
transport to users and pedestrians, which is free of polluting emissions and is
agile and efficient. Current traffic light systems for regulating traffic do not
optimise mobility to the maximum. The capacity of these systems to work in a
coordinated manner is limited and their decision algorithms do not take into

account the individual routes planned for each vehicle.

The adaptation of the infrastructure described in 4.3.1 allows vehicles to share
their position and speed with a traffic regulating element that can make
decisions based on the type of vehicle, its current position and its destination.
These decisions can affect, for example, something as simple as the authorisation
of a vehicle or group of vehicles to access a crossing, but they can also affect the
authorisations for movement of each vehicle individually, in a similar way to how
rail traffic is regulated. For example, it is possible for vehicles connected to the
regulating element to cross a junction in a coordinated manner with the other
connected vehicles circulating at the junction without the risk of collision

between them. This solution prevents the regulating element from having to
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prioritise the movement of the vehicles, allowing for greater energy efficiency and

greater mobility capacity.
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6. Conclusions and future work

This Thesis proposes a solution for vehicle positioning and guidance in which on-

board radar sensors read information encoded in the infrastructure.

The prototypes described in 4.2.3, 4.2.4, 4.3.4 and 4.3.5 show that it is possible to
read information encoded in the infrastructure using on-board radar devices in a
vehicle following a track. These radar devices detect different logical levels of
information depending on the distance they measure to the exact location on the
structure on which they are travelling where the waves are reflected. This type of
reading has numerous advantages over others, including its speed and high

reliability in adverse lighting or weather conditions or in dirty environments.

Vehicles that read information encoded in the infrastructure can know their
position with centimetre precision as described in 4.3.3. To achieve this, a map
previously stored in the vehicle's memory associates each information code with a
specific position. When the sensor reads a complete code, the vehicle knows its
position. From this point on, the vehicle can update its position at bit level as it
reads the track without having to read another complete code. That is, it can

update its position every 9 centimetres of progress.

In railway environments, this solution is implemented in 4.2.2 using PVC pipes
that have a set of metal sheets inside at different heights. In 4.2.4 it is
demonstrated that the developed system can stop a train at an exact point with a
precision better than 2.5 cm. This solution is of particular interest to achieve the
precise stopping of the train in stations that have platform doors. It can also be

applied to avoid train collisions with line ends or buffers.

In 5.1.1, an on-board method is described for determining the speed of a train by
temporal correlation of two radar profiles of the infrastructure, which is an order

of magnitude more accurate than the sensors used by current signalling systems.

A future line of work remains to be defined, which train control device will
receive the information supplied by the equipment described in 4.2.4 and the
format in which both devices will share the information so that this equipment

becomes a commercial product.

In road transport, the adaptation of the infrastructure described in 4.3.1 allows

the entire road network to be digitalised without interfering with road users in a
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simple, low-cost way that does not require any maintenance throughout the life
of the asphalt. A 1,200-metre-long track has been deployed in the city of Ledn
using the coding system proposed in this thesis. During the year that the test has
lasted, the track has not generated interference problems with the different types
of users, including buses, vans, cars, motorcycles, bicycles, electric scooters,

pedestrians and people with reduced mobility.

This adaptation allows to substantially improve the current reliability of the
LDWS and ALKS systems and solves the problems associated with the driver's
reaction time in the high-speed handover of SAE Level 3 autonomous driving

systems.

It also allows ISA systems to define progressive speed limits in urban

environments that substantially improve pedestrian safety.

Vehicle driving assistance systems have a better perception of the environment
if, instead of using only their own sensors, they also use the sensors of other
vehicles circulating in the vicinity. These other sensors have a different
perspective of the scene and allow the detection distance to be increased. The
absolute reference system provided by the coded track allows the transposition of

the detection vectors between vehicles as described in 5.2.3.

Nowadays, the European Union is promoting the transport technique called
Platooning with the aim of reducing polluting emissions and improving road
transport capacity. The proposed system solves the current length limitations of
unmanned convoys by eliminating the cumulative positioning error between
vehicles. It also allows reducing the safety distance between vehicles to facilitate
a physical interconnection between vehicles that allows the exchange of energy

while driving.

Patents US 10,853,606 B2, US 10,824,152 B2, US 11,814,089 B2, US 11,565,733
B2 and US 2021/0232156 A1l described in Annex B recognize the innovative

nature of the different solutions developed in this Thesis.

In 4.3.5, the future work proposes the design of a sensor equipped with 24 radar
devices that allows testing the high-speed vehicle guidance system in real

environments.

Regardless of the advances that other technologies may offer to improve vehicle

positioning, having a digitalized infrastructure that allows vehicles to read
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information from it to position themselves will always provide a higher level of

safety.

In the era of digitalization, it is foreseeable that, sooner or later, the road
network will also end up being digitalized to improve the efficiency, capacity and
safety of the transport of goods and people. Given the enormous extension of the
road network, this digitalization must involve an adaptation that is easy to
deploy and low cost. This Thesis proposes a solution that meets both

requirements.

6.1. Achievements and technical constraints

This Thesis proposes a solution that meets both requirements, demonstrating the
feasibility of using millimetre-wave radar systems to guide and position vehicles
on both road and rail infrastructure. Through the design, prototyping, and
testing of multiple systems, this research has shown that radar devices can
effectively read information encoded within the infrastructure to determine the
precise position of vehicles, offering a reliable solution under various
environmental conditions. These conclusions reflect the achievements of the

project using this set of key concepts:

1. The research confirmed the viability of using on-board radar sensors to
extract encoded data from infrastructure elements. The use of radar
technology presents significant advantages compared to traditional methods,
such as its resilience to adverse weather conditions, including poor lighting,
heavy rainfall, or fog. Additionally, radar systems are unaffected by debris,

dirt, or contaminants that could compromise optical or camera-based systems.

e The primary challenge addressed was how to adapt road and railway
infrastructure to be compatible with radar technology without significant
modifications to the existing network. By deploying paint markings for roads
and PVC pipes with embedded metal reflectors for railway tracks, this
research provided a low-cost, easily scalable solution for integrating radar-

readable signatures into existing infrastructures.

e The research produced several working prototypes, which were tested in

controlled and real-world environments. In road vehicle applications, paint
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markings were successfully deployed along a 1200-metre section of road in
Leon, Spain. Testing showed that radar-equipped vehicles could detect these
markings at speeds of up to 120 km/h with centimetre-level accuracy. For
railways, PVC pipes with embedded reflectors allowed a train to be stopped
within a precision of 2.5 cm, an essential feature for metro systems and

stations with platform doors.

Technological Innovation in Radar Systems is one of the key contributions of
this thesis, contributing of how commercially available radar technology can
be adapted for vehicle guidance. By employing radar components commonly
used in automotive industries, such as Texas Instruments' radar chips, the
project achieved significant cost savings while maintaining high performance.
This technological innovation lays the groundwork for future industrialisation

of the system.

. The successful deployment of radar-based vehicle positioning systems offers

several notable advantages over existing technologies.

e Millimetre-wave radars provide highly accurate distance measurements,
allowing vehicles to determine their exact position with minimal error.
This capability is particularly valuable for applications requiring high
precision, such as autonomous vehicle guidance or collision avoidance
systems in both road and rail environments. The radar systems tested in
this research demonstrated centimetre-level precision, a critical feature for
tasks like precise vehicle stopping in metro stations or determining a

vehicle’s lane position on motorways.

e Resilience to Environmental Factors as key aspects of radar uses. Unlike
optical systems or LIDAR, millimetre-wave radars are unaffected by poor
lighting, fog, rain, or snow. This robustness ensures that the systems can
function effectively in diverse conditions without requiring additional
sensors or supplementary technologies. For example, during the year-long
road tests in Ledén, the system showed no interference from varying

weather conditions or road users, maintaining consistent performance.

e The proposed radar-guidance systems offer significant advantages in terms
of low maintenance and scalability. The infrastructure modifications, such
as raised paint markings or embedded reflectors in PVC pipes, are

designed to be long-lasting and resistant to environmental wear. These
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modifications also do not interfere with regular traffic, meaning that they
can be implemented without major disruption to current road or railway
networks. The simplicity and durability of the system make it an

attractive option for large-scale deployment.

3. Despite the success of the prototypes, several challenges and technical

limitations remain that must be addressed in future research.

One of the main technical challenges encountered was radar signal
interference from environmental factors, such as water. While raised paint
markings were designed to mitigate this, radar signals could still be
affected by large pools of water accumulating on the road surface.
Similarly, railway tracks faced challenges from uneven surfaces or
obstacles like debris on the tracks, which could impact the radar’s ability

to accurately read reflectors.

Another limitation identified was the difficulty of ensuring precise radar
detection at high speeds. While the road vehicle system functioned well at
speeds up to 120 km/h, there were instances where vehicle misalignment
or uneven track surfaces caused signal loss. Further refinements to radar
antenna design and processing algorithms are necessary to ensure reliable

performance at higher speeds and with greater misalignment tolerances.

Although the project successfully reduced costs by using commercially
available radar components, further cost optimisations are needed to make
the system viable for widespread industrial use. Additionally, integrating
the radar data with existing vehicle control systems, such as autonomous
driving platforms or signalling systems, presents another challenge.
Future work must focus on standardising the data formats and ensuring
seamless communication between the radar sensors and vehicle control

systems.

6.2.Future Directions and Recommendations

The conclusions of this thesis point to several promising directions for future

research and development. Key recommendations include:
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Further Prototyping and Testing.

While the prototypes developed for both road and railway systems showed
great promise, further testing is needed to refine these systems for
commercial deployment. Larger-scale tests, with longer road and railway
sections, will provide more data on the system’s performance under varying

conditions, including different weather patterns, vehicle types, and speeds .

Integration with Autonomous Systems.

The radar-based positioning system has the potential to play a significant role
in future autonomous driving technologies. Integrating this system with
autonomous vehicle platforms, including platooning and smart city
infrastructures, is a crucial next step. The ability to provide precise
positioning data will greatly enhance the safety and reliability of autonomous

vehicles .
Exploring Other Applications.

Beyond vehicle positioning, millimetre-wave radar technology can be explored
for other applications, including industrial automation, robotics, and even
aviation. Its capacity to detect objects in complex environments makes it a
valuable tool for a wide range of sectors where precise, real-time data is

required.
Addressing Legal and Regulatory Considerations.

As the deployment of radar-based systems increases, addressing legal and
regulatory frameworks will be essential. Collaboration with government
agencies and transport authorities will ensure that the system complies with
existing safety regulations while promoting innovation in transport
technologies. The development of standardised protocols for radar
communication and data-sharing will also be important for international

adoption.

6.3. Final considerations

This thesis has contributed significantly to the development of millimetre-wave

radar technology for vehicle positioning and guidance. Through innovative

design, prototyping, and real-world testing, the research has shown that radar
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systems can offer a precise, reliable, and scalable solution for both road and
railway vehicles. The advantages of radar technology—its resilience to
environmental conditions, high precision, and low maintenance—make it an ideal
candidate for future transport systems, especially in the context of increasing

automation and smart city infrastructure.

However, challenges such as signal interference, high-speed detection, and
integration with existing systems must be addressed to ensure the system’s
commercial viability. The future of transport will likely rely heavily on such
advancements, and the foundations laid by this research provide a strong
platform for continued innovation in this field. By refining the technology,
addressing the remaining challenges, and exploring new applications, millimetre-
wave radar systems have the potential to revolutionise the way vehicles interact
with their environments, ultimately contributing to safer, more efficient

transport networks.
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This thesis has resulted in a series of presentations, collaborations in research

projects and patents.

This thesis is part of the industrial doctorate program. For this reason, the

dissemination of the results of this thesis has not focused on scientific journals

but on participation in conferences, specialized events of each of the industries

and the publication of articles in specialized journals. The most important ones

presented are listed below in chronological order.

Presentations

Autosens — Brussels , September 2017

Ideas from Europe — Tallin, November 2017

LA Comotion — Los Angeles, November 2017

Misién tecnolégica CDTI — Sidney, December 2017

Metro World Congress RailLive — Bilbao, April 2018

United Nations Economic Council Europa — IoT Forum — Geneva, April 2018
Automated Driving Conference — Washington DC, June 2018

EU Strategic Transport Research & Innovation Agenda — Grazz, November
2018

Automotive Sensors & Electronics Summit — Munich, February 2019

EU Connected Cooperative Autonomous Mobility — Brussels, June 2019
International Road Federation R2T Conference — Las Vegas, November 2019
World Congress Rail Research — Tokyo, October 2019

Wunder Mobility Summit — Hamburg, November 2019

Collaborations in research projects

e 2016 - 2017 Eureka Project E!11759 RPS Railways in collaboration with
the IZM Group (Institute for Reliability and Microintegration IZM) of the
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Fraunhofer Institute, the Microperipheral Technology Research Group of
the Faculty of Electrical Engineering and Computer Science of the

Technische Universitat Berlin and the German company ECD.

e 2019 — 2021 CIEN Project for the development of a CBTC in collaboration
with CAF Signalling, INTEGRATED TECHNOLOGY SYSTEMS, S.L,
TELTRONIC SAU and MASATS S.A.
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This thesis has generated a set of intellectual property that has been claimed in
numerous countries. For simplicity, reference is made to patents registered in the

USA.

e US 10,853,606 B2: Encoded surfaces that are read by three-dimensional

radar imaging systems

e US 10,824,152 B2: Automated guidance system for vehicles by means of

dielectric changes in a prerecorded rail-guide

e US 11,814,089 B2: Encoded information means located on infrastructure to

be decoded by sensors located on mobiles

e US 11,565,733 B2: Speed Control and track change detection device

suitable for railways

e US 2021/0232156 A1l: Semi-automated convoy transport system for

vehicles
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1
ENCODED SURFACES THAT ARE READ BY
THREE-DIMENSIONAL RADAR IMAGING
SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a 35 US.C. § 371 national stage
application of PCT Application No. PCT/AB2016/057119,
filed on Nov. 25, 2016, which is incorporated herein by
reference in their entireties. The above-referenced PCT
International Application was published as International
Publication No. WO2018/096388 Al on May 31, 2018.

OBJECT OF THE INVENTION

The proposed invention relates to encoded surfaces that
are read by a three-dimensional radar imaging system during
the displacement of the reader.

The reader examines different zones of a determined area
of the encoded surface where each one of the zones exhibits
protrusions or indentations similar to the braille coding
system.

The image oblained allows the position of the camera to
be estimated with respect to the known pattern.

The relative movement of the reader with respect to the
encoded surface allows other areas of the surface to be
examined and in this way the sensor is capable of decoding
a message recorded along the trajectory followed by the
image sensor.

These encoded surfaces can be used, amongst other
things, to determine the absolute position of the reader,
provided information is encoded about the position with
respect to an absolute coordinate system in the surface and
the reader is capable of determining its relative position and
said information.

It also serves to identify that the reader has scanned a
surlace encoded with a determined pattern which identifies
an object and even for systems of numeric control of objects.

FIELD OF THE INVENTION

The field of the invention is the high-tech industry of
positioning and control of mobile phones and objects which
can be applied preferably in surface transport devices and in
assembly lines or cranes.

BACKGROUND OF THE INVENTION

There is some background for devices which carry out a 5

similar information reading function.

Among which, the inventor is also the inventor of the
international patent PCT/ES2015/070378 where as an
encoding means a rail guide is described installed at the level
of the road surface, although it can optionally he hidden
under a layer of asphalt treated with a layer of hydrophobic
material with preferred dimensions of 1.5 ¢cm width by 5 ¢cm
depth and where hollows are machined in its interior, the
preferred form of the hollows being dihedrals since the
planes of the dihedrals increase the reflected signal, there-
fore facilitating its detection.

Similarly. the same inventor has registered the interna-
tional patent PCT/IB2016/051159 where other information
means are detailed with the same purpose. These reading
and information encoding systems have more applications
wherein it is not necessary for the sensor to be installed on
a mobile phone and the encoded information does not have
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the sole purpose of determining the relative position of the
sensor with respect to the encoded medium.

But the case where the reader not only examines in one
pointing direction, but rather is capable of exploring an area
of the surface, obtaining a three-dimensional image where
there are determined protrusions of variable thickness or
indentations with different depth has not been thus far
resolved and this is what the proposed invention achieves.

There is no prior art known by the inventor incorporating
the arrangements presented in the present invention, nor the
advantages which said arrangement entails.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a functional block diagram illustrating a three-
dimensional radar imaging, system according (o one or more
embodiments described herein.

DESCRIPTION OF THE INVENTION

The proposed invention relates to encoded surfaces 102
that are read by a three-dimensional radar imaging system
103 as illustrated in, for example, FIG. 1. The reader
examines different areas of a determined area of the encoded
surface where each one of the areas presents protrusions or
indentations similar to the braille encoding system. The
image obtained allows the position of the camera to be
estimated with respect to the known patiern.

The relative movement of the reader with respect to the
encoded surface allows other zones of the surface 101 (e.g.,
asphalt) to be examined and in this way the sensor is capable
of decoding a message recorded along the trajectory fol-
lowed by the image sensor.

These encoded surfaces can be used, amongst other
things, to determine the absolute position of the reader,
provided information is encoded about the position with
respect to an absolute coordinate system in the surface and
the reader is capable of determining its relative position and
said information via element 104 (e.g.. a data decoder and
positioning system). It also serves to identify that the
encoded surface has overrun the sensor or vice versa and
even for systems ol numeric control of objects.

The information is extracted by means of detecting the
borders of dielectric change of the medium or by means of
detecting the dielectric metal borders where the changes are
detected by means of image sensors such as high resolution
radar device or other similar detector

These borders are examined by means of a sensor for
pressure or electromagnetic waves and, by measuring the
time taken by the ways to return to the sensor, it is possible
to determine the distances at which that reflections are
produced and thereby extract the information. The informa-
tion is encoded by means of various mechanisms. One of
these is to modify the thickness of the protrusions or the
depth of the indentations. Another mechanism is to locate
the projection or indentation in a determined position with
respect to the other projection or indentation. A third mecha-
nism is to combine the two foregoing mechanisms.

It is possible 1o replace the image radar sensor, which is
capable of examining different zones of the explored area by
means of electronic pointing, with a set of sensors distrib-
uted on the axis transversal to the trajectory and separated
from each other by a determined distance such that the
senses coincide with the longitudinal axes where the infor-
mation is encoded. When the sensors at the ends are detect-
ing the projections on each transversal axis, the information
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3
resides in the detection of a projection which is detected by
one or another intermediate sensor.

An exemplary application which emerges from this read-
ing and encoding system is the gudance and positioning of
vehicles where a surface close to the location where the
vehicle is displayed is encoded and where the vehicle
incorporates a three-dimensional image system. Another
application is the identification of objects which encode in
their surface information with a determined pattern and a
radar reader which detects add patterns.

PREFERRED EMBODIMENT OF TIHE
INVENTION

The preferred embodiment consists of an infrastructure
which has paint speckles on its surface along its trajectory.

The paint speckles have a 1 cm squared surface and a
thickness of 0.5 em. The information is encoded. having two
paint speckles with a separation ol 10 cm on an axis
perpendicular to that of the trajectory of the infrastructure.
The locating of a third paint speckle between both deter-
mines the logic level of the transversal axes as is described:

1 speckle separated by 2 cm from the left speckle in the

direction of travel of the vehicle determines a logic
level 1.

1 speckle separated by 4 cm from the left speckle in the
direction of travel of the vehicle determines a logic level 0.

| speckle separated by 6 cm from the left speckle in the
direction of travel of the vehicle determines a logic level
word start bit.

| speckle separated by 8 cm from the left speckle in the
direction of travel of the vehicle determines the logic level
word end bit.

The information is encoded forming words starting with
a start bit, then 64-bit of data 1 or 0 arc encoded and lastly
they have a stop bit. The separation between each one of the
transversal axes where 3 speckles are encoded is 2 cm.

This encoded surface is read by means of high resolution
radar which, coupled to the underside of the vehicle, has
electronic pointing capacity and explores each square cen-
timetre of a visual ficld of approximately 50x50 cm squared.

In addition, the sensor can be coupled to the vehicle via
a motorised mobile transversal axis which allows it to be
displaced from one wheel 1o another 1o [acilitate the reading.

The displacement of the vehicle along the trajectory
allows other zones of the medium to be examined and in this
way the sensor is capable of decoding a message recorded
about the situation and positioning

With the nature of the invention sufliciently described and

the manner of putting it into practice, it should be stated that 5

the arrangements previously indicated and represented in the
attached drawings can be modified in detail once they do not
alter their fundamental principles, established in the previ-
ous paragraphs and summarised in the following claims.

What is claimed is:
1. Encoded surfaces that are read by a three-dimensional
radar imaging system, the encoded surfaces comprising:

surfaces encoded by shapes which can be recadable by

sensitive readers located apart lor reading the surlace
encoded by shapes,

wherein sensitive readers emit pressure or electromag-
netic waves to examine each one of a plurality of zones
of an explored area and obtain information on a dis-
tance at which cach one of possible reflections is
produced due to a change between a boundary between
two different media, and
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wherein information being encoded in an axis transversal
to a trajectory is defined by a presence of two projec-
tions, including a first projection and a second projec-
tion, separated by x cm from one another and a third
projection located between said two of said projections
with respect to said first projection in a direction of
travel of said trajectory, in the following manner:

a) at a distance of A cm to associate said axis with a logic
level 0;

b) at a distance of B cm to associate said axis with a logic
level 1:

¢) at a distance of C ¢m to associate said axis with a logic
level word start bit: and

d) at a distance ol 1) em o associate said axis with a logic
level word end bit,

wherein A<B=C=D=X, and

wherein A>0.

2. The encoded surfaces according to claim 1 wherein said
surface has projections and indentations arranged on axis
transversal to a trajectory and a reader is formed by a radar
configured to emit energy by pressure or electromagnetic
waves (o examine each one ol said zones of said explored
area and detects the presence of said projections and said
indentations arranged on said axis by determining a distance
at which a reflection is produced due o a change between a
boundary between two different media.

3. Encoded surfaces that are read by a three-dimensional
radar imaging system, the encoded surfaces comprising:

a plurality of paint speckles disposed on the encoded
surface along a trajectory of the encoded surface and
wherein said paint speckle have a surfoce of 1 cm
squared and a thickness of 0.5 cm wherein information
being encoded is defined by two paint speckles includ-
ing a left paint speckle and a right paint speckle with a
separation of 10 ¢m on an axis perpendicular to that of
said trajectory;

said paint speckles including a third paint speckle wherein
locating of said third paint speckle between said two
paint speckles determines logic levels of a transversal
axis wherein:

said third paint speckle is separated by 2 cm from said left
speckle in a direction of travel of a vehicle defining a
logic level 1;

said third paint speckle is separated by 4 cm from said left
speckle in the direction of travel of the vehicle deflining
a logic level 0;

said third paint speckle is separated by 6 cm from said left
speckle in the direction of travel of the vehicle defining
a logic level word start bit;

said third paint speckle separated by & em from said left
speckle in the direction of travel of the vehicle defining
a logic level word end bit:

wherein separation between each one of said transversal
axes where said paint speckles are encoded is 2 cm;

wherein information being encoded forms words starting
with a start bit, then 64-bit of data including 1 or 0, and
lastly a stop bit;

wherein the encoded surface is read by a high resolution
radar coupled to an underside of the vehicle, having an
electronic pointing capacity and configured to explore
cach square centimeter of a visual field of approxi-
mately 50x50 cm squared; and

wherein a sensor is coupled to the vehicle via a motorized
mobile transversal axis allowing said sensor to be
displaced from one wheel to another to facilitate with
the reading.
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4. The encoded surfaces according to claim 3 wherein
information being encoded in said axis transversal to said
trajectory is defined by a presence of two of said projections,
including a left projection and a right projection, separated
by 10 cm from one another and a third projection located
between said two of said projections with respect 1o said left
projection in a direction of travel of said trajectory, in the
following manner:
a) at a distance of 2 cm to associate said axis with a logic
level 0
b) at a distance of 4 cm to associate said axis with a logic
level 1:
c) at a distance of 6 cm to associate said axis with a logic
level word start bit; and
d) at a distance of 8 cm to associate said axis with a logic
level word end bit.
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AUTOMATIC GUIDANCE SYSTEM FOR
VEHICLES BY MEANS OF DIELECTRIC
CHANGES IN A PRERECORDED
RAIL-GUIDE

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable

THE NAMES OF THE PARTIES TO A JOINT
RESEARCH AGREEMENT

Not Applicable

STATEMENT REGARDING PRIOR
DISCLOSURES BY THE INVENTOR OR A
JOINT INVENTOR

Not Applicable

BACKGROUND OF THE INVENTION
Field of the Invention

The field of the invention is the auxiliary automotive
industry as well as the electronics industry.

Description of Related Art

There are a number of precedents on devices that perform
the same function of autonomous driving of vehicles.

Among them the inventor knows the following:

U.S. Pat. No. 3,550,077 A. This invention relates to a
guidance system for vehicles on the ground.

More particularly this system refers to a guidance system
of vehicles using as the guiding element a copper cable.

This system is much more limited than that proposed in
the present invention since it does not provide longitudinal
or position information.

Moreover, the system installed on the road is not passive.
It needs a generator.

U.S. Pat. No. 8.831.800: Refers to an automatic system of
transportation that includes at least a vehicle without a driver

that moves from one point to another following a rail 3

integrated in the pavement that has optical characteristics
and a set of chips arranged al regular intervals.

This system, more evolved than the one previously
described, suffers from major problems, since the guidance

system is optical and is therefore subjected to great lighting 5

contrasts that hinder the operation of the detectors.

Under fog or rainy conditions the system may be seriously
affected.

The transponder system does not allow having an appro-
priate longitudinal resolution (it is not possible to install a
transponder each centimeter).

Furthermore, these transponders also can be affected by
working in extreme environmental conditions or by the
existence of interferences.

On the other hand, the integrity of the system is compro-
mised as an interfering transmission can simulate the signal
from one of the transponders.
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The proposed invention in this specification solves all of
the above problems with absolute reliability because the
proposed system has a centimeter resolution throughout the
track and not only in the places where the transponders have
been placed.

It is also important to highlight that the media where the
data is recorded in the proposed system can be a polymeric
material which has a good preservation capacity in adverse
environments and also, due to a high transmitting band-
width, the capacity for interference is negligible since, if the
interfering signal is minimally different from the transmitted
signal (something that happens in practice with two identical
systems). the processing gain will be low (see spread-
spectrum techniques) and the received power will not be
correctly added.

The inventor is not aware of any prior background incor-
porating the provisions that are provided by the current
invention, nor the advantages inherent in these provisions.

BRIEF SUMMARY OF THE INVENTION

The proposed invention refers to a system of automatic
guidance of vehicles by means of the detection of changes
of the dielectric properties in a pre-recorded rail-guide,
wherein the dielectric changes are detected by a high reso-
lution radar device and wherein the control system of the
vehicle has the ancillary means required to convert it to an
auto guidance system.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a better understanding of the mvention attached can
be found a sheet of drawings in which the following is
appreciated

FIG. 1. Perspective view and with a side cut in the lane.

FI1G. 2.—Lateral cut view of the lane.

FIG. 3.—Perpendicular section view of the lane.

FIG. 4. Diagram that represents the pre-recorded mes-
sage that may exist on the road, namely, the radar sensor
detects the borders in the distances profile, being configured
as a positioning system, detecting the vehicle on the rail-
guide, the lateral drift and the longitudinal advance.

FIG. 5.—Diagram presenting the auxiliary means of the
control of the vehicle

FIG. 6.—Shows the information reading devices (11)

FIGS. 7 AND 8. Show the auxiliary means of the
control of the device (12)

And in said figures, identical elements have the same
reference, among which it can be distinguished:

(1). rail-guide,
(2).—dihedral from the right side band
(3).—dihedral from the left side band,

(4).—dihedral in the logic level 17,
(5).dihedral in the logic level 07,
(6).—border at the end of the trail,
{7).—collocation shoulders,
(8).—upper border non visible,

(9). logic level
(10).—logic level 0™,

(11).—information reading device

{11.1).—radar sensor

(11.2).——antenna

(12).—auxiliary means of the control of the device
{12.1).—communication means by systems V2V,
(12.2)—means to detect the rail-guide,
(12.3).—global positioning an navigation means,

wyr
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(12.4).—vehicle and obstacle detection means.

(12.5).—inertial systems,

(12.6).—incidences and traffic signals communication
means.

DETAILED DESCRIPTION OF THE
INVENTION

The proposed invention refers to a system of automatic
guidance of vehicles by means of the detection of changes
of the dielectric properties in a pre-recorded rail-guide,
wherein the dielectric changes are detected by a high reso-
lution radar device and wherein the control system of the
vehicle has the ancillary means required to convert it to an
auto guidance system.

It is proposed a solution that allows for the inlormation
encoded in a non-conducting material to be read through the
existence or not of boundaries of change in the dielectric

constant in the medium which are perceivable using radar

techniques.

The boundaries in the change of dielectric in a non-
conducting material cause that part of the energy radiated
toward the material is reflected. This reflected energy is
delected by the radar system being possible to determine the
radial distance where the discontinuity is to be found.

The boundaries of change of dielectric can be set using
two materials or substances whose dielectric constants are
different or using a single material where the boundary is set
hetween the material and the vacuum or the material or a gas
or substance. An example of the latier is the difference that
is crealed in a polymeric material that presents holes or
recesses filled with air.

Using in the radar system an electromagnetic energy
radiating system (Antenna or horn) which radiation diagram
is narrow, it is possible to channel the greater part of the
transmitted energy in a small volume.

By applying these principles, it is possible to build a
sensor that is capable ol determining the existence ol a
characteristic pattern of reflections that the system is capable
of interpreting as binary information or other sort of infor-
mation.

An example of an application of this technology is a
guidance system of vehicles that rcads the previously
recorded information in a non-conducting material. The
reading ol this information may help to be able o accurately
determine its position, which can be of help for an automatic
guidance system of vehicles.

The proposed system is a radar device in the millimeter or

sub-millimeter bands and even higher frequency (up to the :

limit of the visible spectrum) that transmits with a high
handwidth. Thanks to the high working frequency. it is
possible to build electrically large radiant systems that allow
for highly directive radiation beams with reduced physical
dimensions.

A radiant element of these features docked in a car
(preferably on the underside of the same) can light up a
surface on the track (located preferably at a distance to the
radar below one meter) the area of which is less than one
square centimeter.

The radar queries the lighted up area at constant intervals
of time (which are of the order of microseconds) transmit-
ting at a particular bandwidth (on the order of tens of
gigahertz). With the received signal and by processing using
techniques of radar processing, a profile of the distances is
obtained (level of detection of reflected signal as a function
of the radial distance from the radar). At those radial
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distances where there is a boundary of change of dielectrie,
an increase at the level of received power will oceur.

Whenever the beam ol the antenna lights up the track, a
reflection is produced at the boundaries identified as 4 and
5. generating a known pattern determined by the distance
between the two surfaces. The pattern shift control will
detect such a pattern and will recalculate the distances of the
detections taking as a reference of origin the surface 4.

Based on the information supplied by the pattern shift
control. the boundary identifier will decode the information
stored in the aiming direction of the antenna denoting the
information read from the central band of the track and the
possible detection of each one of the lateral bands.

If the combination of the boundaries identified in a
particular radar query matches one of the possible combi-
nations that the track can generale al a certain point, the
system will increase a counter. Similarly, each time that the
combination does not correspond to one of the possible
combinations the counter will be decremented.

When the counter value exceeds a certain threshold of
accounting of possible combinations the detector of vehicle
on track will flag the detection of the track to the positioning
system. When the threshold is not reached, the detector will
likewise notify.

When the beam of the antenna is perlectly centred in the
central band of information (3), the dihedrals of detection of
lateral offset (1 and 2) are not lit up. This way, there will not
be any detection associated to the radial distance of none of
the dihedrals (1 and 2) in the distances profile. When the
heam is slightly offset to one side, the corresponding side
dihedral is partially lit up. producing a reflection. Identifying
the distance at which the reflection occurs, the system is able
to determine the side to which the trajectory has to be
corrected.

Analyzing the sequence of the distances profiles, an
implemented algorithm is able to detect the transition
between two consecutive pre-recorded information. When
such an event happens, the progress will be notified to the
positioning system the information of the position of the
vehicle can be updated.

Provided that the detector of vehicle over the track
indicate a correct lighting and taking advantage of the
detections of the longitudinal advance, this detector will
store consecutively cach picce of information associated
with the central strip. Using a synchronism header known or
a similar mechanism, the detector will be able (o identily the
first information about the message of positioning. Analy-
sing several consecutive information the system is able to
read the pre-recorded code on the tape. This code corre-
sponds to a univocal identification between the start of the
message position and a system of coordinates of the land
surface that is known by the system. This message is
recorded continuously over the entire track. In addition,
since the system has in its memory recorded the route
followed by the track, each time that you detector informa-
tion of longitudinal advance are received, the positioning
system is able to recalculate the new position of the vehicle
and report it to the automatic driving system.

The automatic driving system is capable of conducting the
vehicle to the destination chosen by the navigation system.
To do this, it is mainly supported by the positioning system
and by the nertial systems of the vehicle.

Performing at a high working frequency allows the
devices to transmit a bandwidth of about tens of Gigahertz
that allow clarifications to the extent of the radial distance
from the radiant element to the border of dielectric change
below one millimeter (this does not depend on the band-
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width but on the frequency of work) and resolutions (ability
to discern two borders of change of dielectric next) lower
than one centimeter. Furthermore, the penetration capacity
of waves on materials at these frequencies is high (provided
that the media is not the driver or is composed of water).

An example of a non-conducting means wherein it is
possible to record the information may be a plastic band
dimensions of which are in the range of em and even lower.

Taking as an example a continuous wave radar and
frequency modulated to transmit a bandwidth of 34 GHz (for
example, at the [requency of 340 Gz wherein there is a
window ol atmospheric absorption that implies a low attenu-
ation) it is possible to project the energy radiated in the firm
of a road where there is located level with thereof or a few
centimeters under the asphalt layer a plastic band with
dimensions that can be 1.5 em wide and 5 cm deep. As
shown in the drawing, the plastic guide embedded in the
road has a number of gaps that produce reflections that are
detected by the radar s

A possible ramp time chirp can be 37.5 us. Therefore, it
s obtained a sample of the distances profile that it is being
illuminated by the antenna each 37.5 us. This way, a vehicle
driving at 120 Km/h interrogates until 16 times between two
consecutive information.

The sequence of two consecutive bits *17 will produce a
progressive decrease of the signal level of the peak associ-
ated with the bit (does not illuminate properly the dihedral)
to appear again with the maximum intensity (which oceurs
when the radiant system illuminates the dihedral axis of
symmetry ).

The information from 0" can be generated by the absence
ol discontinuity at the expected distance in the “17 or by
mechanizing a dihedral to a different depth.

To facilitate to the vehicle guidance system the informa-
tion on the lateral drifl thereol, longitudinal bands can be
mechanized to lower distances. For example, at 1 em a
longitudinal dihedral can be placed to the left and a 1, 5 to
the right 1.5 as shown in FIG. 1.

This way, when the radiation diagram enlightens the
central part of the band will the detections will only be
obtained at the distances associated with the region wherein
the information has been coded (at a distance of about 15 or
16 cm related to the radar sensor) but il it starts o move
laterally towards the left a signal will start 1o be received at
a distance of 12,5 cm which level will be greater as the
diagram enlightens 1o a greater extent the side dihedral. I
in contrast, the vehicle moves towards the right, the peak
will appear at a distance of 13 em.

In the code of *1"s and *0's the information about the
coordinates by which passes the road can be recorded. Using
the 56 bit decoding it is possible to identify uniquely each
square decimeter of the ground surlace.

That is to say, in less than (.56 meters of trail decoded,

detailed information about the vehicle circulating can be s

obtained. It should be noted that the guidance system has
stored the sequence of positions through which the road
passes. This fact offers advantages to the receiver, allowing
the reduction of the likelihood of a reading error.

The guidance system ol the vehicle may have loaded in its
memory the morphology of the road. This way, the guidance
system of the vehicle can anticipate changes in the direction,
adapt the speed in certain areas o increase the engine power
to face a high slope.

In addition to work with very low powers (even of tens of
microwatts), the possibility of interference between systems,
even of the same model, is not possible, This is due to the

em and interpreted as information. 2
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high bandwidth transmitted. The interference with systems
that operate at different frequencies is discarded.

The radar system can contain 2 antennas (ransmitter o
receiver) or only one (through the use of circulators or even
by taking advantage of the local oscillator signal of the
mixer that is transmitted by the receiver horn due to the finite
isolation between the door OL and the hom.

Description of the Preferred Embodiment

The proposed invention refers to a system of automatic
guidance of vehicles by means of the detection of changes
of the dielectric properties in a pre-recorded rail-guide,
wherein the dielectric changes are detected by a high reso-
lution radar device and wherein the control system of the
vehicle has the ancillary means required to convert it to an
auto guidance system.

More particularly, the system is composed of the follow-
ing elements:

pre-recorded rail-guide (1)

information reading device (11)

auxiliary means of the control of the vehicle. (12)

The pre-recorded rail-guide (1) is composed of a picce
with a straight rectangular parallelepiped, with various
shoulders on their sides (7) for correct attachment and its is
manufactured in non conductive material, preferably poly-
ethylene.

The rail-guide (1} will be installed level with the firm of
the road, although it can optionally be hidden under a layer
of asphalt treated with a layer of hydrophobic material.

The preferred dimensions of the rail-guide (1) are 1.5 cm
wide by 5 cm deep.

Inside. the boreholes will be mechanized, being the bore-
holes preferred form that ol dihedrals, since the planes ol the
dihedrals increase the reflected signal, facilitating therefore
its detection.

The situation of the dibhedrals that create the borders is the
following:

The dihedrals of the centre band (4 and 5) are oriented
perpendicular to the side strips (2 and 3), since in the first
case il is pretended obtaining a variable signal level accond-
ing to the longitudinal advance of the vehicle along the track
and in the second case, it is obtained based on the lateral drift
thereof by way of border.

The dihedrals of the side strips (2 and 3) are located at the
same distance from the outer edges but at different heights,
so the border established in each end is easily identified.

The dihedrals of the centre band (4 and 5) are located in
the central arca of the lane, located perpendicular to the
external dihedrals and at different heights, o determine at
least two logical levels, a logical level *17 the upper one and
a logical level *07 the lower.

There is also a lower border at the end of track (6) in the
bottom, as well as a border at the upper part (8), being the
lower part formed by a borehole and the upper one (8) hy the
dielectrie differcnce between the material of the rail (1) and
the air or the asphalt (in the case of the rail-guide buried).

The preferred way 1o code the rail message is hased on a
binary codification. The logic *1" is associated with the
detection of an higher dihedral and the “0" with that of a
lower one.

In the code of *1°s and “0°s the information about the

5 coordinates by which passes the road can be recorded. Using

the 56 bit decoding it is possible to identify uniquely each
square decimeter of the ground surface.
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With the codes of randomization as a help, it is possible
to avoid the sequences of ‘17 or “0° long that may cause
ambiguity in the measure.

Once the vehicle has traveled 0.56 m and knows the exact
point (with an accuracy of less than 1 cm in the three axes
xvz), the mumber of bits to increase by cm the value of the
position can be counted (which will be updated again every
0.56 meters).

That is to say. in less than 0.56 meters of trail decoded (or
even at a lower distance), detailed information about the
vehicle circulating can be obtained. It should be noted that
the guidance system has stored the sequence of positions
through which the road passes. This fact offers advantages to
the receiver, allowing the reduction of the likelihood of a
reading error.

The guidance system of the vehicle may have loaded in its
memory the morphology of the road by which it passes. This
way, the guidance system of the vehicle can anticipate
changes in the direction; adapt the speed in certain areas o
increase the engine power to face a high slope.

In addition to working with very low powers (even of tens
of microwatios), the possibility of interference between
systems. even of the same model, is not possible. This is due
to the high bandwidth transmitted. The interference with
systems that operate at different frequencies is discarded.

The radar system can contain 2 antennas (transnmuitter o
receiver) or only one (through the use of circulators or even
by taking advantage of the local oscillator signal of the
mixer that is transmitted by the receiver horn due to the finite
isolation between the door OL and the homn.

information reading device.

To read the information of the rail-guide, a a radar sensor
installed preferably to the underside of the vehicle is used.

The required antenna is an antenna electrically large to
limit the size of the track

To obtain an enlightened area of about 1 square cm
(defined area at 3 dB) and to have a resolution related to the
distance of 1 cm, it is required to transmit a signal centred
on 340 GHz (window of atmospheric attenuation) with a
bandwidth of 34 GHz.

With this bandwidth, a resolution at a theory resolution is
obtained (capacity to solve two near borders) defined by the
equation

wherein ¢ is the speed of light in the media and B the
bandwidth transmitted.

The antenna can be a horn of high gain or its combination
a lens or a reflector 10 concentrate more eflfectively the
energy radiated in the volume of interest.

The antenna is protected by a radome whose material is
hydrophobic and water repellent.

The preferred radar sensor is a continuous wave radar and
modulated frequency (Linear Frequency Modulated Con-
tinuous Wave Radar) that transmits a chirp signal with a
period of 37.5 ps. With this ramp period, a vehicle circu-
lating at 120 Km/h will interrogate 16 times between 2
consecutive boreholes separated 1 cm.

The power level transmitted is of the order of a few dozen
wW. This power level is easy to obtain using a single hom
as element of transmission and reception and a subarmonic
mixer.

132

5

0

20

25

30

35

40

th

0

th
o

05

8

Applying a local oscillator power of 10 dBm and consid-
ering that the product 201, has a finite isolation towards the
horn of 30 dB, it is achieved a transmission power of 10 pW.

The radar signal to transmit is obtained through the
generation at a low frequency of a chirp signal through a
DDS (Direct Digital Synthesizer) and the use of power
multipliers, oscillators and subsequent power amplifiers.

The signal at the mixer output (heat signal) is amplified by
an LNA (Low Noise Amplifer), filtered and subsequently
digitized by an ADC (Analog to Digital Converter) that
samples at a rate ol 8 MS/s.

A FPGA (Field Programmable Gate Array) applies a FFT
(Fast Fourier Transform) to each period of the received
signal to obtain the distances profile of each interrogation.

The rest of the logic of the systems that have to be
implemented can be performed using ASICs, FPGAs, PCs
elc.

At the work frequency proposed, the water presents a high
electromagnetic absorption capacity.

So the radar signal can penetrate the firm of the track and
reach the polymer rail-guide, it is necessary the absence of
water between the radar and the propagation direction of the
waves.

Therefore, the presence ol water on the surface ol the
track where the rail-guide is located has o be avoided or in
the same rail-guide when it is positioned at the circulation
road level.

In this case, it is proposed that the profile of the rail-guide
should have a slight slope towards the sides of the road to
facilitate the evacuation of the water which could fall.

Both the rail-guide and the tread of the track that can
cover il can be treated with repellent and hydrophobic
paints.

The radar sensor may be fitted with a blowing element to
point in the area illuminated by the antenna in order to
facilitate the evacuation of the water on the surface.

In addition. the blowing jet may be heated to be able to
melt snow or ice sheets that can be formed.

Having sufliciently described the nature of the invention.
as well as how to be implemented, it must be stated that the
provisions referred to above and shown in the accompanying
drawings can be modified in detail provided they do not alter
the fundamental principles set out in the above paragraphs
and summarized in the following claims.

The invention claimed is:

1. A system of automatic guidance of vehicles by means
of detection of changes of dielectric properties in a pre-
recorded rail-guide, wherein the changes of the dielectric
properties are detected by a high resolution radar device and
wherein there is a control system of the vehicle that has the
ancillary means required to convert it to an auto guidance
system wherein the system is composed of the following
elements:

a pre-recorded rail-guide

information reading devices

auxiliary means of the control of the vehicle,

wherein the pre-recorded rail-guide is composed of a

piece with a straight rectangular parallelepiped with
various shoulders located on its side faces, manufac-
tured in non-conductive material, preferably polymeric
and with preferred dimensions of 1.5 cm width and 5
cm deep.

2. The system according with claim 1, wherein, in the
pre-recorded rail-guide there are different boreholes mecha-
nized, being the preferred form of the boreholes, in the inner
area, that of the dihedral that generate borders of dielectric
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change. while in the upper part, the border created by the
dielectric differentiation between the lane material and the
surrounding air.

3. The system according with claim 2. wherein the central
band dihedrals are oriented in perpendicular form related to
that of the side bands, while the side bands dihedrals are
located at the same distance from the external edges but a
different height.

4. The system according with claim 3, wherein the dihe-
drals of the centre band are located in the central area of the
rail-guide, located perpendicular to the external dihedrals
and at different heights, to determine at least two logical
levels, a logical level *17 as the upper one and a logical level
“0" as the lower one.

5. The system according with claim 4, wherein there is a
lower border end of trail at the lower part of the rail, as well
as a border in the upper part, being constituted said horder
by the dielectric differentiation between the material of the
rail and the surrounding media.

6. The system according with claim 5, wherein the infor-
mation reading device in the rail-guide uses a radar sensor
installed on the underside of the vehicle with an antenna
composed of a dual horn Potter type and a lens or reflector
that enlighten a 1 square cm area of the road (area defined
by 3 Db) and having a resolution at a distance of 1
centimeter, for what it is required the transmission of a
frequency signal and a suflicient bandwidth and being the
antenna protected by a radome composed of hydrophobic
and water repellent material.

7. The system according with claim 6, wherein the radar
sensor is preferably a continuous wave radar and modulated
frequency LFMCW (Linear Frequency Modulated Continu-
ous Wave Radar) that transmits a chirp signal with a period
of 37.5 .us.

8. The system according with claim 7. wherein the power :

level is obtained using a single horn as element of trans-
mission and reception and a subharmonic mixer.

9. The system according with claim 8, wherein applying
a local oscillator power of 10 dBm and considering that the
product 2 OL has a finite isolation towards the horn of 30 dB,
it is achieved a transmission power of 10 .uW.

10. The system according with claim 9, wherein the radar
signal to transmit is obtained through the generation at a low
frequency of a chirp signal through a DDS (Direct Digital
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Synthesizer) and the use of power multipliers, oscillators
and subsequent power amplifiers.

11. The system according with claim 10, wherein the
signal at the mixer output (beat signal) 1s amplified by a
LNA and subsequently digitized by an ADC (Analog to
Digital Converter) that samples at a rate of 8 MS/s. AFPGA
applies a FFT (Fast Fourier Transform) to each period of the
received signal to obtain the distances profile in each inter-
rogation.

12. The system according with claim 11, wherein the radar
sensor will be provided with a blowing element directed
toward the enlightened area by the antenna in order to
facilitate the evacuation of the stored water on the thread
surface of the road where it 1s installed or on the same
surface of the rail-guide wherein the blowing jet can be
heated to be able to melt snow or ice sheets that could be
formed.

13. The system according with claim 1, wherein the
means required o control the vehicle would be communi-
cation means by systems V2V.

14. The system according with claim 1, wherein the
means required (o control the vehicle would be means to
detect the rail-guide.

15. The system according with claim 1, wherein the
means required to control the vehicle would be global
positioning an navigation means.

16. The system according with claim 1, wherein the
means required to control the vehicle would be vehicle and
obstacle detection means.

17. The system according with claim 1, wherein the
means required to control the vehicle would be inertial
systems.

18. The system according with claim 1, wherein the
means required to control the vehicle would be incidences
and traffic signals communication means.

19. The system according with claim 1, wherein the
rail-guide will be installed at the thread layer level of the
road where it is to be installed.

20. The system according with claim 1, wherein the
rail-guide can be hidden under the thread of the road where
it 1s to be installed and said thread 1s treated with a water
repellent paint.



Alejandro Badolato Martin

a2 United States Patent

Badolato Martin

US011814089B2

US 11,814,089 B2
Nov. 14, 2023

(10) Patent No.:
45) Date of Patent:

(54) ENCODED INFORMATION MEANS
LOCATED ON AN INFRASTRUCTURE TO
BE DECODED BY SENSORS LOCATED ON
MOBILES

(71)  Applicant: AUTO DRIVE SOLUTIONS S.I...
Madrid (ES)

(72) Inventor: Alejandro Badolato Martin,

Moralzarzal (ES)

(73)  Assignee: AUTO DRIVE SOLUTIONS S.I...
Madrid (ES)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
1J.8.C. 154(h) by 1203 days.

(*) MNotice:

(21)  Appl. No: 15/504,329

(22) PCT Filed: Mar. 2, 2016

(86) PCT No.:

§ 371 (e)(1),
(2) Date:

PCT/IB2016/051159

Feb. 16, 2017

(87) PCT Pub. No.: WO02017/149357
PCT Pub. Date: Sep. 8, 2017

(65) Prior Publication Data
US 2020/0385037 Al Dec. 10, 2020

(51) Int.CL

B61L 25/02 (2006.01)
EOIB 1/00 (2006.01)
(Continued)

(52) US.CL
CPC ........... B6IL 25/025 (2013.01); EOIB 1/002
(2013.01); EOIB 3400 (2013.01): GOIS 13/751

(58) Field of Classification Search
CPC ... B61L 25/025; GO1S 13/751:; GOIS 15/74;
GO1S 17/74; GO1S 7/032; GO1S 7/481:
(Continued)

(36) References Cited
U.S. PATENT DOCUMENTS

53180143 A " 01994 Parker oo ROLF 9730
180/170
200104026562 A1* 22010 Hyodo ... RB611. 254025
342/189

(Continued)

FOREIGN PATENT DOCUMENTS

Ip 2008056179 A % 3/2008

Bernarr I Gregory

Juliana Cross
ASLAN LAW, PC.

Primary Examiner
Assistant Examiner
(74) Attorney, Agent, or Firm

(57) ABSTRACT

Encoded information means located on an infrastructure to
be decoded by sensors located on mobiles, in such a way that
these means encode the position they occupy in the infra-
structure and allow for a mobile travelling along the same
trajectory, provided with the adequate sensor, to read,
decode and transform it immediately into information on its
exact position in the infrastructure and being characterised
by the fact that along the same trajectory described by a
mobile it is possible to encode information in the infrastruc-
ture by means of diflerent objects presenting dielectric
change boundaries or dielectric/metal boundaries at diflerent
heights or distances regarding the origin of the onboard
sensor, these boundaries being interrogated by a sensor on
board the mobile by means of pressure or electromagnetic
waves and by measuring the time the waves take to return to
the sensor, making it possible to determine the distance at
which the reflections occur and in this way to extract the
information.

(2013.01);
(Continued) 12 Claims, 4 Drawing Sheets
1o
3 3 4
3
\\ \ j // — yd
/‘ L
6
1 -~
\\\ . o d
T\\
AN

134



US 11,814,089 B2

Page 2

(51) Imnt. CL

E0IB 3/00 (2006.01)

GO1S 13/75 (2006.01)

GO1S 15/74 (2006.01)

GO01S 17/74 (2006.01)

GO6K 19/06 (2006.01)
(52) US.CL

CPC ....ccc..... GO1S 15/74 (2013.01); GO1S 17/74

(2013.01); GO6K 19/06 (2013.01)
(58) Field of Classification Search
CPC ......... GO1S 7/521; GO1S 13/04; GO1S 13/88;
GO1S 13/89; GO1S 17/66; GO1S 17/87,
GO1S 17/88; GO1S 7/41; GO1S 7/412;
GO6K 19/06; GO1B 11/14
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

2010/0131185 Al*  5/2010 Morris ..oocovvevvennen. GOLC 15/00
701/19
2014/0368837 Al* 12/2014 Kang ............... GOIB 11/14
356/614
2015/0379314 Al* 12/2015 Schreiber ............... GO1S 13/89
235/494

* cited by examiner



Alejandro Badolato Martin

U.S. Patent Nov. 14, 2023 Sheet 1 of 4 US 11,814,089 B2

FiG. 1

136



U.S. Patent Nov. 14, 2023 Sheet 2 of 4 US 11,814,089 B2

8
12 N T 14
.9._\‘
10
1
120

PZGO 2

137



Alejandro Badolato Martin

U.S. Patent

Nov. 14,2023 Sheet 3 of 4

US 11,814,089 B2

. 18 _. )
15 3 18 v 17 29
N\ : "
20 21 22
FiG. 3

138




U.S. Patent Nov. 14, 2023 Sheet 4 of 4 US 11,814,089 B2

26 N 28
24 25 \
23 ' N \
29 30 31
FIG. 4

139



Alejandro Badolato Martin

US 11,814,089 B2

1
ENCODED INFORMATION MEANS
LOCATED ON AN INFRASTRUCTURE TO
BE DECODED BY SENSORS LOCATED ON
MOBILES

CROSS-REFERENCE TO RELATED
APPLICATIONS

Mot Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCIH OR DEVELOPMENT

Not Applicable

THE NAMES OF THE PARTIES TO A JOINT
RESEARCH AGREEMENT
INCORPORATION-BY-REFERENCE O
MATERIAL SUBMITTED ON A COMPACT
DISC

Not Applicable

BACKGROUND OF THE INVENTION
TECHNICAL FIELD

ield of the lnvention

The field of the invention is that of the automotive
auxiliary industry, the railway industry and the electronic
industry.

Description of Related Art

A background does exist regarding devices performing
the same function of encoded information which can be
located on an infrastructure.

From among these the inventor is similarly the inventor of
international patent PCT/ES2015/070378 in which the
encoding means is described as a guide rail installed flush
with the surface of the road although it can optionally be
hidden under a layer of tarmac treated with a layer of
hvdrophobic material with preferred dimensions of 1.5 cm
wide and 5 cm deep and where the internal part has

machined cavities, with the prelerred shape of the cavities S

being that of dihedrons as the planes of dihedrons increase
the signal reflected therefore enabling their detection.

This device is eflicient for some infrastructures, but it
does not allow lor exploiting all the possibilities offered by

the system, for which reason the invention proposed pres- 55

ents other new means adapted very particularly to all types
of infrastructures in existence while also offering more
simple means, for example discontinuous and economie, for
example paint marks, to encode the information.

On the part of the inventor no antecedent is known 1o
include the provisions presented by this invention, or the
advantages such provision implies.

BRIEF SUMMARY OF THE INVENTION

The invention proposed refers to encoded information
means located on an infrastructure to be decoded by sensors
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located on mobiles, in such a way that these means encode
the position they occupy in the infrastructure and allow for
a mobile travelling along the same trajectory, provided with
the adequate sensor, to read, decode and transform it imume-
diately into information on its exact position in the infra-
structure.

These encoded information means allow for their use,
among others, in automatic guiding svstems on all types of
mobile travelling along infrastructures, such as automobile
vehicles, railway vehicles or even river vehicles.

BRIEF DESCRIPTION OF THE DRAWINGS

For a belter understanding of the invention two pages of
diagrams are attached showing the following:

FIG. 1. Representing a side view (view perpendicular to
the trajectory of the tracks and parallel to the ground) of a
sleeper (T) and the encoding means.

FIG. 2. Representing a side view of the cross-section

0 perpendicular to the axis of the wearing course of a land

infrastructure and with the encoding means in blocks.

FIG. 3. Representing a side view of the cross-section
perpendicular to the axis of the wearing course of a land
infrastructure and with the encoding means with a different
material thickness.

FIG. 4. Representing a side view of the cross-section
perpendicular to the axis of the wearing course of a land
infrastructure and with the encoding means in blocks having
different propagation speeds.

DETAILED DESCRIPTION OF THE
INVENTION

The invention proposed refers to encoded information
means located on an infrastructure 1o be decoded by sensors
located on mobiles, in such a way that these means encode
the position they occupy in the infrastructure and allow for
a mobile travelling along the same trajectory, provided with
the adequate sensor, to read, decode and transform it imme-

0 diately into information on its exact position in the inflra-

structure.

Amaong others, these encoded information means allow
for their use in automatic guiding systems on all tvpes of
mobile travelling along infrastructures, such as automobile
vehicles, railway vehicles or even river vehicles.

The information is given by means of the detection of
changes in the dielectric properties of the means located in
an infrastructure, in which the dielectric changes are
detected by means of sensors such as a high resolution radar
device or another similar detector.

Throughout the trajectory described by a mobile it is
possible o encode information in the infrastruciure by
means of different objects presenting dielectric change
boundaries or dielectric/metal houndaries at difterent
heights or distances regarding the origin of the onboard
SCNSOT.

These boundaries are interrogated by a sensor on board
the mobile by means of pressure or electromagnetic waves
and by measuring the time the waves take to retumn to the
sensor, il is possible to determine the distance at which the
reflections occur and in this way to extract the information.

The following can be distinguished within the different
means:

An information means of these characteristics refers to the
information given by the railway sleepers as these present
several unique characteristics:

a uniform surface with regard to the ballast, or
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a different height regarding the track set on a concrete slab

The sleepers are always found at a specific distance from
a known point on the locomotive(s) or one of the wagons
(coaches).

Moreover, these sleepers can be encoded with a series of
bits by means of a series of studs of different heights, with
the sleeper being encoded by means of a series of studs
which offer a series of levels and these studs being covered
with a material permeable to the waves and of a known
thickness.

The information on the position is divided into 4-bit
groups which are encoded successively at each sleeper by
means of the levels.

When 2 consecutive bits of the same level are encoded. a
third level of a different height is used to encode this second
repeated bit.

This technique allows for the sensor to identify both bhits
and to determine that the second bit has the same logical
level as the previous one.

By alternatively using the repetition level it is possible to
identify consecutive 4-bit strings with the same logical level.

A fourth height level is always used as the fifth bit.

In this way the sensor is capable of knowing the reading
direction.

If the first detection matches the fourth level the sensor
will detect that it 1s reading the bits in reverse order.

4 bits of information obtain 24=16 difterent sleepers each
encoding 5 bits (4 of information and 1 indicating the
reading direction).

A seventeenth sleeper model characteristic for its first bit :

starting with a repetition bit and its [ilth bit indicating the
reading direction is used 1o indicate the start or end of'a word
made up by 4-bit groups.

In this way, a word start sleeper and 8 more sleepers of

information encode 232 possible combinations that can be :

uniquely assigned to the segment occupied by the 9 sleepers.

The information is encoded redundantly in two different
places for two sensors to be able to read the information
means simultaneously.

The sensor interrogates the infrastructure with a spot 8
mm in diameter and in order for each stud to be illuminated
correctly by the sensor, the surface area of the studs is 1 cm2,
with the height separation of each stud associated with a
different logical level being (.5 cm.

These studs are covered with a material (2) permeable to
waves of a known thickness and has two functions: on the
one hand to avoid any material from being deposited
between the studs and also to serve as reference to determine
the different logical levels.

The locomotive or coach can vary its height due to the 3

action of the suspension but, given that the sensor detects a
reflection in the boundary between the permeable material
and the air, this can determine the location of the different
logical levels independently from the distance of the loco-
motive to the ground.

Another information means is also a sleeper but one in
which the information is encoded by slits instead of studs in
such a way the sleeper shows no relief on its upper surface.

The stud or slit techniques described may also be used on
tracks set on a concrete slab,

Another information means are encoded blocks but ones
that are installed on the sides or the upper part ol the
trajectory (for example on the catenarv, on the arch of a
station or tunnel, etc.) turned round appropriately for their
encoded part (o face the sensor and arranged al a certain
height in such a way there is direct view between the sensor
and the block even under snow conditions.
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The boundary surfaces can form trihedrons to maximise
reflection.

If the information is required for land infrastructures and
more specifically roads a sequence of specks/lines of paint
or another material is foreseen preferably in colour black so
as not to confuse drivers.

The specks present different thicknesses with 2 mm
separations between boundaries and are stuck longitudinally
on the road in the centre/lane.

These specks each have a surface area of 1 cm2 and
present an upper coating of another permeable material with
hydrophobic properties which serves as a reference point for
the sensor.

The information is also encoded by means of diflerent
levels with 3 mm separations and in 4-bit groups plus a fifih
bit indicating the reading direction.

Between the 5-bit blocks there is a free uncoded space for
the water to [ollow the slope marked by the camber of the
road so it does not accumulate next to the information
means.

Accompanying the sequence of specks, 2 side bands of
different thicknesses serve to encode the lateral drift of the
sensor with regard to the information means where the
information is encoded.

Another information means is made up by a strip with slits
of different depths, preferably out of plastic and with each
centimetre encoded.

This strip, among other applications, serves to inform on
the advance and the position to a mobile in such a way this
can apply controlled accelerations and decelerations thus
enabling the mobile to stop precisely.

An example could be the train stopping at a station.

Another way of encoding information consists in using
objects (continuous or discontinuous) of the same thickness
and permeable to the waves with different transmission
properties with regard to propagation speed.

In the case of electromagnetic waves, a different dielectric
constant will delay more or less the detection associated
with the second dielectric change boundary (back surface of
the object).

Another information means is characterised for having the
covered surface made up by materials in which the wave
propagation speed is different.

This fact causes (when considering a constant propagation
speed) the detections of upper boundaries to be distanced in
a different manner from the detections of the rear boundar-
ies.

Another information means is characterised for having the
coating made up by materials in which wave propagation
speed is different and due to which, when considering a
constant propagation speed, there is a difference between the
detection of the boundaries. such blocks and the correspond-
ing lower ones are different, causing the detection of the
upper boundaries to be different from the detection of the
lower boundaries according to the material used.

A solution is proposed making it possible to read encoded
information on a non-conductive material by means of the
existence or not of dielectric constant change boundaries in
the middle that can be detected by means of sensors installed
on mobiles.

The dielectric change boundaries in a non-conductive
material lead to part of the energy irradiated towards the
material in question to be reflected.

This reflected energy is detected by the associated sensor
making it possible to determine the radial distance at which
the discontinuity is found.
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The dielectric change boundaries can be obtained by
using two materials or substances whose diclectric constants
are different or using a single material in which the boundary
is established between the material and the vacuum or the
material or a gas or substance.

Description of the Preferred Embodiment

The invention proposed refers to encoded information
means located on an infrastructure to be decoded by sensors
located on mobiles, in such a way that these means encode
the position they occupy in the infrastructure and allow for
a mobile travelling along the same trajectory, provided with
the adequate sensor, to read, decode and transform it imme-
diately into information on its exact position in the infra-
structure.

These encoded information means allow for their use,
among others, in automatic guiding systems on all types of

mobile travelling along infrastructures, such as automobile ,

vehicles, railway vehicles or even river vehicles.

The information is given by means of the detection of
changes in the dielectric properties of the means located in
an infrastructure, i which the dielectric changes are
detected by means of sensors such as a high resolution radar
device or another similar detector.

Throughout the trajectory described by a mobile it is
possible to encode information in the infrastructure by
means of different objects presenting dielectric change
boundaries or dielectric/metal boundaries at  different
heights or distances regarding the origin of the onboard
SEnsor.

These boundaries are interrogated by a sensor on board
the mobile by means of pressure or electromagnetic waves

and by measuring the time the waves take to return to the :

sensor, il is possible 1o determine the distance at which the
reflections occur and in this way to extract the information.

The following can be distinguished within the different
means:

A) An information means of these characteristics which
we will call type a) refers to the information given by the
railway sleepers (T) as these present several unique charac-
teristics:

a uniform surface with regard to the ballast, or

adifferent height regarding the track set on a concrete slab

The sleepers (T) are found at a specific distance from a
known point on the locomotive(s) or one of the wagons
(coaches).

Moreover, these sleepers can be encoded with a series of

bits by means of a series of studs of different heights, as 5

shown in FIG. 1.

The encoding of the sleeper (T) is performed by means of
a series of studs which offer a series of levels (3), (4), (5) and
(6) and these studs are covered with a material (2) permeable
to the waves and of a known thickness.

The information on the position is divided into 4-bit
groups which are encoded successively at each sleeper by
means of the levels (3 and 4).

When 2 consecutive bits of the same level are encoded, a
third level of a different height (5) is used to encode this
second repeated bit.

This technique allows for the sensor to identify both bits
and to determine that the second bit has the same logical
level as the previous one.

By alternatively using the repetition level it is possible to
identify consecutive 4-hit strings with the same logical level.

A fourth height level (6) is always used as the fifth bit.
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In this way the sensor is capable of knowing the reading
direction.

If the first detection matches the fourth level the sensor
will detect that it is reading the bits in reverse order.

4 bits of information obtain 24=16 different sleepers each
encoding 5 bits (4 of information and 1 indicating the
reading direction).

A seventeenth sleeper model characteristic for its first bit
starting with a repetition bit (5) and its fifth bit indicating the
reading direction (6) is used to indicate the start or end of a
word made up by 4-bit groups.

In this way, a word start sleeper and 8 more sleepers of
information encode 232 possible combinations that can be
uniquely assigned to the segment occupied by the 9 sleepers.

The information is encoded redundantly in two different
places for two sensors to be able to read the information
means simultaneously.

The sensor interrogates the infrastructure with a spot 8
mm in diameter.

In order for each stud to be illuminated correctly by the
sensor, the surface area of the studs 15 1 cm2.

The height separation of each stud associated with a
different logical level is 0.5 cm.

These studs are covered with a material (2) permeable to
waves of known thickness.

This coating has two functions:

On the one hand to avoid any material from being
deposited between the studs and also to serve as reference to
determine the different logical levels.

The locomotive or coach can vary its height due to the
action of the suspension but, given that the sensor detects a
reflection in the boundary between the permeable material
and the air, this can determine the location of the different
logical levels independently from the distance of the loco-
motive to the ground.

B) Another inlormation means we will call type b) is a
sleeper in which the information is encoded by slits instead
of studs in such a way the sleeper shows no relicf on its
upper surface.

C) Another information means we will call type ¢) con-
sists in using the stud or slit techniques on tracks set on a
concrete slab.

D) Another information means we will call type d) refers
to blocks encoded in an analogous manner Lo type a) only
mstalled on the sides or the upper part of the trajectory (for
example on the catenary, on the arch of a station or tunnel,
etc.) turned round appropriately for their encoded part to
face the sensor and arranged at a certain height in such a way
there is direct view between the sensor and the block even
under snow conditions.

The boundary surfaces can form trihedrons to maximise
reflection.

E) Another information means we call type e) is an
information means similar to type a) only to be used on
roads instead of sleepers.

In this case the studs are a sequence of specks/lines of
paint or another material is foreseen preferably in colour
black so as not to confuse drivers.

The specks present different thicknesses with 2 mm
separations between boundaries and are stuck longitudinally
on the road in the centre/lane.

FIG. 2 shows a cross section of the wearing course of the
road (7) and one of the specks.

These specks each have a surface area of 1 cm2 and

5 present an upper coating of another permeable material with

hydrophobic properties which serves as a reference point for
the sensor.
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The information is also encoded by means of 3 different
levels (9-11) with 3 mm separations and in groups plus a
fifth bit (12) indicating the reading direction.

Between the 5-bit blocks there is a free uncoded space for
the water to follow the slope marked by the camber of the
road so it does not accumulate next to the information
means.

Accompanying the sequence of specks, 2 side bands
(13,14) of different thicknesses serve to encode the lateral
drift of the sensor with regard to the information means
where the information i1s encoded.

F) Another information means called type ) is made up by
a strip with slits of different depths (with the levels defined
in type a), preferably out of plastic and with cach centimetre
encoded.

This strip, among other applications, serves 1o inform on
the advance and the position to a mobile in such a way this
can apply controlled accelerations and decelerations thus
enabling the mobile to stop precisely.

An example could be the train stopping at a station.

G) Another way of encoding information we call type g)
consists in using objects (continuous or discontinuous) of
the same thickness and permeable to the waves with differ-
enl transmission properties with regard to propagation
speed.

In the case of electromagnetic waves, a different dielectric
constant will delay more or less the detection associated
with the second dielectric change boundary (back surface of
the object).

H) Another way of encoding information we call type h),
in accordance with FIG. 3 and consisting in the same means
as type a) exceplt lor the [act the information is not located
in the depth of the material used as coating (1) but because
this coating is made up by materials (15). (16) and (17) in
which the wave propagation speed is different.

This fact causes (when considering a constant propagation
speed) the detections of boundaries (18), (19) and (20) to be
distanced in a different manner from the detections of
boundaries (20), (21) and (22).

J) Another information means we call type j) is the same
as that defined as type €) except for the fact the information
is not located in the thickness of the coating (8) but because
this coating (24), and this coating is made up by materials in
which the wave propagation speed is different, thercfore
considering a constant propagation speed there is a differ-
ence between the detection of boundaries.

If we consider three blocks that are parallel to each other
and perpendicular to the movement axis of the mobile, (85),
(86) and (87) then the position difference between the upper

boundaries of such blocks, (26). (27) and (28) and the :

corresponding lower ones (29). (30) and (31) causes the
detection of the upper boundaries to be different from the
detection of the lower boundaries according to the material
used.

A solution is proposed making it possible to read encoded 3

information on a non-conductive material by means of the
existence or not of dielectric constant change boundaries in
the middle that can be detected by means of sensors installed
on mohiles.

The dielectric change bhoundaries in a non-conductive
material lead to part of the energy irradiated towards the
material in question to be reflected.

This reflected energy is detected by the associated sensor
making it possible to determine the radial distance at which
the discontinuity is found.

The dielectric change boundaries can be obtained by
using two materials or substances whose dielectric constants
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are different or using a single material where the boundary
is established between the material and the vacuum or the
material or a gas or substance.

Having described sufficiently the nature of the invention,
together with the way of putting it into practice, it should be
stated that the provisions indicated above and represented in
the attached drawings are susceptible to detailed modifica-
tions as long as they do not alter its basic principles,
established in the previous paragraphs and summarised in
the following claims.

The invention claimed is:

1. A system comprising:

an encoded information means located along a trajectory
on an infrastructure to be decoded by sensors located
on mobile vehicles that travel along the trajectory,
wherein

said encoded information means encodes the position the
encoded information means occupies in the infrastruc-
ture;

at least one sensor, to read and decode the encoded
information means into information on a position of
a mobile vehicle in the infrastructure. wherein

said encoded information means, located along the tra-
jectory of the mobile vehicles, comprising diflerent
objects presenting dielectric change boundaries or
dielectric/metal boundaries that present different wave
propagation times with respect to the at least one sensor
on a first mobile vehicle of the mobile vehicles,

said at least one sensor on the first mobile vehicle is
configured to interrogate said dielectric change bound-
aries or dielectric/metal boundaries via pressure or
radar waves and to measure propagation times the
pressure or radar waves take to return via reflections to
the at least one sensor, and to determine the distances
at which the reflections occur and to extract encoded
information of said different objects that incorporate
the encoded information of said encoded information
means,

said infrastructure comprises a raillway infrastructure
including a plurality of railway sleepers, the encoded
information means are made up by the railway sleepers
themselves, the railway sleepers having a first charac-
teristic, wherein

the first characteristic of the railway sleepers includes a
uniform surface with regard to a ballast, or a diflerent
height with respect to a track set on a concrete slab, and
wherein

the railway sleepers are found at a specific distance from

a known point on a railway vehicle. the railway vehicle

comprising a locomotive or a wagon or a coach,

wherein

the plurality of sleepers are encoded with a series of bits
via a plurality ol studs, the studs covered with a
material permeable to the eaves; wherein

at each stud of the plurality of studs, a respective thick-
ness of the permeable material encodes a logical level
of a bit representing or corresponding to the encoded
information on the position the encoded information
means occupies in the infrastructure, the information
on the position being divided inlo groups of 4 bits
according a coding scheme, the coding scheme com-
prising:

a 4-bit group encoded at each sleeper, wherein the
logical level of zero of a bit and ones of bits are
representable via first and second levels of thickness
of the permeable material;
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when the 4-bit group includes 2 consecutive bits of a
same logical level of a but, the second consceutive
bit is representable via a third level of thickness of
the permeable material; and

a fourth level of thickness of the permeable material,
which is a fifth bit that indicates a reading direction
for the 4-bit group to the at least one sensor, wherein

said coding scheme uses 4 bits of information to indicate

16 different sleepers, each encoding its respective 4-bit

group and its respective fifth bit according to the coding

scheme.

2. The system according to claim 1, wherein

distinet from said 16 different sleepers, a seventeenth
sleeper encodes its respective 4-bit group via its first bit
having the third level of thickness of the permeable
material and its fifth bit indicating the reading direction
for the seventeenth sleeper, the seventeenth sleeper

indicating a start or an end of a word made up by a

plurality of 4-bit groups.

3. The system according to claim 1, wherein

the at least one sensor, on the first mobile vehicle of the
mobile vehicles, comprises two sensors,

the encoded information is implanted redundantly in two
different places for the two sensors to simultaneously
read the encoded information.

4. The system according to claim 1. wherein

the encoded information means comprises a plurality of
studs, each having a surface area. and

the at least one sensor, on the first mobile vehicle of the
mobile vehicles, is configured to interrogate the infra-
structure with a spot 8 mm in diameter, with the surface
area of the studs being 1 cm?, a height separation of

each stud associated with a different logical level of a

bit being 0.5 cm, and the studs being covered with a

material permeable to the waves.

5. The system according to claim 1, wherein

the different objects that incorporate the encoded infor-
mation are located on sides or an upper part along the
trajectory, and are configured to face the at least one

Sensor.

6. The system according to claim 1, wherein

said at least one sensor is a radar sensor for the radar
Waves,

7. The system according to claim 1, wherein

the encoded information means comprises said plurality
of studs on tracks set on a concrete slab.

8. A system comprising:

an encoded information means located along a trajectory
on an infrastructure to be decoded by sensors located

on mobile vehicles that travel along the trajectory, 3

wherein
said encoded information means encodes the position the
encoded information means occupies the infrastructure:
at least one sensor, to read and decode the encoded
information means into information on a position of
a mobile vehicle in the infrastructure, wherein
said encoded information means, located along the tra-
jectory of the mobile vehicles. comprising different

wn

5

=
i

L
n

40

L
=

wn
wn

10

objects presenting dielectric change boundaries or
dielectric/metal boundaries that present different wave
propagation times with respect to the at least one sensor
on a first mobile vehicle of the mobile vehicles,

said at least one senor on the first mobile vehicle is
configured to interrogate said dielectric change bound-
aries or dielectric/metal boundaries via pressure or
radar waves and to measure propagation times the
pressure or radar waves take to return via reflections
occur and to extract encoded information of said dif-
ferent objects that incorporate the encoded information
of said encoded information means,

the diflerent objects that incorporate the encoded infor-
mation are made up by a sequence of specks or lines of
a paintable material,

the specks or lines have different thicknesses with 2 mm
separations between their boundaries and are applied
longitudinally on a surface of the infrastructure, each
with a surface area of 1 em® and comprising an upper
coating of a permeable material with hydrophobic
properties, the upper coating providing a reference
point for the at least one sensor, for the at least one
sensor,

the enceded information is encoded via 3 different levels
with 3 mm separations and in 5-bit blocks, each com-
prising a 4-bit group plus a fifth bit indicating a reading
direction for its 4-bit group,

the encoded information is encoded with an uncoded free
space between the 5-bit blocks, and

the encoded information is encoded with 2 side bands of
different thicknesses to encode a lateral drift of the at
least one sensor when the at least one sensor is laterally
drifted with respect to the encoded information means.

9. The system according to claim 8, wherein

the at least one sensor, on the first mobile vehicle of the
mobile vehicles, comprises two sensors,

the encoded information is implanted redundantly in two
different places for the two sensors to simultaneously
read the encoded information.

10. The system according to claim 8, wherein

the encoded information means comprises a plurality of
studs, each having a surface area, and

the at least onc sensor, on the first mobile vehicle of the
mobile vehicles, is configured to interrogate the infra-
structure with a spot 8 mm in diameter, with the surface
area of the studs being 1 e¢m?, a height separation of
each stud associated with a different logical level of a
bit being 0.5 cm, and the studs being covered with a
material permeable to the waves.

11. The system according to claim 8, wherein

the different objects that incorporate the encoded infor-
mation are located on sides or an upper part along the
trajectory, and are configured to face the at least one
sensor.

12. The system according to claim 8, wherein

said at least one sensor is a radar sensor for the radar
waves.
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1
SPEED CONTROL AND TRACK CHANGE
DETECTION DEVICE SUITABLE FOR
RATLWAYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to HS Patent Application
No. P201730236 (ES 201730236) filed on Feb. 23, 2017,
and to PCT Application No. PCT/ES2018/070132 filed on
Feb. 22, 2018, the entire contents of which are herehy
incorporated by reference.

OBJECT OF THE INVENTION
The invention envisaged relates 1o a speed control and

track change detection system.
‘The inspection of the ground of the infrastructure allows

2 different problems to be solved. The first of them is ,

measuring the speed of the train in unfavourable conditions,
such as snowy environments wherein the Doppler radar that
is normally used to estimate speed does pot function prop-
erly, given that the dihedron formed by the railway sleeper

and track ballast that serves to reflect the radar signal 2

becomes hidden by the snow. The second solves the iden-
tification of the track selected when the point blades are
changed without the help of railway signalling equipment.

Each one of the problems is solved with a pair of radar

sensors. In the first case. the radar sensors are installed on -

the longitudinal axis of the train with a known distance
between them. and in the second case the two radar modules
are on a lransverse axis.

FIELD OF THE INVENTION

The field of the invention is the auxiliary railway industry
and the supporting electronics industry.

BACKGROUND OF THE INVENTION

‘There is some prior art relating to devices that carry out
a function of reading information of means by similar
means.

Among said devices, the inventor is likewise the inventor
of international  patent  PCT/ES2015/070378,  which
describes as a coding means a guide-rail installed flush with
the road surface but which can optionally be concealed

under an asphalt layer treated with a layer of hyvdrophobic s

material with preferred dimensions of 1.5 cm wide by 5 cm
deep, and wherein on the inside thercol cavities are
machined, the cavities preferably being dihedral given that
dihedral planes increase the reflected signal, thereby facili-
tating the detection thereof.

Likewise, the same invenlor has registered international
patent PCT/TB2016/051159, which details other information
means with the same purpose. These information-coding
and reading systems have more applications wherein it is not
necessary [or the sensor o be installed on a mobile and the
information that is coded does not have the single function
of determining the relative position of the sensor with
respect to the coded means.

Moreover. the inventor has also filed a similar system to
the one proposed, using radar techniques according to PC'T/
IB2016/057119 or an optical system according to PCT/
IB2016/057873.

149

h

=

40

w
th

60

2
But the case of using 2 radar sensors o measure the speed
of a train or to determine the track selected in a change of
the point blades is not contemplated.
The inventor does not know of any prior art that incor-
porates the arrangements presented by the current invention,
or of the advantages said arrangement provides.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates an example of a speed control and track
change detection system for railways illustrating at least a
train (1), a first radar sensor (2), a second radar sensor (3),
a ground profile (4), a radar profile of the first ground sensor
(5) and a radar profile of the second ground sensor (6).

FIG. 2 illustrates an example of a speed control and track
change detection system for railways illustrating at least
three high-frequency radar sensors (7, 8, and 9).

DESCRIPTION OF THE INVENTION

If both sensors are arranged on a longitudinal axis and
separated from one another by a known distance it is
possible to determine the speed of a train. Each one of the
sensors concentrates its energy on a square centimetre of the
surface and precisely measures the distance from the sensor
to the ground. This way, each one of the 2 sensors oblains
a detailed profile of the ground as the train advances. The
processing of the two signals obtained allows the time lag
existing between both profiles o be detected, thereby
obtaining an estimation of the speed. This system functions
in snowy environments since the surface is not entirely
uniform.

IT both sensors are arranged on an axis perpendicular to
the path and inspect the outside of each rail, each sensor is

3 able 1o detect the presence of the rail when the same crosses

ring if the train has changed track.

There is also the possibility of installing sensors on the
inside of the rails and detecting which ol them has been
passed over first and thus detect it the train has changed
track.

In both cases, instead of vsing electromagnetic waves, it
is possible to vse pressure waves to inspect the infrastruc-
ture.

As such, with only three sensors situated in a triangle, two
perpendicular to the axis of the path and one on the same
axis as any one of the former, it is possible to solve the
problem.

PREFERRED EMBODIMENT OF THE
INVENTION

The invention envisaged relates o a speed control and
track change detection system.

The system is made up of two main elements:
Three high-frequency radar sensors,
A device for digitally processing the radar signals

Thus, the preferred embodiment consists of the installa-
tion of three high-frequency radar sensors which, placed
underneath the tmin, concentrate the radiated energy on a
square cenlimetre ol the surface with the help ol a dielectric
lens.

The three sensors are situated at the vertices of an
imaginary triangle.

In the case of the speed control system, both sensors are

5 located at 1 m of distance from each other along the axis of

the path and inspect the ground 2 cm away from the outside
of each rail.
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The digital processing device for processing the radar
signals detects the temporal offset between both signals,
thereby obtaining an estimation of the speed. given that the
separation between the sensors is known.

The third sensor is arranged on an axis perpendicular to
the path at the height of the first of the former sensors and
inspects the outside ol each rail, the digital processing
device for processing the radar signals being able to detect
the presence of the rail when the same crosses it, identifying
if the train has changed track.

There is also the possibility of installing sensors on the
inside of the rails and detecting which of them has been
passed over first and thus detect if the train has changed
track.

In both cases, instead ol using electromagnetic waves, it
is possible 10 use pressure waves (o inspect the infrastruc-
re.

Iaving sufliciently described the nature of the invention,
in addition to the practical embodiment thereof. it is hereby
stated that the arrangements indicated above are susceptible
to modifications of the details, provided they do not change
the fundamental principles thereof established in the fore-
going paragraphs and summarised in the following claims.

The invention claimed is:

1. A speed control and track change detection system for -

railways comprising:

three high-frequency radar sensors situated at vertices of
an imaginary triangle, wherein

two longitudinally arranged radar sensors of said three
high-frequency radar sensors are arranged on a longi-
tudinal axis, separated from one another by a known
distance, each one ol said two longitudinally arranged
radar sensors concentrates radiated energy thereof on
an area of approximately one square centimeter of the
surface and measures the distance from a sensor to a
ground, such that from each one of the two longitudi-
nally arranged radar sensors a detailed profile of the
ground is obtained as a train advances;

a third sensor of said three high-frequency radar sensors
1s arranged on an axis perpendicular o a path at the
height ol one of sad two longitudinally arranged radar
sensors, such that each sensor obtains a detailed profile
of the ground on an owtside of a rail, so that a digital
processing device for processing radar signals is able to
detect the presence of the rail when the three high-

frequency radar sensors crosses a track, identifying if

the train has changed track:
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4
the digital processing device for processing the radar
signals that measures a time lag existing between the
profiles of the ground obtained by the two longitudi-
nally arranged radar sensors and calculates the speed of
the train and identifies, through the profiles of the
ground obtained by the transversely arranged radar
sensors, the detection of when the rails are passed over
and determines when the train changes track;
two radar sensors of said three high-frequency radar
sensors are separated by said known distance from each
other along the longitudinal axis of the tracks and
pointing towards the ground obtain a profile of the
infrastructure; and
a digital signal processing is performed with both radar
range-profiles to determine a time delay belween them
and the speed ol the train is estimated by dividing a
space between said two radar sensors between the time
delay.
2. The speed control and track change detection system
for railways according to claim 1, wherein
in the speed control system. said two longitudinally
arranged radar sensors, located at 1 m distance from
each other along an axis of a path and inspect the
ground 2 cm away from the outside of each rail and the
digital processing device for processing the radar sig-
nals detects a temporal offset between the radar signals,
thereby obtaining an estimation of the speed based on
the known distance of separation between the two
longitudinally arranged radar sensors.
3. The speed control and track change detection system
for railways according to claim 1, wherein
in the track change detection system, said two longitudi-
nally arranged radar sensors are used that are arranged
on an axis perpendicular to the path and inspect the
outside of each rail, and
the digital processing device for processing the radar
signals detects the presence of the rail when the three
high-frequency radar sensors crosses the track.
4. The speed control and track change detection system
for railways according to claim 1, wherein
electromagnetic waves are used to inspect an infrastruc-
ture of the railway.
5. The speed control and track change detection system
for railways according to claim 1, wherein
pressure waves are used to inspect an infrastructure of the
railway.
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SEMI-AUTOMATED CONVOY TRANSPORT
SYSTEM FOR VEHICLES

OBIECT OF THE INVENTION

[0001] The proposed invention relates to a semi-auto-
mated convoy transport system for vehicles wherein a first
vehicle referred to as leader includes a system for position-
ing the vehicle with respect to the infrastructure, recording
the trajectory over which it drives and transmits said trajec-
tory, together with other information, to the rest of vehicles
of the convoy that follow it, via a communication channel.
[0002] The vehicles that follow the leader are referred to
as trailers and include a positioning system equal to that of
the leader and a navigation system which, using the data sent
by the leader, follow the trajectory travelled by the leader.

FIELD OF THE INVENTION

[0003] The field of the invention is the transport industry,
and the auxiliary industry of electronic positioning devices,
and smart information exchange.

BACKGROUND OF THE INVENTION

[0004] There is a background of similar transport systems
referred to as the “platooning” type in which trailers try to
follow the trajectory of the leader.

[0005] To do this, a set of sensors capture information
from the vehicle that precedes them and the processing of
the information enables the relative positioning between
both vehicles to be determined in order to, subsequently. try
to follow the same trajectory.

[0006] However, these trailing systems suffer from a
cumulative error that prevents long vehicle chains.

[0007] Due to technical limitations in determining the
position, the separations between vehicles are a few meters
long which makes physical connection between vehicles
diflicult.

[0008] The proposed system does not suffer from cumu-
lative error in determining the position and enables long
chains of trailer vehicles. This new guidance system further
enables vehicles to drastically reduce the safety distance
hetween each other and thus be able to have a physical
connection that enables communication and energy transfer.
[0009]  The inventor is not previously aware of any inven-
tion that includes the provisions exhibited by the current
invention, nor the advantages that said provisions entail.

DESCRIPTION OF THE INVENTION

[0010] The semi-automated convoy transport system for
vehicles wherein a first vehicle referred to as leader includes
a system for positioning the vehicle with respect o the
infrastructure, recording the trajectory over which it drives
and transmits said trajectory. together with other informa-
tion, to the rest of vehicles of the convoy that follow it, via
a communication channel.

[0011]  This information consists of the main operation and
navigation parameters of the vehicle: steering wheel turning
position, engine power, acceleration or applied brake force,
suspension behaviour, etc.

[0012] All this information is referred to a clock system
that is synchronised with the clocks of the rest of the fleet
that makes up the convoy.

[0013] The vehicles that follow the leader are referred to
as trailers and include a positioning system equal to that of
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the leader and a navigation system which, using the data sent
by the leader, follow the trajectory travelled by the leader.
[0014] The communication channel consists of a physical
connection between the convoy vehicles by way of a chain
by means of resilient spiral cables that are connected at both
ends. The leader and the trailers exchange information and
electrical energy via this communication channel.

[0015] The trailers have at least one radar sensor capable
of measuring the distance from the vehicle that precedes
them. In the event that a trailer experiences disconnection
from the channel via which it receives the information from
the leader, the trailer initiates a controlled braking process
which, imitating the leader’s trajectory to the point wherein
communication was lost. guarantees a safe distance with the
vehicle that precedes it that prevents rear-end collisions.
[0016] The leader knows the maximum acceleration and
braking capacity of each one of the trailers according to the
load and the slope. The trailers have sensors for measuring
the load they transport and gyroscopes for determining the
slope to which they are subjected. The leader receives this
wnformation and limits the accelerations or decelerations
thereof to prevent rear-end collisions or those due to elon-
gation of the convoy.

[0017] The leader determines what is the maximum error
of supported lateral displacement with respect to the marked
trajectory. If a trailer exceeds the authorised limit, a warning
takes place that alerts the leader vehicle’s driver or naviga-
tion system ol following issues.

[0018] The proposed transport syvstem enables it to be
propelled hy means of electrical energy that is stored in
batteries fitted in, at least, one of the trailers.

[0019] To increase convoy autonomy, the replacement of
baltery trailers when necessary 1s contemplated. These trail-
ers transfer power to the engines of the other vehicles or
recharge the batteries of other trailers.

[0020] Moreover, the coupling of new convoys for the
same purpose is further contemplated. This coupling can
take place at the head or the tail of the convoy with the help
of a semi-rigid pole.

[0021] For this, the involved convoys establish a prior
wircless communication by means of which they share

position and trajectory information to facilitate the
approach.
[0022] Thus, the leader of the convoy preceding the other

one assumes the provisional leadership of the entire convoy.
[0023] 1Inthe event that the wireless link does not have the
required quality or the link is lost, the leader who has
delegated responsibilities to the provisional leader takes the
leadership of its convoy back. As long as the wireless
connection has sufficient quality, the provisional leader
communicates the trajectory thereof and the position of the
last trailer thereof and the leader of the other convoy tries to
follow the same trajectory, progressively reducing the dis-
tance (o the last trailer of the convoy that it follows. When
both convoys are close together, an articulated system
deployed from one of the vehicles involved in the attach-
ment of the convoys extends a robotic pole at the end of
which the connector of the interconnection hose that will
connect both convoys is attached. The pole facilitates the
coupling of the connector and retracts once the connection
takes place.

[0024] In this way, the new convoy is coupled and the
provisional leader becomes the definitive leader of the
convoy.
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[0025] Similarly, it is envisaged that a convoy can be
divided in two during the drive so that, once the necessary
load has been transferred, the convoy that has supplied the
load can uncouple. In this case, the pole is used to collect the
connector of the hose that is to be released.

DESCRIPTION OF THE DRAWINGS

[0026] The contribution of drawings is not considered
necessary, since the specification offers all the information
with clarity.

PREFERRED EMBODIMENT OF THE
INVENTION

[0027] The semi-automated convoy transport system for
vehicles wherein a first vehicle referred to as leader includes
a system for positioning the vehicle with respect to the
infrastructure, recording the trajectory over which it drives
and transmits said trajectory, together with all the remaining
necessary information, to the rest of vehicles of the convoy
that follow it, via a communication channel.

[0028] The following elements are distinguished in the
system:
[0029] (1).—infrastructure over which the convoy
drives
[0030] (2).—positioning device in the infrastructure.
[0031] (3).—several vehicles and the following ele-

ments are located in said vehicles:

[0032] (4).—high definition radar sensor for exact
positioning of the vehicle.

[0033] (5).—it can further include a positioning sys-
tem not necessarily by means of the infrastructure.

[0034] (6).—a distance sensor, both in front of and
behind the vehicle.

[0035] (7).—a high precision quartz clock.

[0036] (8).—a GNSS receiver for synchronising the
clocks (7)

[0037] (9).—an independent navigation system.

[0038] (10).—a load sensor.

[0039] (11).—a precision gyroscope for measuring
the inclination of the vehicle at any ol the coordi-
nates thereof at all times.

[0040] (12)—a CPU for managing all the parameters
according to the inserted program.

[0041] (13). two front plugs and two rear plugs lor
receiving respective 8-conductor spiral cables (21).

[0042] (14)—a transmitter/receiver antenna for
radio, coded information and Wi-Ii.

[0043] (15). an exlensible rod ending in a V-shaped
clamp (16) that allows the resilient spiral cables (21)
to be connected to or disconnected from the vehicle
in front or behind.

[0044] (16)—Wi-Fi interface for communication
between vehicles.

[0045]
resilient spiral cables (21) with 8 conductors each.
[0046] Said set of two cables (21) are redundant, that is,
they carry the same information but it is doubled up for
safety, and wherein the conductors carry the following
information:
[0047] (21.1).—transfers electrical energy (+) and has a
larger cross section
[0048] (21.2).—transmits electrical energy (-). And it
has a smaller cross section
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[0049] (21.3)—ground conductor bus.
[0050] (21.4)—data conductor bus
[0051] (21.5). conductor bus of the information of the
clock (7).
[0052] These three buses operate in both directions and are

also of the contention type, that is, at the moment that one
vehicle wants 1o transmit it takes control of the bus and once
it is done, it transmits information indicating who is the
recipient or recipients by means of a routing recorded in the
message itself.

[0053] The buses (21.6), (21.7) and (21.8) only operate as
the leader vehicle, as single transmitter. In addition to all the
elements already mentioned, the load of one of the convoy
vehicles consists of a significant amount of batteries for
supplying electrical energy to the group and which can be
recharged by the group of vehicles during the drive.
[0054] [Ilaving sufficiently described the nature of the
invention, as well as how to put into practice, it should be
noted that the provisions indicated above and represented in
the attached drawings are susceptible to modifications in
details as long as they do not alter the fundamental principles
thereof, established in the preceding paragraphs and sum-
marised in the following claims.

1. A semi-automated convoy transport system for
vehicles, wherein a first vehicle referred to as leader includes
a system for positioning the vehicle with respect to the
infrastructure, recording the trajectory over which it drives
and transmits said trajectory, together with other information
to the rest of vehicles of the convoy that follow it, via a
communication channel, in the system comprising:

an infrastructure over which the convoy drives,

positioning device of the infrastructure,

several vehicles in each of which the following position-

ing, control and safety elements are located:

a high definition radar sensor for exact positioning of
the vehicle,

distance sensor, both at the front and at the rear portion
of the vehicle,

a high precision quartz clock,

GNSS receiver for synchronising the clocks (7),

an independent navigation system,

a load sensor,

a precision gyroscope for measuring the inclination of
the vehicle at any of the coordinates thereof at all
times,

a CPU for managing all the parameters according to the
inserted program,

two 8-conductor spiral cables connected to two front
plugs and two rear plugs,

a lransmitler/receiver antenna for radio, coded infor-
mation and Wi-Fi,

an extensible rod ending in a V-shaped clamp that
allows the resilient spiral cables to be connected to or
disconnected from the vehicle in front or behind,

a Wi-Fi interface for communication between vehicles.

2. The semi-automated convoy transport system for
vehicles, according to claim 1, wherein the communication
channel is made up of the two sets of resilient spiral cables,
which are redundant and have 8 conductors each; and in that
conductors carry the following information:

transfers clectrical cnergy (+) and has a larger cross

section,

transmits electrical energy (-) and has a smaller cross

section,
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ground conductor bus,

data conductor bus, and

conductor bus of the information of the clock.

3. The semi-automated convoy transport system for
vehicles, according to claim 1, wherein the conductor buses
located in each one of the vehicles, operate in both directions
and are also of the contention type, while the conductors are
buses that only operate as single transmitter.

4. The semi-automated convoy transport system for
vehicles, according to claim 1, wherein at least one of the
convoy vehicles, in addition to all the elements already
mentioned, includes batteries which supply electrical energy
to the group and which can be recharged by the group of
vehicles during the drive by means of the cables.

5. The semi-automaied convoy transport system for
vehicles, according to claim 2, wherein the conductor buses
located in each one of the vehicles, operate in both directions
and are also of the contention type, while the conductors are
buses that only operate as single transmitter.

6. The semi-antomated convoy transport system for
vehicles, according to claim 5, wherein at least one of the
convoy vehicles, in addition to all the elements already
mentioned, includes batteries which supply electrical energy
to the group and which can he recharged by the group of
vehicles during the drive by means of the cables.
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7. A semi-automated convoy transport system comprising:

a positioning device;

a high definition radar sensor configured to and/or pro-
grammed to exact positioning of a vehicle,

a distance sensor;

a high precision quartz clock:

a GNSS receiver configured to and/or programmed to
synchronize the high precision quartz clock:

an independent navigation system;

a load sensor;

a precision gyroscope configured to and/or programmed
to measure inclination of the vehicle;

a CPU configured to and/or programmed to manage all
parameters according to an inserted program;

two 8-conductor spiral cables connected to two front
plugs and two rear plugs;

a transmitter/receiver antenna configured for and/or pro-
grammed for communications;

an extensible rod ending in a V-shaped clamp configur-
able to allow the resilient spiral cables to be connected
to and/or disconnected from the vehicle; and

an interface configured for and/or programmed for com-
munication between vehicles.
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INTRODUCCION
El pasado jueves 30 de marzo se efectuaron las primeras pruebas embarcadas del

sistema RPS.

Previamente (con fecha 28 de marzo) se realizaron las gestiones necesarias en
materia de prevencion de riesgos laborales. Se hizo entrega por parte de Metro de

Madrid la siguiente documentacion:

e Informacién para empresas externas sobre riesgos y medidas preventivas
a aplicar en lugares de trabajo de Metro de Madrid (rev. Febrero-2017).

e Medidas de emergencia a aplicar en Metro de Madrid (rev. Junio-2014).

e Normas internas de seguridad de Agentes en relacién con la circulacion
(2013).

e Politica de Seguridad y salud (2012).

Dichas pruebas pudieron realizarse gracias a la colaboracién de Metro de Madrid.
El objetivo de las pruebas era el de comprobar la capacidad de lectura del sistema
RPS. Para ello se instald el equipo RPS en un tren, se equipé una via de pruebas
con 2 balizas y se realizaron varias pasadas a distintas velocidades sobre las

mismas.

La supervision de las pruebas corrié a cargo de Carlos Rodriguez Sanchez y Juan
José de Juan Gémez (Area de Ingenieria), quienes estuvieron presentes durante
todo el proceso de preparacion y de ejecuciéon de las mismas, asi como en el
posterior desmontaje. Ademas, capturaron la informacién registrada por un radar
doppler existente en el tren, y que se encuentra instalado junto al sensor RPS
durante las pruebas con 2 objetivos: Comprobar que el sistema RPS no interfiere
en la lectura del radar doppler y contrastar los datos registrados por el sistema

RPS con los datos de velocidad registrados por el radar doppler.

Las medidas obtenidas por el sensor RPS fueron almacenadas y procesadas
posteriormente en las oficinas de ADS. Las medidas obtenidas por el radar
doppler fueron procesadas por personal de Metro de Madrid y facilitadas a ADS

para su posterior comparacion.

Estas primeras pruebas han permitido validar la viabilidad del sistema. Esta
previsto que, en las proximas semanas, se realicen nuevas medidas en via de

pruebas empleando un nuevo sistema que contemple:
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e Un sistema de fijacion del equipo al bastidor de la caja del tren mas
robusto.

e Un equipo RPS en caja metalica con disipador de calor acoplado y con una
proteccion IP67, segiin norma UNE 20324:2000.

e Conector militar con la protecciéon anteriormente citada y disipador de

calor acoplado.

Una lente que permita mayor rango de enfoque.

Unas balizas de mayor tamano similares a las RFID balizas que se
emplean actualmente, fabricadas con plastico reciclado

Una vez validado el nuevo disefio en las instalaciones de Metro de Madrid, se

procedera con las pruebas en via principal.

SETUP

Los equipos fueron montados en la wunidad
9805/9809/9810 en una via de foso (via 24 de zona
7 de la nave de mantenimiento de ciclo corto del
recinto de Canillejas), con la unidad fuera de

servicio. Una vez verificado el correcto montaje y

la comunicacién con los equipos registradores, se

solicito la salida a via de pruebas. )
Instalaciones Metro de

Las pruebas se llevaron a cabo durante tres horas Madrid

aproximadamente, en la via de pruebas 1 de zona 7 de depésito 4 (Canillejas),
con un tren de la serie 9000 MRM (M9805/R9809/M9810) monotensién. En la
siguiente figura se muestra una fotografia aérea de las instalaciones donde se ha
marcado en color rojo la ubicacion de la via de pruebas cuya longitud es

aproximadamente de 400 m.

El equipo RPS empleado utiliza un modulo radar
cuyas caracteristicas técnicas estan disponibles en
este enlace. En el fondo de la caja, una lente fresnel de
12 cm de diametro fabricada con una impresora 3D
enfoca el haz del radar a 28 cm de distancia en un
spot de 1 cm2. El radar transmite 15 GHz de ancho
de banda (desde 85 hasta 100 GHz) con una forma de

onda de diente de sierra y un periodo de senal chirp

de 300 us. La senal reflejada se mezcla con una copia

de la sefal transmitida (principio de funcionamiento de un radar de onda
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continua) y de tal proceso se obtiene una sefial denominada sefial de batido. Esta
senal es digitalizada por un conversor ADC y un microprocesador interno envia
las muestras de cada rampa chirp cada 600 ps mediante protocolo UDP hasta el

ordenador donde son almacenadas para su posterior procesado.

Las balizas empleadas en las pruebas tienen unas dimensiones de 12cm de
longitud, 5 de ancho y 4 de alto que codifican cada una de ellas 6 bits de los
cuales 4 son de informaciéon. Cada una de ellas esta constituida por 2 piezas de
plastico PEHD separadas 0.5 mm por aire. Esta separacién es necesaria para
obtener una reflexién en el interior de la baliza. En futuros ensayos estas piezas
se fijaran entre si con un adhesivo que presente una constante dieléctrica

diferente a la del PEHD (K=2.4). Ambas balizas presentan la misma codificacién:

start 1 rep 0O I end

S 1RO 1 Edonde S equivale a un bit de Start, R a un bit 16gico repetido y E a un
bit de stop y donde la informacién codificada se corresponde con la secuencia
légica 1101.

El equipo RPS se acopl6 bajo el bastidor de la caja R1 que también integra el
ATP. La instalacién del equipo se realizé en los talleres y se aprovechd el carril

disponible en la caja para su fijacién segiin se muestra en las siguientes figuras:
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El sensor RPS se ubicé a una distancia de 28 cm respecto del nivel medio de las
traviesas. Esta distancia estd determinada por el diseno de la lente actual y
podra modificarse en el futuro segin las necesidades. Sendos ordenadores
portatiles registraron los datos enviados tanto por el radar doppler como por el
sensor RPS. La comunicacion entre el sensor RPS y el PC se realiz6 mediante

conexion Ethernet 100 BaseT.

DESCRIPCION DE LAS PRUEBAS

Las pruebas consistieron en un conjunto de
pasadas a diferentes velocidades y en ambos
sentidos sobre 2 balizas de plastico ubicadas junto

una baliza RFID que se

Bt (A EEN IR N . Y e

muestra en la siguiente

figura. Durante las 2.2 ;
~ pruebas, la baliza RFID se retir6 dejandose
unicamente el taco de madera. Tras el taco de madera,

se deja una traviesa libre, a continuacién, en la

siguiente traviesa se coloca una baliza y nuevamente
se deja otra traviesa libre y en la siguiente traviesa se instala una segunda

baliza.
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Se realizaron 4 pasadas a distintas velocidades. La siguiente figura muestra una

grafica donde se representa la velocidad del tren a lo largo de una de las pruebas.

Esta velocidad se obtuvo a partir de los datos facilitados por el radar doppler.

30 4

Km/h

Velocidad Doppler

20 40 60 80 100 120

Segundos

RESULTADO DE LAS PRUEBAS

En la siguiente figura se muestra las detecciones del radar a lo largo de 35

metros a su paso por las balizas de la primera pasada. El color de los puntos

representa el nivel de potencia de las detecciones. Las detecciones mas potentes

se corresponden con cada una de las traviesas.
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La siguiente figura muestra un zoom de la grafica anterior donde se aprecia con

mayor detalle cada una de las traviesas. A pesar de ser una superficie uniforme,
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se aprecia un
el tren ha in

sustenta el m

rizado de 5 mm. Este rizado esta provocado por las vibraciones que
ducido en el soporte del radar (véase el brazo de color negro que

6dulo radar). Las detecciones menos potentes que estan a distancias

menores de 50 cm se corresponden con hierba presente en la infraestructura.
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de estas detecciones mediante un filtro adaptativo permite la
perfecta de cada una de las traviesas segin se muestra en la

figura:
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En la siguiente grafica, se muestra un zoom de la figura anterior donde se puede

apreciar la presencia de cada traviesa que se asocia a existencia de un pico. Se ha

calculado la

velocidad del tren contabilizando el tiempo transcurrido en la

deteccién de 10 traviesas que estan separadas 60 cm entre si. El valor obtenido es

16 km/h.
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Realizando un nuevo zoom sobre la figura de las detecciones de la primera
pasada, identificamos la presencia del taco de madera y de las dos balizas de
plastico. La traviesa sobre la que apoya el taco de madera queda completamente
oculta debido a que el tamano del taco es mayor. Sin embargo, en las traviesas
donde hay ubicadas balizas, se detecta su presencia a ambos lados de la baliza.
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Realizando un zoom mayor sobre la figura y representando 2 detecciones por
interrogacion, obtenemos la siguiente figura, donde la deteccion superior se
corresponde con la tapa superior de la baliza y la inferior con la reflexién que se

produce en la separacién existente entre las piezas de cada baliza
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Las vibraciones no permiten a simple vista identificar la codificacién de la baliza.
Sin embargo, las vibraciones afectan igual a la primera y segunda deteccion.
Sabiendo que la tapa superior de la baliza es una superficie uniforme es posible
aplicar un simple procesado de la senal que iguala todas las detecciones a la
misma distancia moviendo solidariamente las segundas detecciones. La nueva

figura obtenida permite identificar perfectamente cada uno de los niveles 16gicos
de la baliza.
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En la siguiente figura se muestran las detecciones de las dos balizas tras aplicar

el mismo procesado en una captura realizada en sentido inverso.
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En un primer instante, se pensé que la forma ondulada del perfil generado por
las traviesas se debia a la amortiguacion de la caja. Sin embargo, al procesar el
resto de pasadas se pudo comprobar que, en realidad, esta ondulaciéon es el perfil

que presenta la propia infraestructura ya que siempre presenta la misma forma.

Las 2 primeras figuras muestran 2
capturas en el mismo sentido. La velocidad del tren en las respectivas capturas es
de 16 y 26.5 km/h.

Las siguientes 2 figuras muestran las mismas balizas capturadas en sentido
contrario a velocidades de 17.3 y 16.5 km/h. En la ultima figura, se aprecia como
las ultimas traviesas se van espaciando cada vez mas por efecto de la frenada del

tren.

CONCLUSIONES

El equipo RPS ha demostrado la capacidad de lectura de las balizas de plastico
segun lo esperado. Se ha detectado que el sistema de fijacién del médulo radar no
es el i1déneo, ya que las vibraciones del tren distorsionan la medida de la
distancia en unos 5 mm. Dado que la informacién codificada en las balizas es
independiente de la distancia hasta el radar (la informacién se codifica en la
distancia entre dos detecciones equivalentes al espesor del plastico), la lectura de
las balizas es posible incluso en estas condiciones. Sin embargo, una disminucién

de las vibraciones permitiria una mejor identificaciéon de las traviesas.
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El radar doppler existente en el tren, no se ha visto afectado en absoluto por el
equipo RPS conforme a lo esperado ya que el radar doppler trabaja a 24 GHz y el
equipo RPS entre 75y 100 GHz. Las estimaciones de velocidad obtenidas a partir

de las capturas RPS han coincidido con la lectura del radar doppler.

MEJORAS A TENER EN CUENTA EN EL FUTURO

Ademaés de las mejoras que ya estdn previstas para la segunda prueba (Armario,
lente y sistema de fijacién nuevos), es necesario disminuir el tiempo de
interrogaciéon para poder soportar velocidades mayores. Para ello, se debera
sustituir el sistema de generacion de sefial actual -basado en una sintesis de
sefial a partir de un PLL (Phase Lock Loop)- por un sistema de generacién que
emplea un DDS (Direct Digital Synthesis). Este nuevo sistema de generacién

permitira reducir el tiempo de interrogacion de 300 a 6 ps.
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AUTO®)DRIVE
SOLUTIONS

1. Objetivo

El ocbjetive principal de |las pruebas realizadas por Masats y Autodrive Solutions en las
instalaciones de Ferrocarrils de la Generalitat de Catalunya situadas en el Centro Operativo de Rubi
es & de validar el sistema de parada precisa desamrollado por Autodrive Solutions.

Este sistema de parada precisa tiene una precision tecrica de 2,5 om que permite |3
determinacion del punto de parada de forma absoluta y dnica en cuslguier punto de la
infraestructura gue haya sido digitalizado previamente mediante el despliegue de una serie de
balizas.

El sistema de parada precisa proporciona una interfaz de ayuda al maguinista gue fadlita la
manicbra de aprosdmacian v frenado para que el tren se detenga en las proximidades de un punto
de parada previamente definido. De tal manera, se facilita el despliegus de sistemas de seguridad
tales como las puertas de andén o los gap fillers.

Esta primera fase de pruebas comprende |a pussta en marcha del sistema el COR de Rubi asi
come la calibracion del equipo para esta instalacion particular y |a toma de datos necesaria para la
implementacion del sistema completo de parada precisa en la siguiente fase de prusbas.
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2. Descripcion de las pruebas

Tal como se definic en el documento de planificacion de las pruebas, el plan de actuadidn se
resume en las siguientes dos tablas:

JORNADAT:

TIEMPO
o
M DESCRIPCION ESTIMADO COMEMNTARIOS

Instalacion de la tuberia codificada de 30 metros en la via de prushas.
1 | Sefijara cada metro aproximadamente mediante tomillos roscados en 2h
las traviesas de madara

Instalacian del equipo embarcado en el tren. Fsta tarea se realiza con a Ubizereman el enchurie
ih oon limentaccon de

UT estacionada dentrodel taller. INecenlacabing

Una vez completadas laz tareas 1y 2, se procedera a realizar el primer
3 | recomido de prueka sobre |a pista codificada a la velocidad maxima

permitida.
NOTA:
Esposible que después ded primer recorside, 3ea necesanin shyun resjusie de | lubesia codificada.
Entsll caso, sesin o ssio o del tren y bre besjar e o] i pamiznic instalsdc duranke unos
10-15 minus.

1-15h

Segundo recomido de prueba en senfido contrarnio.

Repeticion del recomido de prueba a velocidad maoma permitida

Recormdo de prueba en sentido contranio.

Desmaontaje del equipo embarcado_ EstatareaserealizaconlaUT
ectacionada dentro del taller.

b B =2 L2 E=

45 minutos

JORNADAZ:

W® DESCRIPCION TIEMPO ESTIMADO | COMENTARIOS

- B Utizareme ol enchuis
1 Instalacion del equipo embarcado en el tren. Extatareaze 1h P

realiza con la UT estacionada dentro del taller. Z0aceniacsbine

Primer recorrido de prusba sobre la pista codificadaa la

2 | velocidad méxima permitida.

WOTA:

Es pooiblie que despues del pimer secomido, 320 necesarnic akgin resjesie de la fsbens
codificadn. En tal caso, serin necesano descander del ben y imbajpran & equipasienn
inzizlado durani= unos H-15 minsins.

2h

Se realizaran unos recorridos sobre los 30 metros de la tuberia
donde se pedira al maguinista que circule a la maama
veloodad autorizada v, una vez sobre lapista, aphgue el freno
de servicio con distinta mtensidad en cada prueba:

{3 25%,

&) 50%

i@ 5%

i 100%

4 | Repetician del recomido en senfido confrario.

5 Desmontaje del equipo embarcado. Estatareaserealizaconla 45 mirmias

T estacionada dentrodel taller.

6 | Desmontaje de la tuberia enla via. 2 h
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2.1 Jlormada 1

2.1.1. Instalacion de la tuberia codificada de 30 metros en la via de pruebas

Las siguientes imagenes muestran la instalacion que ser realizd en el COR. El primer
proceso consistio en |a seleccion del tramo de via de prusba en el que se iban a instalar las
balizas y realizar las pruebas.

Tras realizar una inspeccion visual del tramo de via dindmica, s selecciond el tramo que
aparece en la primera imagen. Esto fue asi por dos caracteristicas principales, la primera es que
era un tramo de 30 metros en los cuales no habia instalada ninguna baliza ni otro elemento en
via que obligara a discontinuar la instalacion de los elementos en via, v el segundo factor fue &
consistir en &l tramo de curva con menor radio. De esta forma, el sistema se expone a las
condiciones mas desfavorables posibles.

El siguiente paso fue el despliegue y fijacion de las balizas como queda presente en las
siguientes figuras. Las balizas fueron instaladas en el eje central de la via.

| ' e . ‘ g

Cada segmento de 3 metros de baliza codifica un patron de bits que se repite con
siguiente secuencia: Bit Start — Bit Datos — Bit Stop. Mediante repeticiones de este patran se
consigue codificar diferentes codigos. De tal manera, ka codificacion en la posicion es Gnica en cada
punto de la via. A continuacion, se representa en formato hexadecimal la secuencia de datos
desplegada en los 30 metres de via adaptada:

Dx25EC2, 0x30517, 0089339, (xD4AD4, 0x331E7, Dulx0378C, (38254, Ox1087E, 0n3595E, (xZ90AB
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2.1.2. Instalacion del equipo embarcado en &l tren

Las pruebas se realizaron con la unidad 112 58. Tal como se muestra en las dos primeras
imagenes, el equipo se instalo en la cabina del convoy utilizando el bastidor que habia sido
disefiado para ese punto concreto de la maguina. En la segunda imagen puede apreciarse
come quedd la instalacion definitiva del equipo embarcado.

Para realizar la comunicacion con el equipo v la recogida de datos, se utilizo un PCen la
cabina junto con una fuente de alimentacion de 12V y un inyector PoE. Todo ello alimentado
mediante una toma de 230V procedente de un enchufe de servicios auxiliares ubicado en la
cabina. En las siguientes imagenes puede apreciarse como fue |a instalacion interior de los equipos
de conexion y registro.
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2.1.3. Primer recorrido de prueba sobre |z pista codificada

Después de realizar la configuracion y puesta en marcha del equipo, se pasd a movilizar el
tren para realizar una primera medida de las balizas instaladas en la via.

Tras analizar los resultados del s2nsor y determinar que los mismos no eran satisfactorios,
s comprobd que el radio de |a curva y el hecho de que &l sensor no estuviera sobre uno de los sjes
de rodadura provocavan que &l sensor se desalineara respecto del centro de la via tal y como se

puede apreciar en |a siguiente imagen.

La solucion a este problema consiste en desplazar las balizas para lograr un correcto
alineamiento entre sensor y baliza. La medida del desplazamiento depende de la distancia del
sensor al eje del bogie y del radic de la curva. En el caso especifico de las pruebas, este
desplazamiento fue de 10om con respecto al eje central de la via. En las siguientes dos imagenes,
puede apreciarse |a instalacion antes y después de la realizacion de este desplazamiento.

174



AUTO®DDRIVE
SOLUTIONS

Una vez solucionado el problema de alineamiento del sensor, se procedio a realizar
diversos recorridos a lo largo del tramo balizado en ambos sentidos y a comprobar la correcta
instalacion de las balizas mediante el andlisis de datos. El trazo superior de la siguiente imagen
muesira el perfil radar registrado durante um proceso de parada. 5e puede cbservar como los
pulsos de diche trazo van ensanchandese progresivamente de izquierda a derecha por efecto de la
reduccion de velocidad del tren.

Comprobado que todas las balizas estaban correctamente instaladas, se dio por finalizada
la jornada 1 de pruebas y se procedio a desmontar el equipo embarcade dejande la maguina en su
estado oniginal como puede apreciarse en la siguiente imagen.
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2.2 lormada 2

2.2.1. Instalacion y puesta en marcha del equipo embarcado

Utilizando los resultados de |a jornada 1 presentados anteriormente, ka instaladidn y puesta en
marcha del equipo embarcado consistio en la repeticidn de la instalacion del dia anterior y la
movilizacion del tren sobre las balizas visualizando gue los datos obtenidos en la lectura de los
mismos eran exactamente los datos obtenidos el dia anterior.

2.2.2. Realizacion de recorridos en diferentes condiciones y determinacion
de la distancia 2 un punto de parada determinado

Una wez realizada la comprobacidn inicial, se realizé una primera frenada scbre la serie de
balizas. Con el tren detenido, se marcd una referenda en la via en la proyeccian vertical del primer
eje de rodadura sobre la misma. Ademds de esta marca de referencia se dispuso un cono naranja
en las proxdmidades de esta referencia para que sirviese de referencia al magquinista. Se solicitd al
maguinista que realizara una serie de aproximaciones al cono con distintas intensidades de frenada
con dos objetivos. El primero era ver la capaddad del maguinista para detener el tren en un punto
concreto. El segundo objetivo era comprobar que el sensor media correctamente la distancia entre
la referencia marcada en la via y ka posicidn del primer eje de rodadura. Es dedir, la distancia entre
el punto real de parada y la referencia marcada en |a via. La comprobacion consistia en comparar el
dato suministrado por el sensor respecto de la medida real realizada con una cinta métrica por
operarios desplegados en la via.

En el siguiente enlace, puede verse una de las aprocdmaciones realizadas:
https: otos.app.goo.zl 8N 14cgHbedbxR AVFE

Se realizaron varias aproximaciones medificande la posicion del cono en cada prueba para
dificultar, en la medida de lo posible, un posible entrenamiento por repeticion por parte del
maguinista. Se observo que, si el maguinista se aproxima de manera consenvadora reduciendo
drasticamente la velocidad antes del punto de parada y, postericrmente, con el tren circulando a
muy baja velocidad en las proximidades del punto de parada actua de nuevo el freno con mayor
intensidad, el error en el punto de parada suele ser inferior a 50 om. Cabe destacar que, a pesar de
esta elevada precision en la parada sin ningin tipo de ayuda, cuando se le preguntaba al
maguinista por su estimacion respecto del punto de parada no sabia indicar si se habia quedado
antes o después de la referencia ni a qué distancia aproximada se habia detenido. Por otro lado,
cuando el magquinista se aproximaba a la referencia a mayor velocidad y aplicaba una curva de
frenado mas agresiva, el error cometido aumentaba hasta los 2 metros.

Como resumen de estas pruebas se van a presentar varias figuras gque muestran las medidas
realizadas con su correspondiente explicacion.

En la siguiente figura y se muestra el perfil registrado a lo largo de una serie de bits donde se
puede apreciar las diferentes alturas que se asocian con los diferentes niveles logicos.
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En el siguiente perfil, se muestra |a lectura radar de una baliza en sentido inverso. Leyendo el perfil

de izquierda a derecha se observa que, después de un bit de stop, sucede un bit de datos y otro de

start. 5i el recorrido fuese el contraric, después de un bit start le sucederia wn bit de datos en lugar
de um bit de stop.

R NN

Cabe destacar que, en el primer bit de datos comenzando por la zquierda, se pusde apreciar
un bit con una altura superior a ka de los bits 1 y 0. Esta altura de bit se corresponde con el bit de
inido de palabra y sirve para identificar el inido de una nueva baliza. De tal manera, la baliza
mostrada tiene la siguiente codificacion en binario: 011111100001000010.

A continuacion se muestra el perfil registrado de tres balizas en sentido inverso cuando el tren
circula con una velocidad constante.

(iEASAEARERES I YRR RO BRI MR RRRAS ]

El radar realiza 1I],ODﬂ medidas pursegmdu De tal manera Emazdedeta‘mrﬂ'mn
precision las transiciones de cada uno de los bits de 5 cm de longitud. En este caso, la velocidad del
tren es constante a 10km/h durante el paso por los 33 metros de balizas.

Segundo recomrido ido morcha odel: com ffi io en punio de referencio

En la siguiente figura, se muestra el perfil registrado marcha adelante. A diferencia del perfil
anterior, se ohserva gue, después de un bit de start, sucede un bit de datos.

En la siguiente figura, se muestra el perfil registrade a lo largo de la frenada. S5e puede apredar
ondulaciones en el perfil provocadas por la accion de la suspension debido a la frenada. Esta
capacidad de deteccidn podria servir para estimar el comportamiento de |3 suspensidn en pruebas
dindmicas.

M J (T ”l | IWII. 1,“:};; LL H 1 l Sl _['LI— -

52 pbserva como, a medida que el tren va frenando, los bits se hacen mds largos puesto que la
velecidad es menor y el eje de abscisas representa el orden de la captura de la muestra. El bit sobre
&l que el tren para es el el bit de datos final de Iz baliza 0x1087E. S5e puede apreciar al final del
perfil céme, en el instante final de la parda, e tren logro rebasar el bit de datos y se detectd el
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siguiente bit de stop. No obstante, el tren retrocedic y wolvio a posicionarse scbre el dltimo bit de
datos.

Este bit de datos se tomara en adelante como referencia para el resto de medidas como punto
de parada de referencia y s2 marcd en las pruebas con un cono de color naranja de forma visual
para marcar al maguinista el punto de parada cbjetivo.

5i, sobre el mizmo perfil obtenide, representamos la velocidad estimada del tren a partir del
numero de medidas registradas sobre cada bit (velocidad instantanea de bit), obtenemos la
siguiente figura. En la mism se puede aprecdiar que el tren circulaba a 15km/h cuando se comenzd a
leer la serie de balizas y comenzd a frenar después de recorrer 3 metros. En |a figura, se cbserva en
la curva de descenso ligeros saltos em determinados puntos. Estos saltos se deben a las
imperfecciones que tiene la pista codificada en la transicion entre balizas consecutivas. Es dedir, las
balizas no estin perfectamente solapadas y existe un ligero espacio entre ellas gque provoca una
medida incorrecta de la velocidad de bit. Este error quedara subsanado en las siguientes prusbas
yaqmsemudrﬁmmelnmduenelcpemamplan las balizas entre =i.
111 lI1_'_,_ ——nmn
-: —_I—'l—._

4

v

Tercer recorrido sentide marcha otrds reanudando desde la paroda

Estas medidas corresponden al movimiento del tren desde el punto de parada hacia atras para
poder realizar una nueva frenada junto con la velocidad derivada

— *th- e T ..mmmmw S

N -..,-L s PR -l-,.-.-.—.- —_—— '|_—1-1\--r-n-n

i IR
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En este caso, el tren entro en la zona digitalizada a 20 kmj/h y el punto de parada fuen en el bit 2 de
la baliza Ox1087E, por lo tanto, &l maguinista fue capaz de para el tren a 150 om del punto de
parada de referencia.

Resumen de todas las porodos reafizodos

La siguiente tabla muestra un resumen de los resultados obtenidos en todas las pruebas de
paradas realizadas puesto gue la muestra del resto de perfiles de medida no tiene mayor valor
adicional que el ya presentado.

Orden de parada | Velocidad inicial (kmy/'h) | Punto de parada Precisidn de la parada
1 15 Bit final baliza 0n1087E | Parada de referencia
2 20 Bit 3 de x1087e -150 cm

3 18 Bit final baliza 0x1087E | 0om

4 18 Bit 14 de 0x3593E 215 cm

5 17 Bit 16 de (x38254 310 cm

3] 18 Bit 5 de 0x38254 505 cm
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Abstract

The recent development of sub-terahertz S5i-Ge devices enables new sensing capabilities at low cost
mm-Wawe radar devices can focus their energy over the ground info a circular spot with 1om diameter
and measure the distance with an accuracy better than 1mm. In this way, a radar sensor installed in
the underbody of a frain can obtain a high-detailed profile of the ground while the train is moving. Two
radar devices pointing to the ground that are deployed along the longitudinal axis of the tracks with a
known gap between them can be used for measuring the delay between profiles and estimate the
speed of the frain precisely. An accuracy better than £0.5% accuracy can be achieved with 80 con gap
between sensors at 380 kmv'h. Accuracy can be improved up to more tham 800 times by installing one
sensor &t the head of the train and the other one at the tai. Train speed estimation based on the time-
comelafion of ground profiles works fine in snowed emvironments without bosing accuracy. A protofype
successfully tested in laboratory is presented. Radar ground profilers can also be used for reading
information encoded in the infrastructure through passive tags made of plastic or concrete with a
specific shape.

1. Introduction

Precise odomeiry estimation is crucial in modem signaling systems but also a reguirement for
implementing efficient speed driving algorithms that fakes into account the track profile. In mast trains,
odomefry systems wuse tachomeier data and speed sensors based on Doppler effeci]1-2]. Both
sensars are not accurate enough for these scenarios. Tachometer accuracy is affected by wheel
slipping and blockage and requires continuows diameter calibration while speed sensors are typically
+-1% emor due fo a variable angle of incidence of the radar beam over the ground surface. Cther
methods based on GMSS and IMUs have been explored in the past with limited commercial
success[3].

We present a novelty method for estimating the speed of the frain based on time-comrelation of the
ground profile obtained by two mm-wave radar sensors. The main benefit of the method is that the
accuracy of the estimation can be delimited by increasing the gap between both sensors.

2. Time-Correlation for frain speed estimation
2.1 Working principle

Train speed estimation based on time-comrelation consists of fwo sensors on-board deployed along
the longitudinal axis of the fracks. When the traim is rumning, the tewo sensors scam the same
infrastructure and produce a similar response which is dependent on the infrastructure characteristics
providing a specific signature. The cross comrelation of both sensor responses determines the delay
between them and due to sensors are separated by a8 well known distance speed can be estimated.
The main advantage of this techmigue is that accuracy can be improved by increasing the gap
between both sensors. This method has already been explored in the past by optical, electromagnetic
and Doppler radar sensors[4-8). However, resulis were not good enough for precise and reliable
speed esfimation.
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2.2 Time-Comelation based on the shape of the ground profile

2.2.1 Introduction to mm-wave radars

Due to a high cost of components, the use of mm-Wave sensors has been typically limited fo space
exploration and security applications[7-10]. In recent years, technological advances in radio frequency
hawve given rise to new Silicon-Germanium components in the millimeter band [30-300GHz]. An
example of this is the low-cost frequency modulation continwous-wawve (FMCW) radar shown im Fig. 1.
The radar]11] works in the 120-125 GHz band and maost of its components, including also transmitter
and receiver antennas, are embedded in a single chip.

e

Fig. 1: Silicon-Germanium 120 GHz SoC radar

The working principle of a FMCW radar consists in transmitfing a chirp signal (a signal that changes
its frequency along the time) and measuring the time of flight that this signal takes fo bounce on the
target and returns fo the sensor. The Fig. 2 shows the anchitecture of 8 FMCW radar and a saw tooth
radar waveform with inear frequency modulation.

L ARTI A

[RCE]

T [RUTIES

Fig. 2: Architecture of a FMCW radar and a saw-tooth radar waveform

The retumed signal (dotted red trace) is mixed with a copy of the transmitted signal (continuous black
trace). As a result of mixing both signals, we obtain a signal, called beat signal, whose frequency is
proportional fo the distance fo the target. The frequency of the beat signal is determined by eguafion 1
where R is the distance fo the target, ¢ is the speed of light in the medium, Af is the total transmitted
bandwidth and T is the perod of the chinp signal.

FLTY .

pear = =L (Hz) (Equation 1)
mm-\Wawve radar sensors have many advantages in comparison with optical sensors since the radar
signal is reflected over any type of surface even on those that present a low retro-reflectivity or are
covered by sand or dust. Furthermore, radar reliability does not depend on light conditions and works

well under heavy rain or fog condifions. These properties make mm-wawve radars ideal for non-clean
outdoor envinonments.

2.2.2 Proposed Sensor
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The proposed sensor shown in Fig. 3 uses two mm-Wave radars with 80 cm gap between them that
is installed in the underbody of the train pointing fo the ground. At mm-wave frequencies, plastics are
permeable and it is possible to wse them for designing lenses [12]. Taking advantage of these
properties, the radiation feam of the Poruguese Insfitute of Telecommunications has designed two
Bessel PEHD lenses for focusing the radiated energy on the ground. The radiated emergy by the
radar SoC is focused by the lens into a 1 em diameter circular spot. This spot is formed 20 cm far
from the lens and is sfill focused with the same spot size for another 50 cm. At higher ranges than 70
cmi, the spot becomes bigger.

Inside the enclosure, two radar Sol like the ome shown in Fig. 1 tramsmit a 4 GHz saw tooth
waveform with 32 ps period. This means that the radar is able o measure the distance fo the ground
every 3.2 mm of train advance while running at 380 kmf/h. Radar signal is reflected on any type of
maternal due fo a different dielectric constant of the air. The accuracy of the measurement depends on
the wawvelength of the transmitted signal and is better than 1mm.

Fig. 3: Two radar sensors for scanning the ground shape
The beat signal of each radar is digitized and the radar signal processing reguired fo calculate the

distance to the target is perfformed info a FPGA. Then, the two range measurements are stored into 2
memory arays. The cross comelation of both memaories will find a macdmum

- .

PN ST N

| l T R ."\.\ o )

Fig. 4: Cross comelation of ground profiles

The theorstical cross-comelation error should be +1 sample while the number of samples where the
comrelation will find the maximum will be the time that radar A takes to reach the initial pesition of the
radar B divided by the period T and will depend on the gap between radars and the speed of the frain.
Eguation 2 shows the theoretical ermor where fyeaureg 15 the delayed obtained in the cross-comrelation,
Tenrp 15 the scanning time of 1 measurement of range, Gap is the distance between sensors and
Verqun 15 the real speed of the train.

ﬂL=|=""-:hmr4: Vipraig T i X
£ I=M=I=T=_—=1¢Lu;"*a {(adim)) (Equation 2)
frain
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Figure 5 shows the function of the theoretical speed estimation relative error versus train speed for a
680 oo gap. This emor can be reduced up fo G00 fimes by placing the first sensor at the head of a 400
hundred meters train and the second sensar in the tail.

os 80 om pap
Al
ok
%u.
nif
S e am sm o

tridey inied ot
Fig. 5: Theoretical relative speed error for a 60 cm gap between sensors

If we consider that sleepers are deployed every D distance, a rough estimation of the speed can be
obtained using only a single radar by performing a Fast Fowrier Transform (FFT) of the grownd profile
obtained which should include multiple sleepers. The presence of the sleepers in the profile will
generate a penodic signal due to the flat surface of the sleeper in comparison with the irmegular ballast
surface. Im infrastructures where ballast is mot present the periodic signal is obfained by scanning the
supports of the fracks that are concrete blocks protruding from the grade. This pericdic signal will
generate a recognizable relative maximum in the power spectrum density when FFT is calculated.

The accuracy of the speed esfimation is not degraded by snowed surfaces. The effect of the wind
while the frain passes through could change slightly the shape of the snowed surface and this fact
would impact the correlation with a lower height of the relative maximum. However, the position of the
peak which is associated with the speed of the train will not change, especially i the comelation is
made with the last scanned 100 meters of infrastructure.

2.2.3 Preliminary results

A brief description of the internal architeciure of the Sol is given below in order to explain the
measurements shown in Fig. 6. The radar SoC includes an embedded 80 GHz Voltage Controlled
Oscillator (WCO)L Then, the owtput of the WCO is coupled fo a frequency doubler for achieving 120
GHz. The oufput of the WCO is also internally divided by a 32¥ prescaler and connected fo two cutput
pins of the Sol. An extemnal Phase Lock Loop (PLL) receives this feedback signal and manages
appropriately the charge pump of the WCO for perfiorming the required chirp signal. All the signals
outside the Sal are below 1.8 GHz allowing the use of standard FR-4 substrates for the printed
circuit board (FCB) instead of using high frequency subsfrates.

Fig. Ba shows the charge pump signal that manages the VOO while figure 8b shows the FFT of the
beat signal for a wood target placed 28 cm far from the lens. The relative maximums placed at 12 and
28 cmi corresponds to the lens and to the target respectively.
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Fig. &: a) charge pump of the VCO for a 32us chirp swapping 5 GHz b) FFT of the beat signal
for a 28 cm wood target

A test model has been constructed for simulating the railway environment. Fig.7a shows the test
mizdel and the measurement setup. The sensor has been installed in a fixed posifion and the test
mizdel has been shifted appropriately for being scanned. Fig 7b shows the radar profile cbtained.

L] 05 i 15 2 25
mamplan 10"

Fig. 7: a) Test setup for range measurement b} Ground profile measured

3. Other potential applications of mm-wave radars in the railway indusiry

There are muliiple applications based on a precise ground profile measurement. Precise train location
can be achieved without odometry data by storing in memory the ground profile of the infrastructure
from station A to stafion B and comparing it with the last 100 meters scanned by the frain. Centimeter
positioning accuracy cam be achieved by deploying passive elements such as plastic or concrete
balises over the tracks that encodes information into #s shape. By deploying encoded passive
elemenis along the station, adaptive braking cam be achieved for a reliable precise sfop at sfations
with platform screen doors. Following this approach, intelligent skeepers that consist in a shight
mizdification of s shape can be deployed. Encoding 4 data bits in each sleeper creates a set of 18
types of sleepers. Combining them randomiy will create a pseudo random code that will increase the
signature of the ground profile.
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4. Conclusions

A novelty method for determining the speed of a train have been detailed. The method consists in the
time correlation of two mm-wave radar ground profiles. The main advantage of this new technigue is
that accuracy can be confrolled by setfing the distance between both radar sensors. & 120 GHz
prototype has been constructed with a G0cm gap between sensors. Each radar foouses the radiated
energy into 8 1cm diameter circular spot and measures the distance fo the ground with 0.1 mm
accuracy every 30 ps. The fime correlation of both radar profiles enables speed estimation accuracies
better than +0 5% at speeds up to 380km/h.
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ABSTRACT:

Precizse location and orientation of vehicles is a mnst for relisble Advanced Dnver Assistance Systems. In this paper we
presant A povelty method of wehicle posiioning and orientation based on infrastocture adaptation called Foadar
Positoming System. FPS consists in 3D land markings that encode mformation in 3 somilar way of the Braille system
(the reading system for blind) As a resalt, a wehicle that reads this encoded line thanks o mm-wawve radar semsors
mstalled in the underhody iz able to obin itz positon with lom acouracy in a relishle, low cost and safs manner.
Furthermore, vehicle orientation against the longitedinal swis of the lane is achieved with less than 1 degree eror.

The main advantage of such precise vehicle orientation and location besides on the ability for solving the problems
related with the bandover at level 3 SAE systemns. When perception fails, dead-reckoning can keep the vehicle m its lans
along 200 extra meters due to a precise starting point This exita distspce can be used for reducing the speed and
provide more response time to the driver for an appropriate hamdover.

Furthermore, thanks to BPS, vehicle perception can be improved exponentially by enabling tarzet-data sharing berween
wehicles. BPS can also be suitable for supporting Intelligent Speed Assistance and un-manned Flatooning
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1 INTRODUCTION

Precise location and orientation of wehicles is 3 mmst for reliable Advanced Diriver Assistance Systems (ADAS) and
Autonomons Vehicles (AVs). Current ADAS and AV typically rely on stereo opfical camerzs GMS5, IMUs and
LIDAFR. zensors for thess purposes. Optical cameras can estimate the lsteral displacemsnt and the onentation of the
vehicle into the lane by detecting the land markings. Unforimately, the reliability of optical cameras for detecting land
markings depends on a good remro-reflectivity of land markings and favorable sunlizht conditions. Wet surfaces, bad
maintenance of land markings, spow, fog or heavy main can reduce sigmificantly the reliability of camera detection.
GMEE provides a global positioning but the lack of aconracy and the low availability due to the sbsence of a clear line
of sight with the saellite constellation under certain sitnations make them unsuitshle for wehicle puidance. IMUs can
improve G55 positioning but this enhancement is not enough for suiding a velicle safely. Most AVs developers are
alzo relying on LIDAR. and 3D maps for locstion parpeses especially at wban enviromments. In these areas, GMNSS
sccuracy is typically poor but suroundings have a lot of recopnizable objects liks buildings or traffic signals thet create
3 signature which is easy to identify. Once the vebicle has scanned the environment, the computer tries to match the 3D
clond detection with the 30 map stored in memory. When the match is achieved the wehicle performs triangulations
with known objects on the map and can determine its position and orentation precisely.

However, zenerating 30 maps is very costly, The tasks of object identification and the pinpoint of these known objects
that will be wsed for triangulation have to be done by operators. Furthernmore, maps nmst be npdated contipuously dus
o & time-changing environpment As a result, these maps can only be available for a limited set of consmained areas.
Under favorable weather condinens, LIDAF positioning is a reliable techmique with few cenfimefers accuracy.
Mevertheless, hip size objects such as buses or tucks placed near the ssnsor can block LIDAR rays avolding an
spproprigte emvironment scan. By blocking, smow, fop or heavy rain reduce sigmificantly LIDAR positioning

Infrastructare adaptation by deploving magnets on the road has been explored in the past for supporing AVs
localization This adaptztion allows to mezsure the lateral shift from the center of the lane [1]. However, the proposed
sobaton has besn commercially discarded due to a bigh cost of implementation.

In this paper we present 4 novelty method of vehicle positoning and orentation based on infrastrucoare adsptaton
called Fadar Positdoning System. BP5 consists in 30 land markings that encode information in 8 similar way of the
Braille system (the readimg system for blind). As a resnlt, 3 vehicle that reads this encoded lme thanks to radar sensors
installed in the underbody is able to obtzin its position with lom sccuracy in a reliable, low cost and safe manner.
Furthermore, vehicle orienmation against the longimdinal axis of the lane is achieved with less than 1 degres error.
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2 3D LAND MAREINGS FOR ENCODING THE ROADS

Nowadays, there are mmltiple 30 land markings deployed in many roads worldwide for improving visibility in raimy
conditions. 30 land markings have attached glass beads on their surface as shoam in Fig. 1 which reflect lights m all
directions improving retro-reflectiwity. They are typically 25mm in diameter and Smum high snd are made of
thermioplastic or cold plastic. Thermpplastic is a soft material and has the advantags that, when glazs beads are removed
and the refro-reflectvity is degraded, new glass beads can emerge from inside when the material is getiing wom ot
Cold plastic 3D paint drops are $0% plastc and 10% catalyst. When both are mred, a chemical reaction is performed
and m less than 5 mingres the paint drop gets exmemely hard and is fiwed to the asphalt. They can be applied ar lower
temperatres than thermoplastic ones, however, they are very hard and when glass beads are gons the cold plastc soll
remains withowt wearing down and the zlass beads fom inside camnot emerge o the surface. This kind of 3D land
markimgs are corrently printed by trucks at speeds up to 16 km'h

Fig. 1 Cold Plastic 3D paint drops

We propose fo encode the infrastmciure by deploving cold-plastic 3D land markmgs along the center axis of the lae.
Diara is encoded in a row by associsting different combinations of 30 paint drops to different logical levels 3= shown in
Fig 2.

-' - -' - Sumrt B
& & a8 o oe
) 3B 8 oo
&« 8 & oo
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& @ swopow
& & ® & =-aon
Fig 2 Encoding pattern

3D paint drops will ke black color remaining invisible to regular drivers. They will only perceive a slight noise when
chanzing the lape Fadar sensors can obfain a detziled 30 image of the surface, detect the presence of the 3D paint
drops and read the encoded track.

Earth surface, including mountzins, oceans and poles, is 51001 million of square kilometers. According to Equation 1,
every square cm of the Earth surface can be umivecally encoded by usmg 62 bits.

Logy(510,1 km®) = Log,(5.101- 10" em®) = 62.1 (I

Taking into sccount that roads are only 3 small portion of the Earth surface and 3 complete code can require mmdreds
of square cm for being deployed, 54 bits word length can address the complete lane network worldwide. There will be
aleo enough spare codes awailable for re-asphalt tasks and future infrasimctures. Considering 8 5 om gap befween two

consecubive rows, 4 complete word code can be deploved slong 3.3 meters of lane segment (including also the start and
stop bifs).
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In order to simplify the deployment, a psendo random code will be printed. Every truck will be provided with 3 umigue
pool of codes and will print those avoiding repeated codes. Once the lane is adapted, a vehicle with calibrated odometry
will mm over the track and will generate a road map storing the code sequence, the misalignment of the track respect the
ceniral axis of the lane and the shape of the road thanks to data from the encoders of the wheel and the steering wheel,
optical cameras snd 3 G55 receiver. This road map information is low-weight data and the global lane network will fir
in & single flash memory. The read map will remain stable and will not change in time. If the infrastmachare is modified,
new free codes will be used.

The length of Europesn lane netwark, including highways, main and secondary roads, is abowt 5 265000 Em [2].
Considering a printing speed of 16 km'h, 50 mucks working 24 hours/day and 365 daysfvear can encode the complets
lane network m less than 1 year. However, this is not a realistic pumber. Infrastmctare adaptation will rake more time
bat 8 progressive approach can be tackled starmng at principal hiphways and main roads.

The costs of paintimg the encoded track are negligible compared with the costs afforded by infrastmciure operators m
maintenance tasks. Due to the encoded track is deploved along the center axis of the lane and to the exreme wear
resistance of cold plastc 3D paint drops, they will last at lezst more than 15 years. In this sense no maintenance is
expected since re-asphalt tasks should be required first. Smasll errors on the track are not an issue due fo the radar has
the advantage that is reading a known message. Furthermore, Forward Emor Correction (FEC) techmigues can also be
implemented.

3 mm-WAVE FADARS FOR. READING THE EMCODED TRACEK

mm-Wave sensors have been typically used for space exploration and security applications [3-7] due fo a high cost of
components. Thanks to the technological advances in Silicon-Germanium. low cost components are svailable in the
millimeter band [30-300GH=z]. An example of this is the low-cost frequency modulation continuows-wave (FRICW)
radar showm in Fig. 1. The radar [8] works in the 120-135 GHz band and most of its components, including also
transmitier and receiver antennas, are embedded in a3 single chip.

Fig. 3 Silicon-Germaninm 120 GHz SoC radar

The working principle of 3 FAMCW radar consists in transmitting a signal that changes its frequency along the tme and
measuring the tirme of fight thar this signal takes to bounce on the target and returns to the sensor. The Fig. 2 shows the
architecture of a FRICW radar and a saw tooth radar waveform with linear frequency modulation.

Filzi

Af

T [LUEREH

Fig. 4 Architecture of 3 FMCW radar and 3 saw-tooth radar waveform
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The retarned signal (dotted red trace) is mixed with a copy of the mansmitted sirnal (comtinuouns black trace). As a result
of mixing both signals, we obtsin 3 signal, called beat signal, whose frequency is proportional to the distance to the
target. The frequency of the beat signal is determined by equation 1 where R is the distance to the target, ¢ is the speed
of light in the medium  Af is the total fransmited bandwidsth and T is the period of the chitp siznal

_2RAf
Foowe =——(Hz)  (2)

mm-Wave radar sensors have many advantages i comparison with optical sensors since the radar signal is reflected
ower any Tvpe of surface even on those that present a low rero-reflectivity or are cowvered by sand or dust. Furthermore,
radar reliability does not depend on light condidons and works well under heawy rain or fog condiions. These

At mm-wave frequencies, plastics are permeable and, it is possible to use them for constmcting lenses [9]. Fiz. 5 shows
a 15 nun dismeter lens attached to the SoC radar that has an apertare of 6 degrees. The typical distance from the

underbody of a vehicle to the ground is sbout 15 cm. At this distance, the § degree apermre angle results in a lom
dismeter circular spot over the asphalt where the radar concentrates its radiated energy

Fig. 5 Plastic lens attached to the radar ZoC

PFadar signal is reflected on any type of material due to 3 different dielectric constant of the air. The scouracy of the
measurement depends on the wavelength of the transmitted siznal and is batter than 1mm The radar measures every 30
s the distance to the asphalt. This mesns that the radar is able o measure the distance to the ground every mm of
vehicle advance while moning at 120 km'/h. In this way, the radar is able to obtain 2 hizh detsiled profile of the asphalt
when the vehicle mns and can detect the pressnce of a 3D paint drop. In order to read appropristely the encoded frack,
nmltiple radar sensors are installed in the underbody forming 3 linear array along the fransversal axis of the wehicle
Hence, every time the encoded track is located berween the 2 front wheels of the vehicle, the track can be read.

PFadar sensors are hack free due to the following charactenistics: a) there are no powerful sources at these frequencies b)
the radistion partern of the radar is hizh directive and pointing to the qround. ) due to 2 hish bandwidih transmirted,
hacking siznals canmot be properly infegrated in the receiver when they are mixed with 3 copy of the ransmitted signal

4 READING THE 3D LANDMAREINGS

A wehicle equipped with the BP5 sensor that starts to run over an encoded infrastuchare, reads a complete word code
afier 3.3 m Then, the onboard comtputer searches in its datsbase the read code and obfains the position coordinates.
When the sensor is still pointing to the stop bit of the code, a radar S5oC of the lnear amay is scanming with lom
dizmeter spot over a 25mm dismeter 30 paint drop {meaning, the paint drop of the left that encodes the stop bit). In this
way, &8 precise location with lom accuracy in the three axis is achieved (beight is messured by the 5oC radar). The
database also provides the following sequence of codes and the shape of the road. It will not be necessary to man another
3.3 m to update the position since, if the following bits are in accordance with the expected ones, position can bs
updated bit by kit (row by row) instead of reading 3 complete new code. Precise wehicle orientation is also obtaimed
with an accuracy better than 1 degres.
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The main advantaze of such precise wehicle orientstion and location is based on the ability for solving the problems
related with the handover at level 3 SAE systems. When a Level 3 vehicle is monning at high speed and the perception
of the land markings fails, the drwver has to take the handover mmmedistely. Heowever, 3 driver that is not paying
attention requires more than 5 seconds to identify the simaton and react properly [10]. Thanks to & precise starting
point and thanks to a recorded shape of the road stored in memory, when perception fails, the encoders of the wheels
and the steering wheel in combination with IMU and G55 data can be nsed for maintaining the wehicle into its lane
alomg 200 meters [11]. This safety distance can be uwsed for recoverng percephion while reducing the speed
Furthermore, it will provide encugh response time to the driver for an appropriate handover. In worst case, it can be
nzed for stopping the vehicle in a safe stop area.

Odometry acouracy depends on a good estimation of the wheel effective radins. This effective radins depends on,
among others, the ware down of the tire, the temperamre, the air pressure and the vehicle load. The encoded mack is a
well-known reference that can act a5 a maler for calibrating odometry. This calibradon will impact oo a longer safety

In case of land marking manipulation, a mismsch will be produced between the zathered odometry dama and the
recorded readmsp. This mismatch will tum the vehicle into safe mode and odometry will be nsed at the last foosted
position. In the same way, the vehicle will activate the safe mode if new codes that are pot stored in the database are
read. In the meanfime the computer of the vehicle will ask for new roadmap updates to the infrastructare sdministrator.

Sncoaned envirooments are the worst possible conditions for ADAS and AVs. When road markings are covered by snow,
optical cameras cannot detect it. Lidar rays are bounced on snowflakes generating false alarms oo obstacle detection
amd reference objects for misnenlaton in 30 maps changs its shape GMNSS5 siznals are reflected on snowed surfaces
causing loss of accuracy. Soow is also challenging for mm-wave radars for reading information encoded on the road
with 30 paint- drops. BPS sensors cannot penetrate snow and this means that they cannot read 3D paint drops covered
by snow. Although snow is challenging for ADAS and AVs and requires extoa measures to deal with, forhmately, most
of the accidents that happen under these conditions are not critical since wehicle speeds ars typically low. This means
that snowed enviromments should not be a priority when facing traffic accidents reduction ar short or medinm term
However, ADAS and AVs pmst tackle snow issnes. For dealing with FPS into snowed roads, a snow-plow robot
equipped with a circular sweeper has to be nsed first for removing the spow ower the track. The robot will act as a
platoon leader adapting the speed of the convoy for ensuring an appropriate cleaned track and informimg the rest of the
wehicles that they can follow it. In worst case, the zuidance system will work safely by reading only 3 meters of the
encoded rack every 200 meters which means less than 2% of the code.

BPS for raibways has been successfolly tested in real scenarios thanks to the collaboraton of Meoo de Madnd and a
RPS zensor for road transport is currently imder devalopment.

5 OTHER. APPLICATIONS

In addidon to solving the problem of handover, encoding the roads with 3D paint drops has oumerous benefits.
MNowadays, a vehicle is able to detect a farget, o measure the range and the angle of armmival and even to classify it
However, this data cannot be shared between wehicles due to uncertainty in the position and orentation of both
vehicles, fransmitter and receiver. 30 paint drops provide an absohite reference system and, when both wehicles are
properly pinpointed and oriented the target wector can be transferred from one vehicle to another Extending this idea,
vehicle percepton can be improved exponentally by using data gathersd from multdple wehicles munning into its
neighborhood.

Intelligent Speed Assistant (I5A) uses G55 and stored roadmaps as well as optical cameras for detecting speed-lmidt
iraffic signs. In case of over speed, [5A will warn the driver. However, [SA is not reliable doe fo the lack of accuracy or

availability of GINSS under certain conditions or doe to noread waffic sizns that are blocked by other big vehicles near
ithe cameras. BPS can be an extra source of data for locating the vehicle enhancing ISA reliability.

PPS can be also helpful for providing synchromzed waffic flows at cibes. ADAS and AVs would work in a standalone
manmer for warranting a3 fast response but, most of the time it movements wonld be controlled by 3 central host for
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improving mobility and prioritizing public wansport and emergencies. In this case, a precise positioning system will be

Fimally, FFS can provide support to mmmanned platoonimg. Current unmanmed platooning are limited to 2 or 3 wehicles
due to the difficulties for keeping long comwoys into the lame The wirtnsl engapement is coupled betwesn two
consecutive wehicles and suffer of a cumwulative error that can make that a vehicle placed at the end of the tail wall get
ont of the lane into a curve. For preventing this sitation, the leader vehicle which is the first tmck of the platoon, will
provide its frajectory to the other vehicles thanks to FPS reading capabilities. Then, the other vehicles of the platoon
will repeat precisely the wrajectory of the leader

& COMNCLUSIONS

Precise location and onentation of velicles is a must for relisble Advanced Doiver Assistance Systems and Antonomous
“Wehicles. Current solwtions based on GMS5, IMUs, steres optical cameras or LIDAR are not relisble enongh umdsr
certam conditions. At high speed, safety may be compromised if land marking detection is not achieved. Dwead-
reckoning technigues can guide a vehicle safely along 200 meters by nsing the encoders of the whesls and the steering
wheel and a pre-recorded roadmap. However, a precise staming point and vehicle orentation is required A slight
modification of the mfrastructure will enable precise wvehicle positioning with 1 cm acouwracy and vehicle onentation
with few degress emor in a reliable, secure and low-cost manmer. It consists in deploying black color 3D paint drops.
along the center of the lane for encoding information in a simdlar way of the Braille code (the reading system for blind)
and use mm-wave radars mstalled in the underbody of the veldicles for reading them. 3D road merkings will remain
imvisible to regular drivers. Afier nmming 3m over the encoded tack, the wehicle can determine its position and
orientation precisely. Then position can be updated every 10 cm In case of loss of perception, dead-reckonimg will
guide the wehicle slong 200 meters while redncing the speed and providing enough response tme to the drver for an
sppropriste bandover.

A low cost, single chip radar is able to concenirate all the radisted power into a lom dismeter circular spot over the
asphalt. The radar can read the distance to the asphalt with sccuracy better than lmm at 33 kHz rate. Measurement

Infrastruciure adapmation is fessible amd affordable thanks to machines able fo prnt at 16 km'h cold plastac 30 pamt
drops. Due to high dursbility of cold plastic, no maintenance tasks sre expscted since re-zsphalt should be performed
first. Small errors m the encoded frack are not an issue and infrastmchre manipolation is easily detectable thanks to a
mismstch azainst the recorded roadmap. In this case, vehicls can ensble safe mode and nse dead-reckoning till finding
a0 appropriate encoded track or stop the vehicle in a safe stop area

Precise location is also suitsble for sharing target data between wvehicles for improwving vehicle perception, support
unmanned plateoning or Intellizent Speed Assistant or provide synchronized traffic flows at cites.
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1 | INTRODUCTION

Train operation cootmo] systems, including precise localization
of rail wehicles, are a key element for many reasons relatsd o
security and effidency, among others, For instance, to carry out
the inzpection. of the railway track as effectively as possible, the
muintenance service needs to rely on a precise positioniog sys-
temn that accurately determines the locaticn of potential fathires

deficiencies,

11 1

Precise cdometry is crucial for reducing the wayside squipment,
which is expensire and requires maintenance, When tmin posi-
tioning is based on cdometry, which suffers from curmualative
errors, high precision is required. The simplest approach is the
use of o tachometer, Homever, the slipping, the blodkage and the
variable radius of the wheel due to its conidty imit it precision

(1.

Positioning ih inspection systems

César Otero!

Abstract

Inspection of the milway tracks requires relying on o precise positicning system that ace-
rately determines the locadon of potential failures and deficiendes. Thersfore, measudng
the speed and precise location of rail vehicles is essemtial Many methods and approaches
have been proposed, but most of them lack seven] conditions that doonot allow them to be
optimal for this task. In this paper, the authors present o novel method for measudng the
speed of a train by means of the time correlation approach, by using 2-mm wave mdar sen-
sors. Additionally, it is also an ecourate positioning system becmse the authors prove thae
the track has 2 unique profile, sufh ciently chamcteristic and stable cver time, that serves as
a distinctive sipnature, which can be used to locate the vehicle at any point on that teadk.
As g result, this new methodolopgy, combined with a laser profilometer device, can be used
as an effectve inspection system for crades ar deficiencies in the rails, sleepers, fastenings,
belts ete., Jacating them precisely on the mibway track.

Odometry can be also esdmated bassd on instantanecus
speed measurements. The typical approach for measudng the
speed is the use of a radic Doppler sensor, Doppler effect mea-
sures the relative radial speed between two objects by detecting
the change of the frequency of the signal that is transmitted by
the first object (the tmin) and the second one (the slesper) where
the signalis reflected to the first object. To increase the reflacted
power, the Doppler sensor is tilted down with 4 known angle
for pointing to the corner between the sleepers and the ballast.
Unfortunately, this anple is vadable due to an irregular surface
and, typically, its accuracy is + 1% exror [2].

A different manner for measudng the speed is to use time
coarelation between sensors that are alipned sccoading to the
lomgitudinal axis of the tracks with a known gap between them.
The main advantage of this technique is that speed error can
be r=duced oo a certain valee by increasing the gap betwesn
both sensors. Several methods have been explored with this
appaoach. One of them is to induce carrents in the track and
mensure the magnetic feld that typically changes due to the
presence of the mil clamps, the tumouts and the cables [3],
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TABLE 1 Posiicaing spaierr and cher dsadvameapss.

Positioning

sysi=m Disadvanmpes

GPE Cudoenseny Lack of erverage in underprowend sersches and Jow

B20uracy

TRCPANEIHOT Failare in cust of craetinn. skasinp or brakeng Incking,

BADAR Doppler Fhat surfaze Gikse

Blomogil Heed For poditifrotnd ECHEOCEg 10 deermine speed
weeleromensr and prsicon.

but thiz method is oot accurate enough at low speeds. Another
method is to use optical sensors for measudng the irreguladties
of the surface of the tracks [4]. However, optical devices are not
optimal for dicty eovircoments and maintenance is required for
cleaning: Finally, time cocrelation of two Doppler sensors has
been proposed with limited results [5]. None of these solutions
have been commercially explodted due to theic lack of reliability
and repeatability,

The implementation of MEMS (Micro Electro Mechani-
cal Systems) technolopy in the sensom of the Inertial Motion
Units {IMUs) has increased its sensibility. However, the cal-
culation of distance and speed cannot cely on a single sensor
because they depend on opemting conditions (rain, snow, fog,
hills, slipping etc) and, thus, must be combined, for instance
by means of fusion algodthms [5]. For instance, speed mea-
surement i3 the result of the combination of wheel sensor
radarand Global Mavigation Satellite System [(GMNSS), However,
the GN55 recefver should be able to autonomously pedform
integrity monitodng, incuding detection of fadlty observations
[qﬁmﬁu, the IMUS have been used for supporting GMNES
recebrers in the areas where they do not have wrailability. An
example is based on onboard sensors such as a velodey sen-
sor and a GGINSS sensor [E]. The other examples are based on
particle filbers that fase the position and direction chservations
to estimate the vehide position [7). However, this approach
has had a limited commercial success [10], mainly because of
the absence of satellite signals in places that are important
for raileosd applications (railway stations, tuonels ete) [11].
Additicnally, increasing the number of cnboard sensors is cost
intensive and cnly prachally improves seliabdlity and awailability
of localization information [11].

Table 1 summarizes the positicning systems ourrently used in
the railway environment, along with their main dowbadcs.

Within this comtext, the suthors of this wark, who belong to
Auto Didve Solutions (ADS), hore developed a new positioning
system based oo millimeter-wave [mmowave] RADAR sensors
that tres to sobre all the disadvantages that current spstems
hawe, Its function is based on previous works already regis-
tered by ADS [12]. In this paper, we present a novel method
for measurng the speed of the train by means of the time
correlation approach, by using 2-mm wave radar sensors, We
hawe based cur methodology cn the precise and continuouas
extent of the profile of the milway track, acquired by means

of mdar senzors ‘The purpose of using mm-wave mdars is to
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obtain an infrastructure signature that is sufficiendy charac-
tedstic and stable cover time to allow the speed and position
of the train to be determined with a precision mever seen
before

In this way, each one of the disadvantages showen in Table 1
is solved as follows:

- Lack of cowermge in underground sections and low acoaracy:
There is no lack of coverage becauze the positicning sys-
tem is embarked on the vehicle itself that iz pecforming the
inspection of the raibway toack.

- Faihare in case of tmction skating oo braking locking Since,

in these cases, the wehide contimes to move, the on-board

measuring equipment contimaes to move equally and i= oot
infuenced by this fact.

Hlat susface failure, Flat surfaces are not a problem for chis

system. The vesult will be a measurement of a ‘Aat” profile

‘The precision of the developed system is able to measure dis-

tances of less than 1 mm, so a Hat surface for the human eye

iz mot really Hat for this posidoning system.

- Meed for contiouous monitodng to determine speed, Char
positioning system contimously calculates the absolute posi-
tion of the wehicle within the entire raibsay tack. Therefone,
continuous monitodng is oot necessary.

1.2 | Aims and structure of the paper

The main objective of thiz project is to vedfy, by means of a
set of tests desipned and customized o such an effect, that
the use of mm-wave BADAR sensors [which had never been
used previously for this purpose) is suitable for their applica-
tion to railway operation and maintenance. In particular, the
specific ohjectire of this wark is o vedfy the adequacy of the
performances of 2 new prototype:

- mm-wave RATJAR sensors can be used as an accurate posi-
tioning system because the track has a unique profile that
sexves a5 4 distinctive signatare, which can be used to locate
the wehicle at any point of that track,

- RADAR systems can be used as a precize speedometer, by

comparson of the profile of the track recorded by two

consecutve sensors

They can be used a5 an effective inspection system of cracks

ar defidendesin the milway track and to locate them precis=ly

an the track.

The structure of this paper is as follows previous work
in the feld is bdefly reported in the following pamgraphs
of this section. Then, Section 2 introduces the operative of
the new system, including the methodology for the position-
ing, spesd measudng and inspecton of the raibway track with
the different sensors. The descdbed methodolopy is applied
for performing the four expedmental tests presented oo Sec-
tion 4, The paper closes in Section 5 with the main conclusions
and some indicatons for plans about future wock in the
field.
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FIGURE 1  Architremre of a FMOW radar. FBCW, frequency
moduladon contnuus-wire.

2 | OPERATIVE OF THE NEW SYSTEM

2.1 | Functdoning of mm-wave radars and
grouhd-profile correlation

A radaris a spstem that uses electromagnetic ndistdon reflected
by an ohject to determine the location or speed of the object.
In practice, a radar systerm may be able to measure direction,
height, distance, heading or speed from the echo refected by
both static and mobile chjects

Dhae o a hiph cost of components, the use of mm-wave
sensors has been typically limited to space exploration and seos-
rity applications [12-16]. In recent years, technolopical advances
in mdic frequency hawe given dse to new Silicon-Germaniam
components in the millimetre band [30-300 GHz). An example
of this is the low-cost frequency modulation cootinuous-wave
(FMCYE) radar [17], which warks in the 120 to 125.GHz band
and most of its components, inchding also a transmitter and
recefver antennas, are embedded in a single chip.

It is worth noting that mmasave radar sensors have many
advantages in compadson with optical sensors, since the radar
signal is reflected cver any type of sucface even cn those that
present a Jow retro-reHectivity or are covered by sand or dust,
Furthermore, mdar reliability does not depend on light condi-
tioas and works well under heavy rain or fog conditions. These
properties make mm-wave mdairs ideal for non-clean outdoos
enviconments.

The warking prindple of a FMCW radar consists in transmit-
ting a chirp signal (2 signal that changes its frequency along the
time) and measuring the time of Aight that this signal takes to
bounce an the tarpet and retucns to the sensorn Figuee 1 shows
the architecture of a FMCW radar.

Figure 2 shows a sow tooth radar waveform with linear fre-
guency modualation, The returned sipnal (dotted red trace) is
mized with a copy of the tmnsmitted signal (continuous black
trace). As aresult of mizing both sipnals, we obtain another sig-
oal, called beat signal, whose frequency is proportional to the
distance to the target. The frequency of the beat sipgnal is deter-
mined by Equation {1} where & is the distance to the tasget, ¢
is the speed of light in the medium, A § is the total transmitted
bandwidth and T is the percd of the chimp signal.

fow == = () m
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FIGURE 3 ‘Theorecical relaties speed exwor for 2 é0wem pap hecween
sermor,

The theceetical cross-correlation error should b= 4+ 1 sam-
ple; the mumber of samples where the cosrelation will find the
maximum will be the time that second radar (&) takes to r=ach
the initia] position of the first radar (B divided by the pedod T
This walue will depend on the pap between radars and the speed
of the train. Equaticn (7] shows the theoretical error where
Frmsarsmes I the delaped obtained in the cooss-correlation, Ta, is
the scanning time of cne measurement of mope, Gapis the dis-
tance between sensocs and T, is the real speed of the train.

—l:_"'t;:l: T & Te
B = e = Fre . =14+ mﬂtu a (i)
?ﬂ'.*. :E’F_ il
wan may {2}

Fipure 3 shoows the function of the theoretical speed estima-
tion relative ecmor versas train speed for o 80-cm gap. This ecmor
is typically about 10 times better than the error of curvent sys-
temns for determining train speed. However, it can be reduced up
to 00 dmes by placing the first sensor at the head of a 400-m
train and the second sensorin the tail.
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22 | Operative of the positioning system

Once the need for an acourate positicning system to increase the
efficiency of mil maintenance systems has been defined, this sec-
tion will describe the opemthre of the positioning system used
in this work.

In short, the system is based on the following assumpeion:
the railway track has a unique sipnature at every point, a surface
identity, determined by surface charactedstics like irreguladties
or inaccuracies depending on constraction systems or mainte-
oance. Based on this premise, the reading of the raibway tack
in a given section results in a sarface identity profile that allows
defining precisely the positioning of the wehide that carrdes the
measurement system., [t is important to distinguish this surface
track profile that we will take into consideration to the infras-
tructure profile defined by the elevation of the different mileage
point along the alignment.

Let us suppose that, schematically, the entire railway track had
a profile like Fipure 4, where the tdanple rectangle and the dr-
cle represent different patterns found on the railway track (=g
sleepers, boles, ballast, clips etc.).

Miowecover, let us suppose that the profile of the last leg mea-
sured by the positioning system has had a rectanpular shape.
Conceptually, it would hove been easily determined that the
wehicle was in the middle of the railway tack

Homwewer, althouph the opemtion of the developed position-
ing system may seem simple, it must meet two requirements to
mike it effective. The fist one is that the profile measurement
is extremely accurate, and the second one is that it is extremely
fast.

On the one hand, it has to be extremely precise because the
chamcterstics that will determine the uniqueness of the railway
track signature are small, for example, the centimetre difference
in sepamation between seveml conseoative sleepers, the unique-
ness of the ballast shape, or the averape distance between the
wehicle and the sleeper in a given section.

On the other hand, it has to be extremely fast because the
inspection of the raibway track could be done at any spesd.
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FIGURE & Readings of theee equal erack profiles a dfferent speeds Skowr
(ko) Mediam fmiddle) and Fase (helow).

This, coupled with the first requirement, obliges that the profile
mensurement has to be ‘almost” contdnuous

In addidon, the fact that the speed of inspection of the rail-
way track is vadable requires that the poofile reading system
st know constantly the speed of the wehide to be able to
perform an acourte positioning, For example, Fipure 5 shows
the schematic readings of three equal profiles, but at different
speeds,

Therefore, it is necessary to correct the measured profile
with speed information to determine with accuracy the exact
position of a wehicle within the entire milway track. Thas,
the procedure that summarizes the opemtion of the complete
positioning systerm would be as the following steps:

1) Measurement and storage of the full profile of the radlway
track and the speed at which it was made.

Iy Mormalization and storage of the normalized full profile at
2 certain rate (pormalization rare) of the measured profile.
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suteen s S e expedments depending on the raibeay tmck on which they
1 IR A have been pecformed, the squipment used and the valida-
2 |—h r Y " tion of results that have been sought for each one Related
* : to the mdar sensom, it establishes §f both of them were
= | alipned parallel { = ) or perpendicular () to the railway
% - )
5 W sonsar :
: | |
| 34 Test 1 on raibway track 1
i | A i | !
T rterst T bckired 34.1 | Assembling of the equipment
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SPEEDOMETER INSPECTION

FIGURE 9 Disposiion of senson 1 and 2 For che speadomerser def) and
For dhe imvspecion ight.

- PC for communication with the measurement system.
Toehiba Satellite Pro PSOL11Z,

- Wireshark software for stodng all measurement data,

- Helmets, vests and safety boots.

Figure 10 showes the graphical interface developed to read the
data generated by the measurement equipment. This softwane
alloaws it to read the data, start testing ar annotate it in real Hme
in order to process it as shown in the Results section of this

document.

This section explains how was the assembly of both equipment
in the wehide modified as a draisine ﬂul:i:n.zl:hz tests :E:u.']_:nﬂ-
ticning and speed measurement: the radar sensoms and the laser
device.

On the one hand, Figure 13 shows the prototype of radar
sensors, which is located in a frame anchored at the bade of
the draisine, parallel to the mils of the caibeay track at approx-
miately 40 com aboove the Booe This distance is within the focus
{2070 em) for which the sensor lens has been desipned. In
this WY, the two sensom of the -uquipl:n:nt wrlll read e:u.ct]y
the same points of the rilway track and, a5 explained poevi-
ously, will determine both the posidoning and the speed of the
wehicle,

On the other hand, Pipure 14 shows the location of the laser
profilometer for the inspection of the tmde elements. As can
be seen, the placement of this addifonal equipment did mnot
cause any problems or interference for the measurements of the

32 | Characteristics of the railway tracks for speedometer developed by ADS,
the tests
Tahle 2 presents and compares the characteristics ofthe twa dif. 342 | Tests design

ferent mibway tracks used for performing the tests of the present
study.

3.3 | Matrix of test desigh

Table 3 represeots a matdx for understanding the diffesent
tests carded out in this study, As can be seen, it classifies the
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The tests that have been carred out are mainly divided into two
different blocks, according to the two configurations that have
been proposed

- Pnlil:il:l.'lj:n.g system and :.pael:] measurement bf means of the
radar sensors and inspection of the track by means of the lasec
profilometer.,
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FIGURE 10 Graphical incecface of che sofware developed eo read the dar froen che messurermene equipment.

TABLE 2 cChancierisbes of che two Milway cracks for tie cesis.

Railway tack 1 Railway tack 2
‘Type of erack Om hallase On ballae
Width 1beerian wickh Iherian width
(1666 mm} (1663 mm)
Approe. Lengh 1 km 10 kem.
Flacement Crotdoors Cucdoors
Sleeper materil Wooden Concrese
‘Track damping Diimeetly oa. dhe With dips
lmapen
Approe. slesper 40 om 40 em.
SEpANEI
Approe. slesper o om 20 em
wideh
Stacs 0f Poar Good
COFBET vt
MainienEnee Poar Lo [snme areas full
of ballesty
Appearanpe Figure 11 Fipure 12

* Tests carded out:

o Fifieen repetitions in a single direction of the track with
the two sensors positioned pamllel o the mils,

* Objectves

o Corroborate that the raibway track has o unique sipnature
& Complete chamctedzation of the track
& Test and calibrate of the speedometer prototype
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FIGURE 11  {Lef) Imapeof che raihay of mibuy crack 1.

© Test and calibrate of the positioning system
& Detect damages on the sleepers.
o Detect abnormal elements oo the track
* Acquired data;
& Profile of the track recorded by the two radar sensors
reading the same points
o Vehicle speed with OBDLI to calibrate speedometer
prototype.
* Expected results
o Storage of the standardized stretch of track profile
& Comparson of the 15 repetitions of the entire stretch
& Individual chamctedzation of each sleeper.
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TABLE 3  Mairiz presencing dve differenc ozses carnied oo in this Study.

Equipment Results and validation
Mo, test Radtway teack Badar sznsos Lass devies OBD-II Positioning Speedometss Imspection
1 1 - E = = x
a 1 + = E
3 ¥ - E x = x
4 1 - S E x
OFED-IL oo board disgamicr-10

FIGURE 12

FIGURE 13
caibway track 1.

o Speed accuracy of the prototypewith respect to OBD-IT

343 | Testresults
According to the bwo trpes of tests defined, the presentation
of the result will follow the same structure (Arst position sys-
temn and then speedometer); in thi= way, the resules of the tests
performed are as follows:

203

FIGURE 14 (Righs) Location of che laser profilomeeer ar the dmisine.

- Chamctedzation of the positicning system:

Figure 15 is just an example of the 15 couples of track profiles
(s=e all of them in Appendix %) that summarize the measure-
ment of the profiles of the reading tests performed in the ailway
track 1. Each couple consists of the prodiles recorded by the
two radar sensoes The averape dunation of each recoading is
1 min and each sensor performs cne measurement every 100
ps. Therefore, the total amount of data acquired is 18 million
measurements

Ewen thouph the amount of data can seem overwhelming,
two quick conchasions can be drawn at first sipht

- The profiles of the two channels are very similar in each of
the indivicha] recordings

- Al profiles are very similar and it is possible to determine
matches with the naked =ye.

These two statements allow us to validate the inital hypoth-
esis on which the positioning system i based: the raibsay track
has a unique profile that gives it a unique signature, which allows
it to position an element in the milway track with just & measue=
of the track profile.

Tiox define it more precisely, let us zoom to a random are=a of
the track paofile. Let us take, for example, the profile sepment
foom the second 34 of test Mo 15 and profile of radar sensor
1 (Fipare 15). At Amst plance, it is possible to detecmine at the
profile whese there is a sleeper and whese there is ballast, as is
pointed outin the graph.
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SLEEPERS

‘Track profles recarded by sadh oo the coro radar sersars in esch ane of chie 15 readings (ses all of them & Appeadiz 7.
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FIGURE 1§  Zeoomm eo sepmen: of seoond 34 of cest 13 and madar seesar 1.

As can be appreciated, each sleeper is totally different and
independent of the adjoining sleeper, just as the ballast is at dif-
:I'zmnl:]:uzight: and has l.]l]ruut that A SE2m random. HD'"‘F\EI.'J
the graphic is clear encugh to provide very useful information,

Tov characterize the railway trade exhmistively, we haove carrisd
out a data processing of all the tests to charactedze sach sleeper
individually and we have tabulated it. All this information is
attached in Appendix 1 in a table with the following format or
fuelds (Bxst pow in Enplish, second row in Spanish)

- Index. It is the index of each sleeper within the stretch of
railway track under study.

- Approximare PEL It is the approximate kilometre point of
each ':lneper. It is calculated tll:i.ng an average the distance
of bwo sleepers an the 06-m track,

204

OBD.IT speed. It is the average speed at which the wehicle
wus moving when it passed cwer that sleeper, determined by
the OBDLIT device.

RPE speed. It is the avenge speed at which the wehicle moved

when it passed owver that sleeper, determined by our prototype

of speedometer

MNorm, peofile. It is the avermpe normalized profile of the

slesper with respect to the speed difference between the

rormalization speed (20 km/h) and the speed at which the
drmisine cisculated at the time of each measurement.

- Height. It is the avenge heipht of the sleeper measure,

- 5td, heipht It is the typical deviation of the measurement of
the height of the sleeper taking as data the values of the 15
tests and the two channels I:cme permd.i.rseny:lr:l.

- Width, It is the wrerage width of the sleeper measure,
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TABLE 4  Stacicizal resaks on the sleepers of cibedy crack 1.

Standard devigtion in Standard deviation in
Mo. of slespers Arvecape heipht height Arevape width width Teack condition (1-3)
1422 41.22 oen 524 o 24.122m 13Bem ]

Al a1y

PRI - T U T

el i

FIGURE 17  Gragh compariog speeds cben with che OBD-I ¢red Line)

and dhe speedometer protoeppe (blue ling) (see che 13 resordings in Appendiz
4). CBD -1, on board dagnosdes-11.

- Sed. width, It is the typical deviation of the measurement of
the width of the slesper taking as data the values of the 15
tests and the bwo channels (one per radar sensoc),

State. Depending on the measured profile of each slesper, we
determine that the sleeper in in good, wrempe, bad or very
bad condition, These thresholds are based on the statistical
data of mean and vadance of measurements on the profile of
the sleepers. When the vadance is above 10%, 15% ar 2004
of the width of the sleeper, the state is defined respectively
as average, bad or very bad. The results are weighted with
the difference to the avenges of the five previous and sub-
sequent sleepers, Thus, this classification can be considered a
first approach to a system for the inspection and misintenance
of any mibway track.

Taking imto account all the information in the table of
Appendix 1, Thble 4 shows the most relevant stadstical results,

Az indicated in the section related to the charactedstcs of
the railway track, the maintenance conditions of this railway are
quite poor, having sleepers with important damages. Table 4 can
prove this fact by means of the standard devistions, which will
be confirmed in the images included in the following sections.

- Characterization of the speedometer accumcy

Figure 17 exposes just one of the 15 graphs showing the
results of the speed measurements (see all of them in Appendix
4}, These graphs compare the measurements obtained by our
prototype of speedometer (blue ling) with the disgnostic tool
that uses the OBD-II standard of the draisine {red line).

In shost, all speed curves in all 15 tests eshibic simi-
lar behaviour. The initial acceleration is quite smooth wntil
the maximum speed (between 3040 kmyh) is seached. The
ooly emception is the frst test, in which the marimum
speed was around 2 kmyh to iospect the tack for safety
reasons.

The first comclusion that can be drawn is that our prototype
of speedometer, which uses the miblway track paofile, is able 1o

achieve an accuracy of .01 kmy'h, while the OBD-IT system
has an accuracy of coly 1 kmy'h. In additicn, the OBD-IT sys-
tem offers a lower measurement of speed than our speedometer.,
This may be due to two reasons:

L the frequency of the OBD-IT spstem (1 measure svery 0.5
5] is much lower than the system under study {1 measured
every 001 5), so the measurement in the first case is Altered
and compensated, which does oot happen in the second
cars;

IL the international repulations require vehicle speedometers
to reduce the achul speed wahies for safety seasons; thee-
Fore, it is an induced error, mandatory and legal, established
by the international legal institutions

Arcording to the results, our prototype of speedometer has
presentad loww resclution at Joow speeds (under 5 kem/hj. This is
becmne the profile size that is wsed for speed caloulation is not
sufficient at these speeds. It is an amendable error that will be
corrected in subsequent field tests.

Finally, we detected that some of the errors in the oeasuwre-
ment of the wehicle’s speed are the resule of the loose anchorage
systern that was used, which penerates undesirable vibraticns,
Being the measurement of speed a systemn based oo the com-
padson of poofles with some delay, the elimination of any
typee of wibration is fundamental and affects the measurement
and the resulting values of speed. For correcting this poob-
lem, the following tests were developed after the construction
of & new damped system that would promote the increased
accuracy of the speedometer and positioning spstem as a
whale

3.5 | Test 2 on railway teack 1

This time, the 2im of the test was focused on the inspection
systemn, using both the radar sensors and the laser device The
assembling of the equipment was simdlar to test 1, but the radar
sensors were placed perpendicular to the rmilway track: cne of
the sensors was placed over the slespers and the other cane
placed cwver the rail.

351 | Tests design

The tests that have been carded out are the following
- Positioning system and inspection of the rail cnly by means

of the radar sensors
* Tests carded ot
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FIGURE 18 FReading forthe isspeerion of the milway erack 1 grack s
tkores, mail heloew) with dhe radar seman gee all of dem in Appendiz 5). n_ﬂ:‘l_-_"\.‘
~ NSRS
3 T Tt g S0 B b
o § AT -
o Five n:p.-:ﬂtlom in each divection of the track (10 in £ e | 5 4
total], with one of the sensors placed over the sleepers E :
. -l
and the otherone placed oorer the il '
* Ohbjectves L3
& Dletect rail damage. =
& Use the positioning system in copjunction with the A o a . pooo . L

inspection system.
* Acquired dara:
& Profile of the track by one radar sensor {(for positioning
spstem).
o Profile of the mil by the other radar sensor (for rail
inspection),
o Profile of the track reconded by the laser device (Failed)
& Vehicle speed with OBD-II to normalize mesasurements
of the profiles.
* Expected results:
& Detection of possible damages in the il and their exact
position,
o Determination of the sevedty of each damage by

asseszing the measurements,

352 | Testresults
The results of the tests performied are as follows:
- Railway track inspection with the laser device

Belated to the laser device, unfortunately, it did not delives
satisfactory results due to the lipht conditions of the tests. The
results thereot will mot be et cut in the Results section of this
work,

- Railway track inspection with the radar sensors

Figure 1% shows one of the 10 couples of graphs cbtained
in this test. All of them are exposed in Appendiz 5, where the
first five tests correspond to the inspection of the l=ft mil and
the last five to dpht rail. In Figuare 18, the upper image shows
the track profile (over the slespers, at the centre of the rilway)
and the lowwer image shorws the rail poofile, They can be used to
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FIGURE 19 Rzl profles ceethapped (l2f rail abows and dghs rail below.

summarze the results of the tests performed o chanctedze the
il inspection systern along with its use as a positicning system,

The main conclusions that can be drawn based cn the reslts
of the graphs abonne are

- Ax expected, the measurements of radar senscs 2, which
performs the rail profile, are oach more stable than the mea-
surement of radar sensor 1 over the track, with sleeper and
ballast. These is hardly a vadation of 2 em in the measure-
ments of sensor 2 and they are lacgely due to the vibmtions of
the fixing structure,

- It can be seen that the dumtion of the At fwe epetitions is
shorter {around G0 5) than those of the last five tests. This is
because the last five tests to measure the dght rail had © be
performed deving reverse the draisine due to sabety reasons,

- It can be determined at first sight that there appear o be
seven] areas with out-ofaverage measurements; this study
will try to demoastrate whether they can be characterized as
problems in the ail.

Fipure 17 is used to apprediate all the rail profiles overlapped
{left rail and dght rail) to determine if the impesfections that are
going to be analyzed are= repeated coberently and, therefore, are
not false positives,

Table 5 shows the problems encountered thooughout railway
track 1.

After pecforming g visual examination on positions that the
inspection system had considered to be problematic, it is deter-
mined that the problem at the three points detected iz the
discontimuity of the rail because their junctions are oot welded
(Figure 27). These fore, this is not a railway track failure,
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FIGURE 20

FIGURE 21

TABLE & Probleers found in maibwy itack 1 during cest 2

Approx.

Mo. Repetitions lecation fm)  Seweity Visual icspection

1 5 212 Medinm Flafigs jsis without
wdldag

2 4 LE Fligh Flangs joins without
welding

3 5 51 Bedinm Flange joine without
welcing

36 | Test3on railway track 2

3.6.1 | Assembling of the equipment

Az explained in the previous section, =e had found that the
measurements on the tests oo milway track 1 had a low-
frequency error component due to vibrations produced by the
anchorage system, To avoid these vibmtions, we designed and
manufactured a new anchomage system for the tests oo milway
track 2, which allows it positioning the sensor supported oo the
track ower a trolley with two nylon wheels (Fipare 21). This sys-
temn offers greater stability against wihrations than the previous
anchodng device, in which the vibrations were fought by cable
tensioners

207

Aosgemhling of the equpment for developing the past 3 on milway 1k 2

As for the laser-based inspection system, since light condi-
tions are extremely important for its proper operation, we also
design a new covednp structure that allows it to generat= a
shadeow mone over the area of interest. Being this the case, it is
possible o pecform a correct inspection of the rafbway tradk, in
this case owver the rail. Figure 12 shows the placement of the
laser device under the coverdng structure and the laser beam
it emnits to perform the cosresponding measurement of the
protile

362 | Tests design
In this case, as mibway track 2 is looger than raibway track
1 {10 km ws. 1 km), the number of pepetitions has been
reduced to two Since the radar senscr is less vecsatile than
the laser profilometer when performing track inspecton (it
is only useful for inspecting sleeper or rail discomtimaities), it
was decided to use only the laser dewice as the inspection
senzor, using the radar-based prototype as 2 positioning sys-
temn and spesdometer. Therefore, the two devices performed
measurements simultanecusly.

In this way, tests such as positiondng system, speedometer and
nailway track inspection method consisted of

* Tests carded cub

I L

P L

R D) L e TR o [ ] s S

ol R ) S

OmmED




Alejandro Badolato Martin

COMEZ[ATRECULET AL,

1621

FIGURE 22  Assembbiog plicemene of die bser devios and luser besen ic emis (sighe down dmapss.

0 Two repetitions in a single direcdon on the track with the
o sensors positioned parallel to the mils,
* Objectives
Carmoborate that the railway track has o unique sipnatare,
Complete chamctedzation of the track.
Test and calibrate of the speedometer prototype.
Test and calibeate of the pmj.ﬁ.nn:ing sFstemL.
Dietect damages on the sleepers,
Dietect damages on the elements of the raibway track (mil,
clips, bolts etc).
o Detect abnormal elements on the track.
o Thke an iowentory of railway tack elements.
0 Use the pus:il:i.l:ni.ng system in mu:l.]u.m:l:l.l:n with the
inspectdon systemn.
* A eoquired data:
o Profile of the track secorded by the two sensoms seading
the same points.
0 Vehicle speed with OBD.II o calibrate spesdometer
protobype.
o Poofile of the elements of the milway track inspected by
the laser device,
0 Aocurabe pn:j.l:i.m:iug at every p:ﬂ.nt of the test.
* Expected results:
o Storapge of the standardized steetch of tradke profile
a Enmpl.l:isnn of the two mp:l:i.l:i.nmufl‘h:entiu stretch,
o Individual charactedzation of each sleeper.
o Speed accuncy of the prototype with respect to OBD-IT

(= - T R« B« T = ]

0 Detection of possible damages in the milway trade along
with their positicn.

o Determination of the severty of each damage using the
readings taken by the laser device.

0 Inventory of the most important elements of the ilway
track and their condition.

363 | Test resuls

Although the tests were performed simultanecusly, the esults
of the tests will be presented differentiating the oo different
systemns that have been tested.

- Chancterzation of the positoning system

As in the test on the raibway track 1 test, the fist condusion
at a glance is that, qualitatively, the profiles of both the teo adar
sensars for each reading are very similar (Figure 23). Therefore,
it can be uniquely determined that the radlway trade has a sig-
nature that is unique and cormoborates the hypothesis on which
the muthors have ﬂzvdnpﬂ:lt]ri: new pnsu:lm:l.ng system.

As for the differences that can be seen within each graph,
the analysis of the track has been split into two types of zones:
(1) areas where the sleepers are exposed and (2] areas where
the ballast completely covers the sleepers and where it would
be necessary cleaning the milway track. Graphically, Figare 23
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TABLE § Stmeicizal pesaks on the slespers of mibwdy crack 2.
Seandacd deviation in Seandacd deviation Track condition
IWo. of sk Auempe heapht hspht Auempewidth inwidth (-3
15,564 SEddem 115 m L4357 em LZom 13
3.:}_- - . -, is achieved b].- mm.pa.ﬂng the 5h.i.p-: of the rail pmﬁl: d:mg the
1 H\I nailway track, as registered by the laser profile, with the theonst-
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FIGURE 23 ‘Trck profie resocded by one of the ceo mdar seesors,
distinpashing ‘clean’ apeas joirded in preea) and “dicey’ arnews geivcled in red).

distinguishes these two zones, where “clean” areas are cirded in
green and “‘dirty’ areas are drcled in red.

Figure 24is a close-up of a clean sleeper avea, while Figure 25
shows a dirty ares where ballast is placed over the sleepers.

Cleady, these graphs have pointed out the sleepers that ase
detected in sach of the areas. As expected, the diry areas
that are coversd by ballast hide ouch of the sleepers; those
detected areas have a shape that determines the existence of a
sleeper underneath, which is very useful for maintenance poar-
poses. Therefore, the radar sensor is sble to determine the
dirtiness of the raibway track 2 and also the condidon, char.
acterzation and ioventory of each one of the mibway tack’s
sleeper,

Apain, like the results of the previous pamgraph, a table is
attached in Appendir 2 with the chamctedzation of each of the
slempers that hore been scanned along the route, with the same
foomat and fields as for rilway track 1 of Appendix 1. Tak-
ing imto account these data, Table & shows the most selevant
statistical pesults

- Rlilvll].- track im-p-e:ti.n:n with the laser device,

The readings with the laser profilometer have two main
objectives: The first one is to perform the rail inspection and
the second is to perform the inspection of the ribway fasten-
ings of the mil to the sleepers (clips, bolts, washers, mats, plates
ete). According to these objecthves, the results that howe besn
obtained in the tests carded out are as follows:

A, Inspection of the mil:

The structure of a rail is wanlly divided into three different
zones foot, web and head. When performing an inspection of
the mi.}ws.f :liLitls memmmdebumin:nﬂtml}-ﬁgpu“uﬂ:
cracks and wear of its elements but also its position. The left of
Fipare 26 shows a 2D ceading of the railway toack 2, while the
rght represents 2 30 scanning of a short segment of the same
raibway.

The technology proposed in this work is able to determine
areas that can compromise safety, such as wear and tear. This

209

ical cross secton of the ril, and then measuring the dodft that
exists bebween both shapes,

In the rail inspection measurements of milvay trade 2, we
have detected a fssure that we determine as severe and several
imperfections due to the accumulation of ballast in the web of
the rail. Table 7 lists the most relevant imperfections detected
during the milway track inspection and the confirmation after a
visual inspection.

A Inspecticn of railway fastenings:

The purpose of this type of inspecton is to perform a scan
of the status of the railway fasteners, induding clips and bolts,
as well as their preserved condition.

Hg'u.m .o {]::E} shonws the laser beam that scans the pro-
file and repisters the shape of a dip along with the bolt,
while the dpht-hand side of the same Apure displays the thoee-
dimensional seconstruction of the same fastening as recorded
by the laser dewice. As can be seen, the latter is able to accumtely
determine the damage or loss of a clip, as well as the siation
of the bolt with sespect to it

In thiz way, Table 8 summadzes the results of the mea-
sures of all fasteners that hore been analyzed in railway
erack 2.

3.7 | Test 4 on rallway track 1

Once the previous set of tests on railway track 2 were per-
formed satisfactorly, new tests oo railway track 1 were carded
out in order to acquire the readings of the profilometer (Jaser
dewice). This is possible after having improved the stabilicy
of the measurements thanks to the use of the new andhordng
method (Figure 21}, as well as the coeation of 2 shadow zone
that allowrs the laser profilometer o be used in mose tolemnt
light conditicns {Figure 22).

371 | Tests design

The tests that have been carried out are only to perform the
inspection of the rmilway track with the laser device:

- Wisual inspection of the track and its shortcomings
* Tests carded ot
& Tho :::peﬂﬂ:ms ina s:ingl: direction on the track with
the laser profilometer.
* Ohjectives

e & By

A0 [

0 Ty e e e RO ] e L) s S

.

FTeTT ]

] e e T e e ol e S g )



Alejandro Badolato Martin

COMEZ [ATRECULET AL, k]
00
E sl Qﬁao@oooeom
E 3[:0 l .' | LS | | R | |
& |
e, . . . . . . . .
Sl eI 6043 G064 GRE3 ghEG S0ET G0EE @R @70 goTl
Timse is]
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FIGURE 26  Examgles of readings of the milway stk 2wich the liser dewioe, in 210 {Jefi and 5D (Hphe)
TABLE 7 Imperferciors after inspeetinn of mibway coack 2
Mo, Appuox, location {m) Sy Pomsible failure Wimual inspection Severity after inspection
1 1200 Lowr Fimhale Mild mil defoemacion Liear
2 4300 Mediom Ballae Palme seoarmedacion Mediam
3 ATIO Medivm Ballase Ballae scoarmdacion Alediam
4 4300 Medium Ballme Balme szourmadaion Medom
5 S400 Lowr Fimhale Deeforeratinn Liear
[ TEO Lowr Ballae Palme seoarmedacion Liear
T EL0O Medivm Ballase Ballae scoarmdacion Loww
E 00 High Fimtuare Opening in riibedy swisch. Hane
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TABLE B Staciteical resuks on the sleepers of oaibway crack 2.

FIGURE 27 Ler beam seanning the fascening
ydeem (lefe) and ies chree-dimensionil represenetion
[righe].

TABLE 9  Hveemioy of Emienen depending on cheir preserved eon dison.

Medium Miedinm
G wem ard Severs wear Gowd wear and  Severe wear
Mumbes condition  tear and peas Abmence Mumber  condition  teas and e Absence
I:I:'::‘I 31343 0.2 4B 0% 4.3% Holis 4254 40.4% N2 314% L7
Bolis 31343 02 4T (=812 4.5% Joeiioa 72 31% 47 2% 154
danges
o Detect damages on the elements of the milway tmck - Lack of balts {Figure 30).

{rail, clips, bolts etc).

& Thke an inventooy of raibeay track elements.

o Use the pu:il:i.l:rling sysbem in :nniu.n.cﬁ.n:ln with the
inspection system.

o Acguired data:

o Profile of the tmck recorded by the mdar sensor to
position the wehicle,

& Vehicle speed with OBDLII to normalize profiles

& Profile of the elements of the railway track inspected by
the lazer device,

& Accurate positioning at every point of the test.

* Expected results:

& Detection of possible damages in the mikray track aloog
with their position,

& Determination of the severty of each damage using the
readings taken by the laser device

& Inventooy of the most important elements of the milway

372 | Testresults

The first part of the test consisted of a visual inspection of
the damages existing oo the raibray track 1 and several poob-
lems were observed. After visual inspection, the raibway tmck
was inspected with the laser device, obtaining their three-
dimensional representations of the detected imperfections. Real
and represented imapges are presented in the following images,

as follows:

- Poor condition of junctions with fanpe joint (Figar= 28]
- Surface defects on ruilway mils (Fipure 27,

211

- Bales our of place (Fipure 31).

- Damages on Axation plaques (Figure 32).
- Very bad conditicn of sleepers (Fipue 37,
- Fizaticns covered by ballast (Figure 34),

Figure 54 shows, for instance, a three-dimensional represen-
biﬂ.cmafl:]ipvdthbaﬂutimﬂtuih:t—cmit:wing:‘whj:h Can
penemate a situation of danper and breakage in case of cnash-
ing or hitting. Therefore, this would ke cne of the sitoations
that should be avoided and that need special maintenance of the
rail way track.

The next two tables try to summarize the presecved condition
of this particular milway track: Table 9 recaps the inventory of
fasteners classifying them upon their preserved condition, and
Table 10 lists the 20 most severs potential pathologies that have
been detected on the mibway track route 1.

4 | CONCLUSIONS

In this :.'h.l.d.n we have mondtored l'wnnﬂm‘_rtnd:in vl:l.-_pd.'if-
ferent states of maintenance, using different tools and devices,
with the oljective of testing 2 pew system developed entdrely
by ADE. The main concusions that hore been obtained aftec
performing the four sets of tests are the following:

4.1 | Asfor the positioning system
- It has beeen vedfied that the railway track has 2 unique signa-

ture {2 surface identity) that allowers the inspector vehide tobe
positioned unequivecally
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FIGURE 28  Poor condicion of junetions wich Hunpe joint.

FIGURE 30 lackofkols

- The mdar system Ew]ril:h had never been used F.!E?jm.l.'l].j’ for
this purpose) is capable of predsely positioning the vehicle on
the railway track,

- The radar system is also capable of determining the exact
speed of the wehicle at all times.

- The accuracy of the developed speedometer improves the
accumcy of odometer-based spesd measurement systems
(OBDLIT) by 5.0%.

4.2 | Asfor the inspectioh system

- The use of the mdar sensaor to inspect the milway track has
been discarded because its cureent design is developed to
Focus its p:rwzrnn.uuljl SUETE ::nl:imd:n:, and therefore
itis not wide enough to read the whole mil or fasteners.

- The inspection system based on a laser profilometer is very
dependent on environmental light conditions; therefore, it
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FIGURE 34  Fixaciom aowered by hallast.
TABLE 10 Moa: severe patholopies deiszied oa raeedy crmck 1.
Location
Mo {m) Beverity Pomsihle failue Eeal failue ® Severity *
1 154 wery high Rail breakage Jaint withou Bedium
2 &S wekding
3 L
4 -] Wery hiph Fonr aon didon of Junennes wich Very biph
5 1 #Hange joint danpejoint
& 175 Wery high Missing bole Missing hole High
T B33
B 41
a SEG
] 147 High Rail surface defect Ral surface defere Bediem
11 =t
12 453 High Bolt 0w of plase Bole cux of pline High
13 120
14 51
15 T4
16 53
17 150 High Boor eondition of Fiaiion etrepzd Liver
12 o Fxatinn by ballest
19 4EZ
.} T

*Abzr vinal opecio.

im.pe:l:iun. sysbem as dl.mIEBd. areas or with putml:i.-n] pm]:u
lems Those images can be post-processed automatically oc
can be used as a viswml support spstem.

- Impmt of the mmrlhh.ng of the aquipl:n:nt‘h:l fx the
measurement systems to the draisine, which will make it
steadier and will reduce possible exrors due o vibeation.

- Design of an acray of radar sensom, or adding new optics
allowws their inspection zone to be expanded, so that they can
be used as an inspection system.

- Detection of other pmh]u:::. such as cracks in the foot or
web of the ail, requidng a new lens desipn for the radar sen-
=01 capable of focusing on these points, in addition to the
milbead.

AUTHOR CONTRIBUTIONS

Valentin Gnmﬂ-_]suuguj.' E:ln::phu]izsﬂm._; Inw:ﬂgnﬂn.n,
Supervision; Weiting—original draft, Writing—review & edit-
ing, Alejandro Badolabs: Concepmualization; Formal analy-

213

WA WA IR

Ty e L W ) AL [ e ) s s

] e e o e R e ) S g



Alejandro Badolato Martin

1m|

GOMEZ-JAURECUT 8T AL

sis. Juan de Dics Sanz Bobii Conceptualizarion; Resources;
Wiriting—review & editing, Ana Carrera-Monterde: Data cura-
tion; Investipation; Supervision; Writing—review & editing,
Corstina Manchador Ivestigation; Validation, Cesar Oreson
Project administration, Supervision, Wrting — review & editing

ACENOWLEDGCGEMENTS

The authors would like to thank and acknowledpe Julie McMa-
mar for prooforesding the manuscript and improve the wrdting
quality of the ext,

CONFLICT OF INTEREST STATEMENT
None of the co-authors have a conflict of interest to disclose

FUNDING INFORMATION
This research did not receive any specific grant from funding
apencies in the public, commescial, o not-fos-prodit sectors,

DATA AVAILABILITY STATEMENT

Data avuilable in article supplementary matedal. The data
that supports the fAndinps of thiz study are available in
the supplementary materal of this article in the form of 5
Appendices.

ORCID
]

hietpe forcid g OO0 D002Z-TE10-

REFEREMCES

1. Maheeei M, Toni P, Alloi B Colla ¥: ‘Train seeed and posiion eval-
uation wieg whed velosity memuremens, In: 2001 IEEE/ASME Hnesr-
nasoea]l Coaferenne on Advanced Ineslligent Mecharmnios. Proseedings
[Cae. }0.01 THA4%6) Comn, haly, wal. 1, pp. 230394 (2001

2 Bemley A): Distnes/sslocy messaremen: by Doppler [l caffic con-
ol]. IEEE Cologquiom on Whees Are We Going? (Aad How P
Seminar Exploring Speed And Fosisoning Sysems For ‘The ‘Traospare
Sereat, pp. §,/1-512. Loadesy, UK 1597

3, SpindlerML, Stein D, Laner M: Low power and low cost semaor For izin
wekocity escimation. In: 2014 [EEE Imemasonal Cooference on Inesligere
Eail ‘Transporecien (ICIRT), Birminphom, pp 259264 (201 6)

4, Mondosk EA., Hobbs G: Implemeninp opical speed meisuremens
[DEMES) Bor commatications based train eoncrol. 1n: ASME/IEEE Jice
Fil Confersnee, 2004, Prozeedings of che 2004, Baleirmare, MO, 154, pp.
205211 Z004)

% Murllas DL, Poncst L Safe odomesty For hiph-spesd oaims, In:
2016 [EEE nperatinnal Conference on Ineslligent Rail ‘Transportacion
[ICIRT), Birmingham, pp. 244243 2016)

& Musiandi G, Desadayalaey E.: Train di | sl ot uding
muld sensor dim Baicn. TET Radar Soaar Mawig. 13, 654671 (2019),
hiepasyfdoi oog 10,1045, 551 ren 2001 £, 5339

Affiliation change request

1 mensaje

Algjandro Badolato <™ @alumnos upm es>
Para: theiet_its. office@wiley.com

Dear IET ITS t2am,

El-Mcmwahy: & fde deieedon and i vt nring 0f GINES podidon-
g iniseelliyen wnwﬂm]i‘]‘tﬂ:ﬂ.']‘m?ign 143, LE4-1TL
2020, betpas /i ag 10,1045 ez a. 2019 0246

& Lauer M., Seein O A cmin Iocabivsdon shporithm foc iin promeeion sys-
vems of the Forure. [EFE ‘Tram, Teeell. Traesp. Syse. L6[Z), 970-579 [2019)
heepay/ doi oag 10,1 108 /TITS.201 4 2345408

2, El Mokhei k., Beboul 5, Choqual }-B, Stieone G., Amami B, Beajelloun
B Ciruar pareicle fosion Aleer applisd c0 map muching. IET Imel
Traevsp Syt 117, 491800 (2007). bips: / doiarg, /10,1049 s 1. 2016,
23

10, Stadmann B, Mand 5. E-Nss‘nundmlnﬂhnmhrmmm
opemein. 10: 15k I sl Conb o I'T5 Telon

ATST), Wharsaw, pp. 17 (2017}

11, Heersel 5, Hasherp ©, Stiller C: Probabiistic mil »ehide localiziion wich
eddy mumen:e sensors in wpolopical e [EEE Tons. Dmell ‘Teesp
Syse 1204, 15281536 2OU1} hapa://doiong, 0L L09 TITS 20112961
291

12 Aueo Dubee Sokaxiorns 5.L: Coded-informaton meacs locsied on an inkre-
thatture in order w0 be deooded by seroom Jomeed oo mobides. Parent
WO,/ 2017,/1 49357 [201T)

13, Budolwo A, =t al: A 300 GHzx imagng mdar For seandoff ancenaly
devereion. I 9th Europesn Cooferenss oo Anteoeas and Propagason
(EuCAF), Lishon, vol. 2005, pp. 1-5 2015

14 Gojal T, et al: 3-D high-reselaion imagap radar s 200 GHx with
ecbanced Fo¥. [EEE Traas. Biercw, Theooy Technig, 6373, 10671107
1)

15 Cooper KB, & al: A high-reschecion imaging madar ot 330 GHe JEEE
Mierow, Wird. Compon. Leie 1B}, &4 65 (201K

16 Tanp A, Reck 'T.: Hypboid CMOS sysien-on-chip /6P MMIC spsierm for
despapace plnesry exploridon 3 mm-waes a0d THe. 1In: IEEE Com-
pound Semisoaidatinr ] | Cireak 5 tafn JCSD0S), M, FL,
wal, 2017, pp. 14 (2007)

17. Debski W, Winkler W, Son ¥, Barickowic M., Borngraber |, Seheyrt

JC: 120 GHe mdar ericed-signal emescebesr. In: Tt Enmpsan

Meroware Iecepraied Circuir Coaference, Amserdam, pp. 191-194

(=]

SUPPORTING INFORMATION
Additional supporting information can be found cnline in the
Supporting Information section at the end of this article,

How to clte this articler Gomez-Jauregui, ¥, Agustin,
1, Badolato, &, del-Castillo-Tgareda, J., Bobi, IS,
Carrera-Monterde, A, Manchado, ©, Otero, T New
methods and functionalities for raibray maintenance
through a dmisine prototype based oo RADAR sensors.
IET Intell. Transp. Syst. 17, 16021628 (2023).
hetps:/ fdoi o/ 10,1049 /1002, 12353

25 de septiembre de 2024, 1903

I am a PhD student finkshing my PhD that has published the manuscript 1TS-2021-12-0487 (https://doi.org/10.1049/itr2.12353)

In this manuscript, my affiliation ppears as: Auto Drive Solutions which & my Compary, However, [ wiould like to change or add a second affilistion to Universidad Politéaica

de Madrid.

Plezse, would you be so kind to indicate me how to procesed?

Thariks in advance.

Best regards,

Aljandro Badolato

214

A R IR

T [

o el ] F e RO [ By D S

] sy e s e ) i o ) g



	portada.pdf
	aALEJANDRO_BADOLATO_MARTIN.pdf
	Acknowledgements
	Abstract
	Resumen
	Table of Contents
	List of Figures
	List of Tables
	Abbreviations and Acronyms
	1. Introduction
	1.1. Motivation and objectives of the Thesis
	1.2. Organization of the Thesis
	1.3. Millimeter wave radar systems
	1.4.  State of the art of vehicle guidance and positioning systems
	1.4.1. Positioning of railway vehicles
	1.4.2. Positioning and guidance of road vehicles


	2. Methodology
	2.1. Experimental Plan and Hypothesis Validation
	2.2. Prototype Development
	2.3. Testing and Validation
	2.4. Technical Challenges
	2.5. Conclusion

	3. Introduction to radar systems
	3.1. Operating principle and types of radars
	3.2. Linear Frequency-Modulation Continuous-Wave radar

	Figure 1: Operating principle of a LFMCW radar
	Figure 2: Chirp signal transmitted by a LFMCW radar
	3.2.1. Radar resolution

	4. Applications of millimeter-wave radars
	4.1. 300 GHz radar to detect coanceled objects
	4.2. Radar positioning system for railway vehicles
	4.2.1. Radar signature of the infrastructure
	4.2.2. Adaptation of the infrastructure to improve the radar signature


	Figure 7. Continuous beacon
	4.2.3. Design and results of the first prototype

	Figure 8. Radiation diagram of the 120 GHz lens
	Figure 9. 120 GHz lens prototype
	Figure 10. Radar model TRX_120_001 from Silicon Radar
	Figure 11 Radar system architecture
	Figure 12. First radar prototype for railway applications
	Figure 13. Laboratory tests of the prototype
	Figure 14. Testing the prototype in real environments
	4.2.4. Design and results of the second prototype

	Figure 15. Second radar prototype for railway applications
	Figure 16. Precise stopping tests carried out with the second prototype
	4.3. Radar positioning system for road vehicles
	4.3.1. Adaptation of infrastructure


	Figure 17. Structured paint
	Figure 18. Rumble strips for speed reduction
	Figure 20. Coding system
	4.3.2. Testing a first deployment

	Figure 21 Coded track deployed in Leon city to support public transport
	4.3.3. Reading the coded track
	4.3.4. Design and results of the first prototype

	Figure 22. Design of the second prototype
	Figure 23. Fourier transform of a rectangular observation window
	Figure 25. Detail of the experiment setup
	Figure 26. Low speed vehicle guidance track setup
	Figure 27. Drop detections from each of the 4 radar channels
	4.3.5. Design and results of the second prototype

	Figure 28. 24-channel radar array
	Figure 29. Elliptical reflector design
	Figure 30. IWR4803AOP RAAR Evaluation Board with Lens Attached
	Figure 31. Radar sensor and elliptical reflector positioning system
	Figure 32. Onboard radar setup
	5. Applications of radar positioning
	5.1. Railway applications
	5.1.1. Correlation of radar profiles for speed determination


	Figure 33. Working principle of the time correlation system
	5.1.2. Precise stop

	Figure 35. Platform doors
	5.1.3. Protection against impact to buffer stops

	Figure 36: Trains crashing into buffer stops in Spain
	5.1.4. Other applications
	5.2. Road transport applications
	5.2.1. LDWS/ALKS
	5.2.2. Intelligent Speed Assistance
	5.2.3. Data sharing between vehicles
	5.2.4. Unmanned Platooning
	5.2.5. Path recording
	5.2.6. Synchronized traffic flows


	6. Conclusions and future work
	6.1. Achievements and technical constraints
	6.2. Future Directions and Recommendations
	6.3.  Final considerations

	References
	Annexes
	Annex A: PRESENTATIONS AND COLLABORATIONS IN RESEARCH PROJECTS
	Annex B: PATENTS
	Annex C: METRO DE MADRID TEST REPORT
	Annex D: REPORT OF PRECISE STOP TESTS AT FGC
	Annex E: RADAR GROUND-PROFILE CORRELATION FOR ACCURATE SPEED MEASURING
	Annex F: RADAR POSITIONING SYSTEM FOR SURFACE TRANSPORT
	Annex G: NEW METHODS AND FUNCTIONALITIES FOR RAILWAY MAINTENANCE THROUGH A DRAISINE PROTOTYPE BASED ON RADAR SENSORS



