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Abstract

Abstract � Wireless communications are one of the greatest revolutions of our time,
which seems to have come to stay. In this context, in the �eld of intelligent transport
systems (ITS) there are still many challenges to be addressed. These are related to the
solution of the great di�culties that these complex environments of propagation present.
In this way, following the guidelines of European projects and important companies in
the sector, new approaches in the architecture of communications have been exposed in
this work that, not only greatly improve current communications, but also open the door
to new business models, services and applications.

In this sense, the objective of this master's thesis is the development of a propagation
emulator system that allows system-level evaluation of network deployment speci�cally
for ITS. The advantages of this type of devices are that in a simple, controlled and
reproducible way, the zones of possible lack of wireless coverage and the handover process
so problematic in high speed environments can be easily assessed.

In order to carry out this project, this document presents these new communication
approaches for ITS, explains the most relevant channel models of the literature, presents a
millimeter-wave model for tunnels in railway environments and, �nally, details the design,
development and implementation of a propagation emulator system.

Key words � 5G channel modeling, Intelligent Transportation Systems, propagation
emulator, railway communication systems, vehicular communication systems, wireless
communications
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Resumen

Resumen � Las comunicaciones inalámbricas son una de las mayores revoluciones
de nuestro tiempo, que parece que han llegado para quedarse. En este sentido,
en el campo de los sistemas inteligentes de transporte (ITS, de sus siglas en inglés
Intelligent Transportation Systems) aún quedan muchos desafíos por abordar. Éstos están
relacionados con la solución de las grandes di�cultades que estos entornos complejos de
propagación presentan. De esta manera, siguiendo las directrices de proyectos europeos y
de importantes empresas del sector, se han expuesto en este trabajo nuevos enfoques en la
arquitectura de comunicaciones que no sólo mejoran en gran medida las comunicaciones
actuales, sino que también abren la puerta a nuevos modelos de negocio, servicios y
aplicaciones.

En este sentido, el objetivo de este trabajo �n de máster es el desarrollo de un sistema
emulador de propagación que permite la evaluación a nivel de sistema del despliegue de
red especí�camente para sistemas inteligentes de transporte. Las ventajas que tienen este
tipo de dispositivos son que de una manera sencilla, controlada y reproducible se pueden
analizar las zonas de posible ausencia de cobertura inalámbrica y el proceso de handover
tan problemático en entornos de alta velocidad.

Para llevar a cabo este proyecto, en este trabajo se presentan estos nuevos enfoques
de comunicaciones para ITS, se introducen los modelos de canal más relevantes de la
literatura, se explica un modelo realizado en onda milimétricas para túneles de entornos
ferroviarios y, �nalmente, se detalla el diseño, desarrollo e implementación de un sistema
emulador de propagación.

Palabras clave � 5G, comunicaciones ferroviarias, comunicaciones inalámbricas,
comunicaciones vehiculares, emulador de canal, modelado del canal, Sistemas inteligentes
de transporte.
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1
Introduction

The expected increase in the demand for data tra�c is one of the key challenges of the
next few years in mobile communication technologies [1]. The �fth generation (5G) aims
to provide considerably wider bandwidths and a network capable of o�ering a �exible
technology for very di�erent studies [2]. It will provide a great service to successfully
ful�l all the requirements of new di�erent applications and services [3].

In this context, 5G could be the most disruptive technology in intelligent transport-
ation systems (ITS) [4], given that it can allow the incorporation of new services and
applications that make transportation systems more e�cient, safe and pro�table [3].

This set of applications and services requires overcoming very di�erent and challenging
requirements [5] [6], such as, in the �rst place, broadband services for the large number of
passengers that will demand a large capacity ; very high quality of service and moderate
data speed; or secure applications in real-time for high de�nition video for automatic
driving and surveillance [7].

For critical communications, reliable communication systems for railway signalling
and vehicular control are required in the context of very high speed (up to 500 km/h) [8],
which must meet strict safety requirements. Likewise, in the railway industry, operators
demand high-capacity services for passengers travelling on trains capable of transporting
up to 1,000 people [9].

All of these previous requirements must be implemented together with the goal
of connecting all the vehicles to anything. This is a connection between vehicle and
infrastructure (V2I, T2I), other vehicles (V2V, T2T), pedestrians (V2P) or even inside
the vehicle (intra-vehicle or intra-train) [8] [6]. This implies the creation of a complete
new communication architecture for the transportation systems [10] [11].
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In most current transportation systems, the network cannot provide an e�cient service
since the systems receive the radio signal directly from a distant base station [12]. In
fact, in recent years, vehicle to ground communications have been the main focus in the
transportation communication systems. However, new services and applications require
implementing a new set of communication systems to maximize the capabilities of each
technology [13].

Besides, as the availability aspect is critical for secure communications, it is compulsory
to perfectly plan the deployment of the new communication infrastructures [14]. However,
the tests are extremely costly in terms of time and price. This means that to implement
tests in realistic scenarios requires a great inversion from operators and infrastructure
companies, especially when the new communication links get involved in the design of the
tests [15]. As a result, currently, they do not feel economically attracted to put such an
e�ort.

The objective of these master thesis is to develop a prototype of a propagation emulator
device for the novel intelligent transportation systems. These emulators are widely used to
pre-plan the implementation of new mobile communication networks [16] [17], as it allows
easy to �nd areas with possible lack of coverage and unsuccessful handover processes, and
shows, in a safe way, where errors can be found in the plan. In addition, they are useful
to understand in a simple way the di�culty of developing a new communication network.

The novelty of the emulator proposed in this thesis is that it is particularly designed
for ITS. Hence, it is made for of evaluating the behaviour of the propagation channel
along a route made by intelligent transportation systems, such as trains or automobiles.
This means that it is able to reproduce the fading channel for every communication link
involved in ITS.

To achieve this goal, narrowband propagation models has been studied [18] [19] and
an emulator device is been implemented. The former consists of analysing the literature
on narrowband channel models for typical scenarios of this kind of communications.
Besides, new models are implemented by carrying out measurements. The latter is a
device composed of software and hardware developed ad hoc for this purposes. To do so,
several steps are carried out.

First, the state of the art of mobile communications is analysed to understand the
most interesting technologies to implement ITS technologies. The allocation of spectrum
and standards are studied as well.

Secondly, a propagation study was carried out in the railway environment to charac-
terize the propagation behaviour in this particular complex environment. Combining the
theory of propagation, ray tracing and empirical measurements, a path loss and fading
model is developed. These measurements were made in a metropolitan railway since the
partners involved in the project belong mainly to this industry. Nevertheless, the results
can be applied perfectly to other environments, such as a roadway for buses and vehicles.

Third, the software, developed in Matlab, calculates the instantaneous faded
attenuation of the channel when travelling along a prede�ned route according to the
environment, speed and location of the base stations (BS). For this �rst prototype, the

2 Master Thesis
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focus is on the downlink for V2I communications link.

Some power reception thresholds are established to assess whether the BS implement-
ation meets the requirements or not. In the same way, there is a graphical interface that
will allow the user to see at all times the power that the vehicle receives, as well as another
series of useful data to understand the evolution of the state of communication.

Fourthly, this software is implemented in the speci�c hardware used to emulate the
behaviour of the channel, in this �rst prototype, a programmable attenuator. The software
controls the emulator device according to the con�guration parameters cited above.

Finally, the measurement validations for this �rst prototype are made using a spectrum
analyser and a signal generator to check the accuracy in time and power that this
propagation emulator system is able to provide.

This work has been developed in the Radiocommunication Group (GRC) of the
Universidad Politécnica de Madrid, a consolidated research group located in the Escuela
Técnica de Sistemas de Comunicaciones (ETSIST), within the framework of ENABLING
5G TEC2014-55735-C3-2-R funded by the Ministry of Economy and Competitiveness of
Spain, and also �nanced by the China International Strategic Cooperative Project of the
National Plan Key of R+D, 2016YFE0200200, in which the leading companies of the
sector actively collaborate.

This document is organised as follows. Chapter 2 presents the state-of-art of the
novel Intelligent Transportation Systems, bringing a detailed description of the main
communication technologies used for every di�erent communication link. Chapter 3
explains the theory of the narrowband propagation models and provides the main well-
known channel models in the literature. Besides, there is a description of the model
developed for tunnels at mmWaves [7]. Chapter 4 details the propagation emulator system
implemented in this master thesis, dividing the problem into the software development
and the hardware implementation. Finally, Chapter 5 concludes this work and provides
some future lines of work together with the contributions developed during this research.

Propagation emulator for 5G communications in intelligent transportation systems 3





2
State-of-art: 5G and Intelligent

Transportation Systems

In this chapter, the state-of-art of both 5G and Intelligent Transportation Systems
technologies are summarized from the point of view of the objectives, requirements and
current solutions.

2.1 5G as a �exible technology

Used by millions of people around the world every day, mobile technologies are, far and
away, the most successful wireless standards of our time. The technical speci�cations
for mobile are de�ned by the 3rd Generation Partnership Project (3GPP) [20]. In this
context, ITS is following the lead having a great perspective in the market (Fig. 2.1).

In the last years, although fourth generation (4G) wireless communication systems
have been deployed, it does not have the su�cient capabilities to provide the quality
expected with the number of devices connected to the network [8]. In the same way, there
are some problems that cannot be solved by this technology in the near future [22], such
as the spectrum crisis and high energy consumption.

Therefore, in order to solve these demanding requirements, a new and revolutionary
communication model has been promoted that cannot be passed on from generation
to mobile communications. 5G or �fth generation is the great bet of the wireless
communications sector, o�ering a wide range of new features. It presents an evident
improvement in cellular performance, provides an enhancement in energy e�ciency and
greater data throughput that meet the requirements of the most challenging functionalities
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Figure 2.1: U.S. intelligent transportation system market size by product, 2012-2020 (USD
million) [21]

[22] such as ITS or the Internet of Things (IoT).

The purpose of 5G is to establish a communication between all types of devices, that is,
to connect device to devices, person to device and, of course, the traditional connection
person to people with a notable improvement in the quality of service ??. Also, this
massive communication between devices is intended to be available anywhere and at any
time [23].

To achieve this goal, 5G will be a network composed of heterogeneous networks whose
purpose is to take a step further in the world of wireless communications due to the
expectations of growth in this sector and the need to provide a wide range of novel
applications [24]. This translates into the con�uence of di�erent innovative technologies
to meet more demanding speci�cations that allow creating new services with better quality
for a greater number of devices.

However, not all applications require compliance with the same series of requirements.
Therefore, it is necessary to di�erentiate between them, for example, in some cases, very
high data rates will be required in places with high user density; in others, the challenges
are low latency, minimal energy expenditure and the massive number of devices; other
cases �nd the key in supporting mobility e�ciently. In general terms the starting point
of 5G is to quantify the needs that the network must supply, as TABLE 2.1 enumerates
??:

• Manage tra�c 5000 times greater than the current one.
• Manage more than 100 million devices.
• Provide data speeds of at least 10 Gbps in speci�c scenarios.
• Provide a generalized data rate to each user of at least 100 Mbps.
• Provide a latency of 1 ms or less for some particular use cases.
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• Satisfy the need for reliability and availability of certain services and speci�c
applications.
• Provide the possibility of a low cost of devices and energy consumption for speci�c
applications.
• Provide di�erent means of organizing and con�guring the network automatically.
• Reduce network consumption to a minimum compared to today's wireless access
networks.
• Devices with a long lifespan for certain nodes and sensors with battery life time of
at least 10 years.
• A heterogeneous network composed of di�erent networks that operate with di�erent
generations, in licensed and unlicensed bands, and the possibility of sharing
spectrum with other radio systems.

Table 2.1: 5G general requirements
KPI Value Coments

Wideband devices

Peak throughput > 10 Gbps x100 than current in 4G
Bandwidth 0,5 � 2 GHz mmWave bands

Minimum throughput > 100 Mbps Any time
Duplex TDD and FDD
Latency ≈ 1 ms

Internet of Things

Battery life > 15 years Minimum use
Price Low Lower than current GPRS

5G, which will be �nally standardized in 2020 with the LTE Release 16 [20], will use
many several novel techniques for the physical layer.

Until recently, centralized solutions have been used to deal with the increase in network
complexity and the handling interference. This approach raises signi�cant challenges in
managing mobility and connectivity. For this reason, 5G proposes to resort to cellular
architectures adaptable to the environment: a mixture of macro-cells and small cells (pico-
cells, femto-cells and metro-cells) [25] accompanied by the coexistence of di�erent wireless
technologies, 2G, 3G, 4G, WiFi together with satellite communications [26].

Besides the integration in 5G of the latest technological advances to achieve the best
possible performance, it is expected that LTE-Advanced (LTE-A) will continue to evolve,
as part of 5G technology, in a manner compatible with previous generations in order
to maximize the bene�t of the massive economies of scale established around the 3GPP
project. This progression is described in Fig. 2.2 where it is observed that Release 16 is
considered the starting point for this 5G.

Other important advances are the improvement of the spectral e�ciency with the use
of new frequency bands above 6 GHz and with the reuse of the spectrum through smaller
cells. In addition, where the distances travelled by the signal are less than 200 meters, a
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Figure 2.2: Cooperative Intelligent Transportation Systems. Vehicle to everything: V2I,
V2P, V2V [11]

system using millimeter frequency (mmWave) bands, that is, between 20-100 GHz, can be
implemented, in the case of ITS, for example, in vehicular cabins [24]. The new frequency
bands available in the radio spectrum for 5G approved in 2017 and published in the
national frequency chart [27] such as 3.4-3.8 GHz and millimeter wave bands including
26 GHz, 42 GHz and 66 GHz bands. Besides, to other bands that are in the process of
approval this year.

2.1.1 5G test cases

In the particular case of Intelligent Transportation Systems, the needs can be reduced for
this speci�c problem to be solved and be analysed according to the challenges to face.
The most important feature is to face the challenge of mobility.

The term of mobility is mainly focused on the problem of moving devices within the
entire network. The consequence is the management of the often handover along with the
vehicles' route [28].

The handover is a process used in mobile communications to transfer the service from
one base station to another when the link quality is insu�cient in one of the stations.
This mechanism guarantees the realization of the service when a mobile moves along
its coverage area, as Fig. 2.3 shows. There are two types of handover: hard, the
communication is lost during the delivery, and soft, the communication remains active.

In our case study, the focus in on the soft handover, which presents greater challenges.
In this technique, the communication is maintained with the source cell and used in
parallel with the channel in the target cell until the handover process is �nished. This
means that the connection to the target is established before the connection to the source
is broken. The interval during the two connections are used in parallel may be brief or
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Figure 2.3: Handover process

substantial. This aspect is key in high-mobility environments since if this interval is too
large, the vehicle could walk away to another following cell at the time that the entire
process is done. In that case, the communication can be completely lost for some seconds.

All of these problems must be solved together with the extra di�culty that the
environments present complex propagation scenarios such as uninhabited areas, tunnels,
cuts, stations, etcetera.

As we can deduce, the problem can be described from di�erent points of view: mobility,
complex environments and service requirements. For that reason, 5G has de�ned di�erent
test cases focused on ITS: High tra�c in high mobility scenarios and critical scenarios
[29].

High data tra�c in high-mobility scenarios

The test cases collected in this scenario are those in which the most important thing is
the provision of very high data rates with a large bandwidth. The idea is for users to
experience instant connectivity without perceiving any delay in communications [30].

High capacity in high mobility environments is intended to provide a broadband service
in vehicular environments, which are characterized by a high density of people and can
accelerate up to 500 km/h.

With regard to high mobility in this kind of environments, there are special di�culties
in relation to the provision of a satisfactory broadband service. On the one hand, it is
essential to manage frequent transfers between base stations (BS) along the railway due
to the high speed of movement and a large volume of users. On the other hand, in most
of the current vehicular communication systems, the wireless device or user equipment
(UE of the User Equipment) of the passengers receives the radio signal directly from a BS
located at a distant point, which supposes a stress additional in the allocation of radio
resources. Therefore, separating tra�c from the interiors and exteriors of the trains, it is
possible to transmit signals of lower power, which causes a signi�cant reduction in energy
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consumption and an extraordinary improvement in the provision of broadband service.

Critical scenarios

This scenario focuses on the challenge of o�ering services with a very low latency
(<50 ms), low data rate (kbps) and high reliability, availability and maintainability
in communications in high-speed mobility situation, for example, in the control of
communications in high-speed trains or tra�c management in highways. This scenario
includes those services related to security and reliability of intelligent transportation
systems [30].

In railways, these communications transmit mainly simple information, so that
a failure on communications would not cause an accident, but would degrade the
performance of the train network instead, forcing the trains to reduce the speed. Other
critical services can be the on-board telemetry equipment of the train and the video
surveillance systems for the security of passengers.

In vehicular communications, the objective is also to improve tra�c e�ciency and
safety. For this, cooperation driving services are being implemented. In this cooperation,
vehicles, pedestrians, bicycles, etcetera must be also included through their mobile devices.

In any case, the requirements to be ful�lled in transmissions from a vehicle to any
device are a latency of 5 ms maximum end-to-end for message sizes of around 1600 bytes
with a reliability greater than 98% for critical communications.

2.2 Intelligent transportation systems

Intelligent Transportation Systems was de�ned by ETSI as a set of technological solutions
of telecommunications and information technology to improve the operation and safety
of the di�erent transportation systems [11]. With this triple objective, e�ectiveness,
e�ciency and safety, ITS emerge as a combination of information, communications and
transport technologies in vehicles and infrastructures.

In 2010, the Directive 2010/40/UE [31] de�ned these systems as advanced applications
that, without including intelligence as such, provide new applications and services for
transport management.

The applications of the ITS cover a very broad spectrum. Generally, it might be
a�rmed that the ITS collaborate in all the processes of management and distribution of
merchandise and of the transport of passengers in all modes of transport. In the �eld
of urban, interurban and rural transport, ITS applications are those that a�ect surface
transportation, that is, those related to road and rail transport [32]. These applications are
tra�c and travel information, public transport management, tra�c and road management,
parking management, driver assistance and cooperative driving, etcetera.

Tra�c and travel information allows the integration of transport modes in a single
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Figure 2.4: Intelligent transportation systems schema

system. Thus, a global information facilitates the mobility of the population. Likewise,
this data contributes to the planning of urban trips and to the decision making regarding
the selected routes, being able to determine the directives in real-time.

The mobility, safety and environmental problems require new solutions that make
urban interurban and rural transportation more sustainable than nowadays. The
application of new information technologies to transportation contributes decisively to this
objective [11], although they do not exclude the implementation of other complementary
measures.

In Europe, various governments agencies [33] are carrying out the organization of
information services with the aim of introducing ITS in most of the European countries.
The experiences accumulated so far and the perspectives that are drawn from very
diverse studies. They show that through the ITS the e�ciency, e�ectiveness and safety
of transport can be increased in all modes and this is especially relevant in the urban
and interurban environment most a�ected by congestion, pollution, noise and accidents.
These same studies point to a clear contribution of the ITS to the development of a more
sustainable mobility in the sense of increasing services without impacting negatively.

At the same time, it has been proven that the ITS not only contribute to a higher
productivity of the transport systems, with the positive impact that this has on the
economy, but they constitute in themselves a market of high economic potential with an
interesting projection of future [21].
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2.2.1 Railway communication systems

Railway operators require a high-quality on-line services for train signalling, control
communications and entertainment for passengers. The future connected trains are able
to carry 1000 people per composition at high speeds, up to 500 km/h in a multi-modal
urban environment. These factors in combination with the great demand in high-capacity
expected for the upcoming years presents an incredible challenge for the deployment of
new railway wireless communication systems.

A set of technologies are candidates to approach this goal which consist of separating
the link into train to infrastructure (T2I), train to train (T2T) and intra-train
communications, as Fig. 2.5 shows.

Figure 2.5: Future railway communication links

Train to Infrastructure communications

A non-interrupted radio coverage along the rail tracks is one of the key requirements
in high-speed train network deployments, which aims to continuously have a control
signalling. In fact, it is mandatory to ful�l an availability the 99% of the location with
a reliability greater than 98% for critical communications [34], as TABLE 2.2 describes.
However, to overcome the issues inherent to this scenarios, as the high speed and the
uninhabited areas.

There are a set of communications standards used for di�erent purposes in the railway
environment. Nowadays, the principal interest is focused on the critical communications
for the signalling systems. ERTMS for high-speed trains and CBTC for metropolitan
railways are the most remarkable communications standards.

ERTMS is using GSM-R in most of the countries, and at the end of 2017, around
4,500 kilometres of lines with 7,000 ERTMS equipped vehicles are operational on core
Network Corridors in the European Union [35]. Nevertheless, several LTE and LTE-R are
currently being deployed in some countries such as South Korea and China [36] [34]. They
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Table 2.2: Requirements for T2I communications

Technology 4G/5G standard propietary

Bandwidth 10 - 250 MHz

Data rates > 10 Mbps asymmetric

Delay < 50 ms

Services Voice/data/video Critical and non-critical

Mobility Up to 600 km/h

Availability > 99.99 %

Dual redundancy Terrestrial+Terrestrial or Terrestrial+satellite

will be used in the future advanced signalling communications for train control. However,
a tendency is trying to introduce LTE for railway communications [37].

CBTC is relying mainly on 802.11 standards [38], newWiGig standards [39] and also in
proprietary systems since metropolitan railways do not need interoperability. Some pilot
experiences using mmWaves for train critical and non-critical communications are detailed
in [40]. Likewise, di�erent solutions for high capacity communications are presented in[41].

Another important role of communications in railway is the management and
maintenance of the railway infrastructure. Human resources supposed the 58.5% of the
budget in the railway industry in 2010 and the cost of repair, on the other hand, were only
17.4% in 2011 [42] [43]. This expenses could be signi�cantly reduced by using a broadband
communications network that can handle critical communications and IoT [23].

Table 2.3: Frequency spectrum and technology requirements for smart railway

GSM(R), LTE(R) 802.11 standards 5G

TETRA ad-hoc networks ad-hoc high-speed train

Service ERTMS/HST CBTC/Metropolitan Metropolitan

Train speed 350 km/h 150 km/h 350 km/h

Band 0.45-1 GHz 2.45/5.2/5.7 GHz under 6 GHz

28/33/38 GHz

Throughput 10 kb 150/300 Mbps >1 Gbps

Technology Moving Relay M-MIMO MR/Smart antenna

[34] shows a comparison between di�erent communications systems used for critical
and non-critical communications and the technological advances that can be applied to
them to improve their performance on the railway environment.
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Intra-train connectivity

Nowadays, most of the passenger devices are directly connected to a �xed base station
placed on the ground and usually far away from the train. As a result, the quality of
service is poor and, from the network operator's point of view this approach is highly
ine�cient. This is not only caused by the distance from the base station to the train but
also due to the high speed and the vehicle penetration losses of the train [8].

(a) Current approach: direct link between the base station on the ground and passengers inside

the train

(b) New approach: the link is broken into two: one between the mobile relay and the base

station, and the other one between the mobile relay and the passenger's devices

Figure 2.6: Intra-train communication approaches

To solve the extra losses due to the train body shell, a relay system within each
carriage can be implemented (Fig. 2.6). The main idea of this device is to break
the connection between passenger's devices and ground stations into two: a train-to-
infrastructure one (between the BS and the on-board relay) and another one for the
on-board communications between passengers and the relay.

This con�guration allows a satellite link could be used as well as a backup [26]. Mobile
relays have attracted attention from railway operators and have been standardized by the
3GPP LTE, but no LTE vendors have included it on their roadmaps so far. The main
reason is that this is a niche market far away from the scale economies available on other
LTE devices. Nevertheless, the advantages of mobile relays are straightforward from the
point of view of communication systems: avoiding vehicle penetration losses, to overcome
Doppler e�ects, multipath, more e�cient handover, battery power savings for passenger
devices, etc. There are also some drawbacks like higher end-to-end latencies, costs and
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the risk of having connection losses due to the handover.

In this approach, the technology for T2I link could be the same, keeping LTE inside,
or di�erent from the intra-train link. In general terms, a possible solution could be a small
cell within each of the cars of the train since it is possible to take advantage of the relative
isolation due to the metallic car body shell. The technologies used in this link might be the
well-known IEEE 802.11 b/g/n/ac, which is mature and widely established technologies,
and even using the upcoming mm-wave IEEE 802.11ad [44], taking advantage of the
unlicensed bands that all of the use.

Table 2.4: Summary of IEEE 802.11 standards [38]

Stardand Media access Data Rates Band Bandwidth

IEEE 802.11 (Mbps) (GHz) (MHz)

b DSSS 11 2.4 20

a OFDM 54 5 20

g OFDM 54 2.4 20

n OFDM 600 2.4 and 5 20 and 40

ac OFDM 1300 5 20, 40, 80, 160

ad OFDM 8000 60 up to 160

carrier aggregation

It is generally assumed that IEEE 802.11 standards [38] deployments inside trains
should be designed under `high-density' premises, especially in subways and trams, where
you can have more than 200 people on a single car (4 people per square meter). Likewise,
using the upcoming IEEE 802.11ad standard could be possible to provide up to 50 Mbps
to each user in a train with typically 500 passengers [8]. This standard was released in
2013 but there is still no device in the consumer market. It is thought for this kind of
scenarios since the main drawback is the extremely high losses that can be even of 10 m
radius and, on the other side, it is able to provide up to 1.5 Gbps at 1 m [30].

However, there is a bottleneck in the T2I link since there is no technology able to
carry the aggregated data for all the users. Nevertheless, current IEEE 802.11ac is able
to achieve aggregate throughputs beyond 1 Gbps in the 5 GHz band [34]. In practice,
these throughputs are largely below that �gure, but still able to provide passengers with
a high-quality experience. In Table 2.4 there is a summary of the main features of the
physical layer of the IEEE 802.11 family of standards, including the upcoming 802.11ad.

2.2.2 Automobile communication systems

The idea of vehicles sharing information and working together to make transportation
safer, greener, and more enjoyable, is truly compelling. The technologies associated
with this concept, collectively known as Cooperative Intelligent Transportation Systems
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(C-ITS) [5], promise to reduce tra�c congestion. The results show a reduction of the
environmental impact of transportation and a signi�cant number of lethal tra�c accidents.

A key enabling technology of C-ITS is wireless communication, covering vehicle-
to-vehicle (V2V) communication, vehicle-to-infrastructure (V2I) communication, and
infrastructure-to-vehicle (I2V) communication (Fig. 2.2). Collectively, these wireless
transactions are referred to as V2x communication [10].

V2X communications

The most popular standard for V2x is WAVE (Wireless Access in Vehicular Environ-
ments), the set standards for vehicular environments carried out by an IEEE working
group. The main objective of WAVE is to provide communication either V2V (vehicle
to vehicle), such as V2I (vehicle to infrastructure), in which, the exchange of informa-
tion must be completed in a very short period of time. Some of the applications are
the management of highways, accident prevention, route time management, emergency
management, passenger information, etc.

Among these standards, the IEEE 802.11p standard describes the use of the physical
layer and the basic medium access (MAC) layer band the upper layers are de�ned by
the IEEE 1609 standard [45]. The former was designed to meet every V2x application
requirement.

The main modi�cations in 802.11p comparing it with the traditional 802.11 are the
following: The load was reduced when establishing communication; a new type of BSS
(Basic Service Set) called WBSS (Wave Basic Service Set) is de�ned, having �xed identi�er
that transmits beacon frames on demand in order to eliminate the authentication process;
the functions of these channels are already �xed to avoid scanning the channels to �nd
the desired network [45].

The physical layer is based on the 802.11a standard and uses OFDM modulation
(Orthogonal Frequency-Division Multiplexing). The bandwidth was reduced from 20 MH
to 10 MHz. The spectrum allocation is set aside 75 MHz of bandwidth, in the 5.9 GHz
frequency band divided into seven channels (TABLE 2.5).

Currently, IEEE 802.11p is ready for deployment. In Europe, the ETSI has organized
four events to carry out extensive �eld trials [46]; in projects like Safety Pilot in the USA
[32], etcetera assessed the maturity of 802.11p for V2I technologies. These �eld trials
re�ect the signi�cant investments for the last 10 years to validate the 802.11p technology.
An alternative technology would require to pass through this extensive assessment as
IEEE 802.11p did.

To sum up, IEEE 802.11p technology can signi�cantly reduce the number of collisions
on the road and is expected to mandate the use of 802.11p for safety-related use-cases.
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Table 2.5: Comparison of PHYs implementations in IEEE 802.11a and IEEE 802.11p
IEEE 802.11a IEEE 802.11p

Bandwidth (MHz) 20 10
Frequency range (MHz) 5725-5875 5850-5925

Data rate (Mbps) 6, 9, 12, 18, 24, 36, 48, 54 3, 4.5, 6, 9, 12, 36, 48, 27
Modulation mode BPSK, QPSK, BPSK, QPSK,

16QAM, 64QAM 16QAM, 64QAM
Code rate 1/2, 2/3, 3/4 1/2, 2/3, 3/5

Number of subcarriers 52 52
Symbol duration (µs) 4 8

Guard time (µs) 0.8 1.6
FFT period (µs) 3.2 6.4

Peamble duration (µs) 16 32
Subcarrier spacing (MHz) 0.3125 0.15625

Figure 2.7: Timeline of IEEE 802.11p versus cellular technologies for supporting the V2V
use case

Cellular for non-safety-related use-cases: V2I/I2V

Cellular technology, as it stands today, is well suited for non-safety-related uses-cases. In
general, these are use-cases that involve the infrastructure, in V2I and I2V communication,
where content originates or is processed in the cloud.

Currently, LTE Release 14 has been standardized, as Fig. 2.8 shows. It can cover
most of these applications and services as it is since it o�ers the required performance
and bandwidth. However, it is unclear how handover between mobile network operators
and application service providers will be handled, or how the presence of data tra�c from
other applications might a�ect I2V applications. There is also the question of whether in
relation to multicast/broadcast since there are very few solutions in place today, due to
the high cost of infrastructure investment and UE upgrades.
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Figure 2.8: Timeline of LTE Releases from now to 2020 [20]

Cellular for safety-related use-cases: V2V communications

The technical challenges for non-safety-related use-cases are relatively minor when
compared to the challenges faced regarding safety-related issues and V2V communication.
In the case of V2V, as happened with T2T, the development is still far from this
achievements. C-ITS systems are typically de�ned by their application requirements
and do not specify a particular technology. There are, at present, several technologies, in
addition to 802.11p, that aim to support V2x use-case requirements. Among these are
cellular-based technologies, including LTE, and 5G.

The �rst problem is to provide complete cellular coverage along all roads, which, as it
was mention before, it is economically an issue nowadays. Besides, the service will need
to provide very high data bandwidth with very low latency.

The 3GPP has established a V2V study group to advance C-ITS technology. V2V
communications are based on D2D communications de�ned in Release 12 and Release 13 of
the speci�cation, addressing high speeds (up to 250 km/h) and high density (thousands of
nodes) [47]. For this purpose, some modi�cations from D2D have been introduced. First,
additional demodulation reference signal symbols have been added to handle the high
Doppler associated with relative speeds of up to 500km/h and at 5.9 GHz with 10 MHz
bandwidth, as IEEE 802.11p. Secondly, a new arrangement of scheduling assignment
and data resources has been agreed to enhance the system level performance under high
density while meeting the latency requirements of V2V. Lastly, a sensing with semi-
persistent transmission based mechanism was introduced for distributed scheduling.

Some V2V use-cases require continuous information communication among vehicles
wherewith generates an enormous amount of data for unicast LTE networks to handle
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According to the DoT's ITS Joint Program O�ce, a single car broadcasting V2V could
generate about 0.5 GB per month. At the receiver side, assuming 30 cars (or a peak of
300) in the area of interest, the infrastructure has to handle a peak of 6Mbps [32].

Nevertheless, there are some V2V use-cases that require lower bandwidth such as
event-based broadcasting of Decentralized Environmental Noti�cation messages. In those
cases, the LTE mobile network could support these use-cases only if the latency is reduced.
5G systems are capable of providing low latency systems if resources are not pre-allocated
to V2x services.
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3
Channel measurement and modelling for

smart transportation systems

In this chapter, a detailed description of the di�erent channel models that can be found
in the literature plus some measurements performed during this project explained and
compared between each other. These models are implemented in the software of the
propagation emulator system later on. But before describing the models, it is important
to understand their usefulness.

Wireless channels can be a�ected very di�erently according to the environment and
conditions of propagation. Unlike wired channels, which are stationary and predictable,
the nature of radio channels is extremely random. The transmitted signal can be changed
in its reception according to many di�erent factors [48]. This can be summarized in the
following: if there is the line of sight conditions or, on the contrary, if there is obstruction
of the signal caused by building, mountains, foliage, or other obstacles; the speed of the
transmitter and receiver; if the environment is an outdoor, indoor or something in between
such as tunnels [49]. This set of e�ects, so-called multipath, makes the analysis of the
propagation specially di�cult to carry out.

To better understand how the signal interacts with the environment, in the following,
there is an enumeration of several propagation mechanisms [50]. These are signal
penetration into objects, re�ection, refraction, dispersion, as well as the change of medium,
attenuation by atmospheric gases and di�erent meteorological phenomena. The impact
on the electromagnetic wave di�erently according to the frequency, environment and even
in the same environment, there is a dependence on the line of sight conditions.

As it was mentioned before, there are several reasons why multipath is caused [51].
Among them, re�ection is the most important one. It is produced when the wave collides
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with a big surface in comparison to the signal's wavelength. The amount of energy which
will be re�ected depends on the material properties, the angle of arrival and polarization.
This is described by the Fresnel re�ection coe�cients [52]. Besides, it important to notice
the roughness of the surface impacts more when the frequency is greater.

As re�ection, dispersion depends on the wavelength. It is produced when the shape
of the object have a shorter length than the wavelength of the signal. The result is a
re�ection in several directions which makes a signi�cant more di�cult analysis. Besides,
when there are too many obstacles such as the leaves of a tree, the deterministic analysis
is not particularly relevant.

The last e�ect is di�raction, produced by the sharp irregularities of the surfaces such as
corners and edges longer than the wavelength. The di�racted �eld along this irregularities
directly a�ects to the total received power, hence it is key to take it into account for
outdoor propagation scenarios.

As it was suggested before, dispersion can be negligible in most of the cases and a
result the electromagnetic �eld for narrowband signals can be described as follows [53]:

ERx(d) =
∑
i

(Ei(d)) (3.1)

where Ei is the electric �eld of the i-th multipath component, which can be de�ned as
[49]:

Ei(d) = E0ρtiρriLi(d)
∏
j

Γ (φji)
∏
p

T (φpi)e
−jkd (3.2)

E0 is the amplitude of the incident re�ectance �eld measured in V/m; ρti and ρri are the
radiation patterns of the receiving and transmitting antennas respectively in the directions
of the i-th multipath component; Li ((d) are the path losses for the i-th component; Γ (φji)
is the re�ection coe�cient for the j-th re�ection the i-th multipath component; T (φpi) is
the transmission coe�cient for the p-th transmission of the i-th multipath component;
e−jkd is the factor of phase of the propagation due to the path length at a distance d and
k = 2π/λ where λ is the wavelength.

Nevertheless, the received signal is not totally described as (3.1) since the signal is
also modi�ed in the time and frequency domain.

In any case, the complexity of the propagation mechanisms makes too di�cult the
analysis for this kind of environments in a deterministic way. For that reason, to design
a system and predict its performance, it is necessary to model and characterize the
propagation channel in an empirically and statistically.

As the objective is to develop a narrowband channel emulator, in the following, the
focus is on narrowband signals.

Propagation models are usually focused on the average received signal strength at
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a given distance from the transmitter to the receiver. This is useful for estimating the
radio coverage area. Nevertheless, in narrowband signals, there are fast �uctuations of
the signal that also need to be characterised to better understand the entire behaviour of
the electromagnetic wave. Hence, the narrowband analysis study the variation in di�erent
spatial scales [54], as Fig. 3.1 shows:

• Path loss represents the reduction in power density or attenuation of an
electromagnetic wave as it propagates through space. It depends on the distance
between the transmitter and receiver. This e�ect is usually described in a
deterministic manner.

• Large-scale fading represents the �uctuations happen on a scale of hundreds of
wavelengths. It is obtained by averaging about ten wavelengths. The reason for
these variations is shadowing by large objects. This e�ect is usually described in a
statistical manner.

• Small-scale fading represents the �uctuations comparable to one wavelength. The
reason for these �uctuations is interference between di�erent multipath components.
These �uctuations in �eld strength, also called fast-fading, can be well described
statistically.

Figure 3.1: Example of the analysis in narrowband signals [55]

3.1 Free space propagation model

The free loss space Free Space Path Loss (FSPL) [56] represents how the power of the
signal decrease when it travels along a medium without obstacles that cause re�ection or
di�raction. It depends on the frequency and the distance with respect to the transmitter.
We can consider free space conditions when the �rst Fresnel zone is substantially free of
obstacles (it may be speci�ed as a clearance of 60%) [53]. The mathematical expression
is the following:

FSPL = 32.4 + 20 log10(f) + 20 log10(d) (3.3)
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where f is the frequency in MHz and d is the distance between transmitter and receiver
in km.

3.2 Path loss model and shadowing

The free space path loss model only represents the mean attenuation when there is a direct,
clear and unobstructed path between the transmitter and the receiver [57]. Nevertheless,
this is not always the situation and the resulted attenuation is a�ected by a more complex
environment where we can encounter obstructions over the distance.

Hence, (3.4) presents a generic extension of the FSPL which describes the attenuation
su�ered by a signal. The main parameters are derived from the following measurements
conducted in a real environment.

A (d) = A (d0) + 10n log(
d

d0
) + χσ (3.4)

where A (d0) is attenuation in a reference distance d0; n represents the loss exponent,
and χσ denotes the large a zero-mean random variable of standard deviation σ which
usually follows a Gaussian, re�ecting the attenuation (in dB) caused by large-scale fading.

In probability theory, the normal (or Gaussian or Gauss or Laplace�Gauss) distribution
is a very common continuous probability distribution,as Egli demonstrates in [58]. The
probability density of the normal distribution is:

f
(
x|µ, σ2

)
=

1√
2πσ2

e
(x−µ)2

2σ2 (3.5)

where µ is the mean or expectation of the distribution (also its median and mode);σ
is the standard deviation in dB, and σ2 is the variance.

3.3 Link budget

The link budget is a written description of all the gains and losses by a transmitter
during its active state. It is a convenient tool to compare power levels between di�erent
technologies and systems. It provides a quanti�cation of the performance by the following
parameters [49]:

• E�ective Isotropic Radiated Power (EIRP). It is the radiated power relative to an
isotropic antenna. It is composed of the actual transmitted power plus the antenna
gain in dBi subtracting the losses.
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• Signal to noise ratio (SNR). It determines the certain error probability given a signal
modulation at the receiver.

• Sensitivity. It indicates the minimum power that the receiver is able to distinguish.
It usually limits the link margin.

• Maximum path loss. It provides a technology independent value for estimating
coverage, capacity, etcetera.

3.4 Small-scale stochastic models

The small-scale stochastic models is a characterization of the multipath fading, which,
as it was stated previously, is the result of the combination of multipath signals arriving
from di�erent directions, with di�erent amplitudes and phases.

3.4.1 Rayleigh Distribution

Rayleigh distribution [59] describes a multipath environment when there are Non-Line of
Sight conditions. It is used for analysing the time-varying propagation. Its probability
density function is the following:

Pr (r, φ) =
r

2πσ2
e
r2

2σ2 , r ∈ [0,∞] , φ ∈ [−π, π] (3.6)

where r is a random variable; σ is the standard deviation.

3.4.2 Rician Distribution

Some scenarios presents a dominant component where there is quasi-line of sight
conditions [59]. The probability density function is represented by:

Pr (r) =
r

σ2
e
r2+A2

2σ2 I0
rA

σ2
(3.7)

where r is a random variable; σ is the standard deviation; K factor, represented in
(3.8), is the relation between LoS component, A, and multipath component; I0(z) is the
0-th-order modi�ed Bessel function of the �rst kind.

K = 10 log(
A2

2σ2
) (3.8)

As the amplitude of the dominant path decrease, the Rician distribution degenerates
to a Rayleigh distribution.
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3.4.3 Other distributions

There are other statistical distributions that also describes this multipath e�ect such as
Nakagami [60] or Weibull distributions [61]. These have their own advantages and they
are widely used for characterizing the small-scale fading.

Nakagami Distribution

Nakagami distribution provides a better match with the empirical data since it presents
a more general fading distribution since it does not assume a direct path condition. The
PDF is represented as follows:

P (r) =
2

Γ(m)
(
m

2ρ2
)mr2m−1e

mr2

2ρ2 , r ≥ 0;m ≥ 0.5 (3.9)

where ρ2 is the mean-squared value of the random variable; Γ is the Gamma function;
m is the shape factor or fading �gure, which describes the fading degree of the multipath
fading channel:

m =
E2[r2]

V ar[r2]
(3.10)

In the case that m is 0.5, the PDF distribution reduces to a one-sided Gaussian
distribution; when m is equal to 1, Rayleigh channel is obtained.

Weibull Distribution

The Weibull distribution represents another general fading distribution, which also
includes Rayleigh as a special case. It is one of the most widely used for reliability
engineering and failure data analysis. The PDF is expressed as follows:

P (r) =
β

2ρ2
rβ−1e

− rβ

2ρ2 , r ≥ 0 (3.11)

where ρ = E[r2]/2; β determines the fading severity. When β = 2, Weibull distribution
degrades to Rayleigh distribution; for β < 2, the fading is more severe than Rayleigh
fading.
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3.5 Review of the existing stochastic path loss models

This section presents a discussion regarding the available channel models. A description
of their path loss models, their usefulness for Intelligent Transportation Systems (ITS)
scenarios and, �nally, their advantages and possible drawbacks is explained in this chapter.

Very extensive measurement campaigns have been performed to implement the models
explained below. They provide mathematical expressions that allow a simple calculation
of the propagation losses. The literature proposes diverse channel models according to
di�erent kind of scenarios and to the propagation conditions.

An important remark is that the models presented below are most well-known and
accepted by the research community. There are more models in the literature some of the
transportation systems. However, for the sake of briefness, the analysis is focused on this
ones. In the future, these others models will be studied and implemented in the emulator
when used for real equipment.

3.5.1 Okumura-Hata model

The Okumura�Hata model [53]is the most classical model in that category. It assumes that
there are no dominant obstacles between the Base Station (BS) and User Equipment (UE),
and that the terrain pro�le changes slowly. Although there are suggested correction factors
that are intended to avoid these restrictions, the results are not particularly relevant.

The limitations of Okumura-Hata model are fc between 150 and 1500 MHz; hb between
30 and 200 m and hm; between 1 and 10 m; and the maximum distance is 20 km.

This model is very limited in terms of mobility, hence it could be only interesting for
modelling metropolitan scenarios.

The Path loss (in dB) is written as:

PL = PLfreespace + Aexc +Hcb +Hcm (3.12)

where PLfreespace is the FSPL, Aexc is the excess path loss (as a function of distance
and frequency) for a BS height hb = 200m, and a UE height hm = 3m; and Hcb and Hcm

are the correction factors that can be found in [53].

However, there is a more common form of Okumura�Hata model based on the results.
In that implementation, the path loss is written as:

PL = A+B log(d) + C (3.13)

where A and C are factors that depend on frequency and antenna height, and B is
the path loss exponent.
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A = 69.55 + 26.16 log (fc)− 13.83 log (hb)− a (hm) (3.14)

B = 44.9− 6.55 log (hb) (3.15)

where fc is given in MHz and d in km; and a(hm) and the factor C depend on the
environment:

• small and medium-size cities, C = 0

a (hm) = (1.1 log fc − 0.7)hm − (1.56 log fc − 0.8) //C = 0 (3.16)

• metropolitan areas, C = 0

a (hm) = 8.29 log10(1.54hm))2 − 1.1 (3.17)

• suburban environments
C = −2(log(fc/28))2 − 5.4 (3.18)

The function a(hm) in suburban and rural areas is the same as for urban (small and
medium-sized cities) areas.

• rural area
C = −4.78(log(fc))2 + 18.33 log(fc)− 40.98 (3.19)

The function a(hm) in suburban and rural areas is the same as for urban (small and
medium-sized cities) areas.

3.5.2 WINNER II

WINNER II presents a complete channel model for local, metropolitan and larger areas
at a link and system level for di�erent scenarios. It is based on statistical distributions
extracted from measurements that de�ne, among other things, path loss models, delay
spread angular spread and fast fading (although we only focus on narrowband analysis).
All the models have been parametrized using the results obtained from extensive
measurement campaigns [62].

This model is designed for 2D propagation, although extensions of this model such as
WINNER+ [63] presents a 3D radio propagation. It have been parametrized for Line of
Sight (LoS) and Non Line of Sight (NLoS) scenarios and is scalable from one Single Input
Single Output (SISO) to Multiple Input Multiple Output (MIMO).

The frequency range in which these models can be applied is between 2-6 GHz with
a bandwidth of up to 100 MHz with multi-antenna, polarization, multi-user, multi-cell
technologies, and multi-hop networks.

The scenarios are de�ned according to the area size, speed of the Receiver (Rx) and
whether the communication is indoor, outdoor or from indoor to outdoor and vice versa.
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The path loss model, PL, is calculated through the 3.20 and its parameters depend
on the scenarios and the LoS conditions.

PL = A log(d) +B + C log(fc/5) +X + χ (3.20)

where A, B, C and X are parameters; χ is the shadowing that follows a Gaussian
distribution, fc is given in GHz and d in meters.

• A1 - Indoor o�ce.
This model is used for indoor environments such as o�ces or vehicular cabins. There
is an o�ce with a grid layout with two corridors in the middle similar to a train or
aircraft cabin with three seat lines.

Conditions Parameters Applicability
LoS A = 18.7, B = 46.8, C = 20, X = 0 and χ = 3 3 < d < 100m

hBS = hMS = 1...2.5m
NLoS A = 36.8, B = 43.8, C = 20 and χ = 4 same than LoS

X = 5(nw − 1) light walls and X = 12(nw − 1) heavy walls nw number of walls between BS and MS

• B1 � Urban micro-cell

In urban micro-cell scenarios, the height of both the antenna at the BS and at the
UE are assumed to be well below the tops of surrounding buildings. Both antennas
should be outdoors in the streets that follow a Manhattan-like grid. There is the
LoS from all locations to the BS, with the possible exception in cases where the LoS
is temporarily blocked by tra�c on the street.

Conditions Parameters Applicability
LoS A = 22.7, B = 41.0, C = 20 and χ = 3 10 m < d1 < d′BP

PL = 40 log10(d1) + 9.45− 17.3 log10(h′BS) d′BP < d1 < 5 km
−17.3 log10(h′UE) + 2.7 log10(fc/5) hBS = 10m, hMS = 1.5m

• B3 � Indoor hotspot
The propagation conditions in an indoor hotspot are typically wide coverage and low
mobility (0-5 km/h). Tra�c of high density would be expected in such scenarios,
as for example, in train stations and airports, where the indoor environment is
characterised by large open spaces, where ranges between a BS and a UE or between
two UE can be signi�cant. Typical dimensions of such areas could range from
20 m x 20 m up to more than 100 m in length and width and up to 20 m height.
Both LoS and NLoS propagation conditions could exist.

Conditions Parameters Applicability
LoS A = 13.9, B = 64.4, C = 20 and χ = 3 5m < d < 100m

hBS = 6m, hMS = 1.5
NLoS A = 37.8, B = 36.5, C = 23 and χ = 4 Same than B3 LoS

Propagation emulator for 5G communications in intelligent transportation systems 29



CHAPTER 3. CHANNEL MEASUREMENT AND MODELLING FOR SMART
TRANSPORTATION SYSTEMS

• B5 � Stationary Feeder

Fixed feeder links scenario is de�ned as propagation scenario B5. This scenario
both terminals are �xed. These scenarios are particular because the Doppler shifts
of the rays are not a function of the AoAs, instead, they are obtained from the
movement of the scatterers. Based on this, the scenario is divided in four categories
or sub-scenarios: LOS stationary feeder - rooftop to rooftop (B5a); LOS stationary
feeder - street level to street level (B5b); LOS stationary feeder - below rooftop to
street level (B5c); and NLOS stationary feeder - rooftop to street level(B5f). The
height of street-level terminal antenna is assumed to be 3-5 meters.

Conditions Parameters Applicability
B5a LoS A = 23.5, B = 42.58, C = 20 30m < d < 8km

and χ = 4 hBS = 10m, hMS = 3(nFl − 1) + 1.5m
B5c LoS Same than B1 LoS except antenna 10m < d < 2000m

heights χ = 3 hBS = 25m, hRS = 25
B5f NLoS A = 23., B = 57.5, C = 23 30m < d < 1500m

and χ = 8 hBS = 25m, hRS = 15

• C1 � Suburban macro-cell

In suburban macro-cells, BS are located above the rooftops to allow wide area
coverage, and mobile stations are outdoors at street level. Buildings are typically
low residential detached houses with one or two �oors or blocks of �ats with a few
�oors. Occasional open areas such as parks or playgrounds where there is some
vegetation. Streets do not form Manhattan type of grid structure.

Conditions Parameters Applicability
LoS A = 23.8, B = 41.2, C = 20 and χ = 4 30 < d < 1500m

PL = 40 log10(d) + 11.65− 12.2 log10(hBS) dBP < d < 5km
−16.2 log10(hMS) + 23 log10(fc/5) and χ = 6 hBS = 25m, hMS = 1.5m

NLoS (44.9− 6.55 log10(hBS)) log10(d) + 31.46 50m < x < 5km
+5.83 log10(hBS) + 3.8 log10(fc/5) and χ = 8 hBS = 25, hUE = 1.5m

• C2 � Urban macro-cell

In typical urban macro-cells, mobile station is located outdoors at street level and
�xed base station clearly above surrounding building heights. As for propagation
conditions, non- or obstructed line-of-sight is a common case, since street level is
often reached by a single di�raction over the rooftop. The building blocks can form
either a regular Manhattan type of grid, or have more irregular locations. Typical
building heights in urban environments are over four �oors. Buildings height and
density in typical urban macro-cell are mostly homogeneous.

Conditions Parameters Applicability
LoS A = 26, B = 39, C = 20, X = 0 and χ = 3 10m < d < d′BP

PL = 40 log10(d) + 13.475− 14.0 log10(h′BS) dBP < d < 5km
−14.0 log10(h′MS) + 6 log10(fc/5) and χ = 6 hBS = 25m, hMS = 1.5m

NLoS (44.9− 6.55 log10(hBS)) log10(d) + 34.46 50m < x < 5km
+5.83 log10(hBS) + 23 log10(fc/5) and χ = 8 hBS = 25, hUE = 1.5m

30 Master Thesis



CHAPTER 3. CHANNEL MEASUREMENT AND MODELLING FOR SMART
TRANSPORTATION SYSTEMS

• C3 � Bad urban macro-cell

Bad urban environment describes cities with buildings with distinctly inhomogen-
eous heights or densities. From modelling point of view, this di�ers from typical
urban macro-cell by an additional far scatterer cluster. Path loss parameters are
exact the same than in C2 NLoS scenario.

• D1 � Rural macro-cell

The BS is �xed and its height is typically in the range from 20 to 70 m, which is much
higher than the average building height. As a result, LoS conditions can be expected
in most of the coverage area. The UEs are located inside a building or vehicle
travelling from 0 to 200 km/h, so an additional penetration loss experienced which
can possibly be modelled as a constant value. The measurements were conducted
in a �at rural environment near Oulu in Finland, at both 2.45 and 5.25 GHz, and
with a BS height of 18 - 25 m. Then it was generalised for the frequency range 2 �
6 GHz and di�erent BS and UE antenna heights.

Conditions Parameters Applicability
LoS A = 18.7, B = 46.8, C = 20, X = 0 and χ = 3 3
NLoS A = 18.7, B = 46.8, C = 20, X = 0 and χ = 3 6

• D2 � Moving networks

It represents radio propagation in environments where both the BS and the UE are
moving, possibly at very high speed up to 500 km/h, in a rural area where there
are most of the times LoS conditions. A typical example of this scenario occurs in
high-speed trains or vehicles where wireless coverage is provided by so-called moving
relay stations (MRSs), as it was exposed in the previous Chapter in Fig. 2.6.

No tunnels are assumed in the route, but the lower BS antenna height can be used
to simulate situations compatible with the ones encountered in tunnels as regards
high change rate in Doppler frequencies.

The model is the same than in D1 scenario.

3.5.3 ITU-R Model

The International Telecommunications Union (ITU) [56] models have been widely used
since they were accepted by international standards organizations. It speci�es three
environments: indoor, pedestrian (including outdoor to indoor), and vehicular (with high
BS antennas). The amplitudes follow a Rayleigh distribution the Doppler spectrum is
uniform between −νmax and νmax for the indoor case and is a classical Jakes spectrum for
the pedestrian and vehicular environments.

• indoor

PL = 30 log10(d) + 18.3N

Nfloor+2

Nfloor−1
−0.46

floor (3.21)
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• pedestrian
PL = 40 log10(d) + 30 log10(fc) + 49 (3.22)

• vehicular

PL = 40
(
1− 4x10−3∆hb

)
log(d)− 18 log10(∆hb) + 21 log10(fc) + 80 (3.23)

where fc is measured in MHz and d in km; Nfloor is the number of �oors in the
building; ∆hb is the BS height measured from the rooftop level; the model is valid for
0 < ∆hb < 50m.

In all three cases, Gaussian shadowing is imposed. The standard deviation is 12 dB
for the indoor case, and 10 dB in the vehicular and outdoor pedestrian case.

3.5.4 The 3GPP Spatial Channel Model

The 3GPP and 3GPP2 industry alliances jointly developed channel models that are to be
used for the evaluation of cellular systems with multiple antenna elements. The bandwidth
of the tested systems should not exceed 5 MHz [64]. The models are de�ned for three
environments, urban microcells, urban macrocells, and suburban macrocells. The model
is a mixed geometrical� stochastic model that can simulate a cellular layout including
interference.

• For the suburban and urban macro-cells, the path loss is determined as:

PL = (44.9− 6.55 log(hBS)) log(d/1000) + 45.5 (3.24)

+ (35.46− 1.1hm) log(fc)− 13.82 log(hm) + 0.7hm + C

3.5.5 3GPP Release 14

3GPP release 14 channel model [19] has de�ned scenarios are an urban micro-cell street
canyon, urban macro-cell, indoor o�ce, and rural macrocell in LoS and NLoS conditions.
This is an extension of the IMT-advanced, aiming to extend the models to a wider
frequency range from 0.5 to 100 GHz.

• Base coverage urban: an urban macro-cellular environment targeting continuous
coverage

Conditions Path loss Shadowing Applicability
LoS PL16.9 log10(d) + 32.8 + 20 log10(fc) χ = 3 3 < d < 100m

hBS = 3− 6m
hMS = 1− 2.5m

NLoS PL43.3 log10(d) + 11.5 + 20 log10(fc) χ = 4 10 < d < 150m
hBS = 3− 6m
hMS = 1− 2.5m
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for pedestrian up to fast vehicular users.

• Micro-cellular: an urban micro-cellular environment with higher user density
focusing on pedestrian and slow vehicular users.

Conditions Path loss Shadowing Applicability
LoS PL22.0 log10(d) + 28.0 + 20 log10(fc) χ = 3 3 < d < 100m

hBS = 3− 6m
hMS = 1− 2.5m

NLoS PL43.3 log10(d) + 11.5 + 20 log10(fc) χ = 4 10 < d < 150m
hBS = 3− 6m
hMS = 1− 2.5m

• Indoor: an indoor environment targeting isolated cells at o�ces and/or in hotspot
based on stationary and pedestrian users.

• High-speed: a macro-cellular environment with high-speed vehicles and trains.

The high-speed test environment focuses on larger cells and continuous coverage.
The key characteristics of this test environment are continuous wide area coverage
supporting high-speed vehicles.The high-speed test environment is applicable to a
rural wide areas for reliable links to high-speed trains of up to 350 km/h or cars at
high velocities.

Conditions Path loss Shadowing Applicability
LoS PL1 = 22.0 log10(40πfcd/3) χ = 3 10m < d < dBP

+ min(0.03h1.72, 10) log10(d)
−min(0.044h1.72, 14, 77) + 0.002 log10(h)d

PL2 = PL1(dBP ) + 40 log10(d/dBP ) χ = 6 dBP < d < 10km
hBS = 35m
hMS = 1.5m

NLoS PL1 = 161.04− 7.1 log10(W ) χ = 8 10m < d < 5km
+7.5 log10(h)− (24.37− 3.7(h/h2BS) log10(hBS) hMS, hBS, W and h

+(43.42− 3.1 log10(hBS))(log10(d)− 3) same than LoS
+20 log10(fc)− (3.2(log10(11.75hMS)2))

3.5.6 Comparison between models

In the following, there is a comparison between the di�erent the propagation models
presented above.

Propagation models are shown in Fig. 3.2 and TABLE 3.1, where a representation of
free space path loss model, Winner II D2, ITU-R vehicular, 3GPP spatial, IMT-Advanced
for high-speed and 3GPP RMA models are plotted varying the frequency and the BS
height.

The �rst thing we observe is that the free loss space has the lowest path loss exponent,
as it represents the losses when there is a direct, clear and unobstructed path between
the transmitter and the receiver.
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(a) 1 GHz at 30 m BS (b) 3 GHz at 30 m BS

(c) 1 GHz at 10 m BS (d) 6 GHz at 10 m BS

Figure 3.2: Route 3 validation - 3GPP RMA model
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On the contrary, the 3GPP Spatial channel model is the only one in this comparison
meant to be used for urban or suburban scenarios. It shows that the losses are the
greatest for all the cases. This is reasonable since in urban and suburban scenarios the
losses are bigger given the extreme e�ect of multipath produced. This model is followed
by ITU-vehicular, which shows the second greatest losses for all the cases.

In any case, in all the cases the attenuation increases as the frequency are greater.

The case of 3GPP - RMA model follows a similar shape than winner II model, but as
the frequency increases, this similarity gets weaker, walking away from it.

From there on, the rest of the models are quite similar, although there is variations as
the frequency, BS' height changes. In the case of FSPL and 3GPP models, they converge
at 6 GHz, and both get similar than Winner II model.

Regarding the BS height, as the BS and UE heights become similar, 3GPP and Winner
II get closer path loss model and further from FSPL, which does not depends on these
parameters.

Table 3.1: Comparison models rural environment at di�erent frequencies and heights of
the transmitter and receiver

Frequency 1 GHz 3 GHz 1 GHz 6 GHz

BS height 30 m 30 m 10 m 10 m

Free Space 92.4 102 92.4 107.9

WINNER II - Rural 94.72 104.3 102.1 110.4

ITU-R vehicular 116.4 126.4 125 142.3

3GPP Spatial 140.5 102 140.5 165.5

IMT-Advanced High-speed 104.1 114.6 107.4 121.5

3GPP - RMA 92.4 102 96.5 107.9

3.6 3-D Ray Tracing technique

3-D ray tracing is a novel technique based on a geometrical optics method to compute
the propagation channel of the modelled environment. It is an accurate and versatile
propagation prediction tool for di�erent kind of scenarios [65]. It uses a deterministic
channel model which requires an exact knowledge of the geometrical and electromagnetic
description of the environment. For that reason, the accuracy of Ray Tracing (RT)
comes up with a high computational complexity, which directly scales with the number
of propagation paths considered. Nevertheless, it has great advantages as, on the one
hand, it allows to model really detailed; and, on the other hand, it is possible to calculate
wideband information such as PDP or AoA of the rays.

Objects are modelled as a triangular solid mesh made of di�erent materials whose
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dielectric properties are de�ned according to the carrier frequency. As this is a 3-D RT,
re�ections on the ceiling and ground are taken into account. This provides more accurate
prediction results compared with conventional 2-D models [66].

Using the images method, re�ections are calculated in order to obtain the propagation
paths [67]. This method consists of basically converting an electric �eld into an equivalent
one easier to compute. In certain cases, it is possible to replace a conductor with one or
more point loads. Thus, conductor surfaces are replaced by equipotential surfaces with
equivalent potentials.

Figure 3.3: The image method. Ri with respect to the ground plane

As Fig. 3.3 shows, having the location of Tx and Rx, the re�ection point, Rp, coincides
with the intersection between the obstacle and the segment joining the Tx with the image
of the receiver, Ri. Therefore, the ray follows a straight line from Tx to Rp and, then,
another straight line from Rp to Rx. It is possible to extend this method to obtain the
paths with multiple re�ections. Finally, the received signal, Er, is the sum of all the rays
arrived at Rx, as (3.25) and (3.26) describe.

Er = |
∑
i

Ei (d = di) | (3.25)

and

Ei (d) = E0ρtxρrxLi (d)
N∏
p

[Γ (φpi)T (φpi)] e
−j2πd/λ (3.26)

where Ei (di) is the i-th ray electric �eld ; E0 is the amplitude of the electromagnetic
�eld; ρtx and ρrx are the radiation pattern of the transmitter and receiver antenna
respectively; Li (d) is the path losses for i-th ray component at a distance d; Γ (φji)
and T (φpi) are the re�ection and transmission coe�cient of the p-th re�ection of the i-th
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component respectively; N is the maximum re�ections taken into account; and e−j2πd/λ

is the phase factor due to the travelled distance.

3.7 Propagation in tunnels

Tunnels are one of the most typical and characteristic propagation scenarios for
transportation systems, for that reason, they are worth to study. Besides, they present
really special propagation characteristics since they follow the waveguide e�ect, which, as
a result, presents a lower path loss exponent than the free space propagation.

3.7.1 Modal analysis

Modal analysis is a classical technique for studying propagation channel in tunnels where
there is waveguide e�ect. It is based on the concept that the signal attenuation in this
kind of scenarios depends on the electromagnetic modes propagating within the tunnel. As
the cross-section area of the tunnel is quite large in comparison to the signal wavelength,
there are many modes propagating through this channel. Nevertheless, the modes su�er a
gradual extinction as they travel along the environment up to the breakpoint, ZNF, where
the modes are su�ciently attenuated themselves and it can be considered that only the
�rst mode propagates [68].

ZNF ≈ Max

(
a2

λ
,
b2

λ

)
(3.27)

where a and b are the horizontal and vertical dimension of the tunnel respectively, and
λ is the signal wavelength.

These two regions are de�ned as near-�eld and far-�eld regions. On the one hand,
the near-�eld region represents the zone where the �eld amplitude su�ers strong fading
and fast losses obtained from the contribution of many rays propagating from di�erent
grazing angles with high losses. On the other hand, the far-�eld region is where the
relation between the �rst mode and the rest are high enough to neglect the e�ect of the
other modes.

As [68] explains in detail, the energy contained in the transmitted signal propagating
through the tunnel is divided into several modes. Each of them attenuates following
a di�erent decay. The overall path loss can be simpli�ed by considering that each
mode has an independent power from the others. Therefore, the total received power
is approximately the sum of each mode of power. This supposition is based on the fact
that modes are closely orthogonal.

Assuming this situation, the loss expression of each mode can be approximated for
horizontal and vertical polarization, α(m,n)h,v considering the tunnel as a rectangular
waveguide.
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α(m,n)ν = 4.343λ2
(

m2

a3
√
εr1 − 1

+
n2εr2

b3
√
εr2 − 1

)
(3.28)

α(m,n)h = 4.343λ2
(

m2εr1
a3
√
εr1 − 1

+
n2

b3
√
εr2 − 1

)
(3.29)

where α(m,n)ν,h are the attenuation of each mode in dB/km in vertical (ν) and
horizontal (h) polarization for the m,n-th mode; εr1,r2 are the relative permittivity of
the vertical and horizontal walls respectively. This model can be also apply to arched
tunnels by adjusting the cross-section dimensions [69].

As (3.28) and (3.29) show, tunnels dimensions are directly related to the attenuation
that every mode su�er. Thus, the greater the tunnel cross-section is, the smaller the
attenuation experienced by the modes is. This is due to losses are inversely proportional
to the cube of tunnels height and width.

With this propagation constant, the overall attenuation for both polarizations, Lν,hmn,
at a certain distance, (z), considering losses as the rms contribution of modes for both
polarizations is the following.

Lνmn(z)=10 log10

[
M∑
n=1

N∑
m=1

10
10 log10(z)+α(m,n)

ν

10

]
(3.30)

Lhmn(z)=10 log10

[
M∑
n=1

N∑
m=1

10
10 log10(z)+α(m,n)

h

10

]
(3.31)

where M and N are the last modes taken into account.

In addition to this, losses are directly proportional to the square of the order of the
modes, so that higher modes experience stronger attenuation. In fact, we can consider
that from a certain distance, all high order modes have been extinguished and only the
fundamentals remain.

However, the modal propagation model does not take into account tilt losses, which
are more important in semicircular tunnels and must be adjusted carefully for each tunnel;
or wall roughness in tunnels, which might produce scattering of the signal. This is why
simulations using RT technique are performed to obtain more accurate results.

3.7.2 Measurements and modelling in a realistic tunnel at
millimeter waves

Simulation and measurement set-up

Simulations are performed using Raylway radio propagation simulation for tunnels tool,
which is further detailed in Annex A. Its user interface is presented in Fig. A.2 where

38 Master Thesis



CHAPTER 3. CHANNEL MEASUREMENT AND MODELLING FOR SMART
TRANSPORTATION SYSTEMS

the set parameters are shown, in this case, for vertical polarization; although, except the
polarization, the same values are maintained for the horizontal. The resulted simulation
scenario is shown in Fig. 3.4.

Figure 3.4: Simulation set-up scenario with �xed Tx (in black) and moving Rx (in blue)

Besides, an experiment was conducted in a subway tunnel of Metro de Madrid. Fig.
3.5(b) illustrates the scenario with its more important elements. The set-up parameters
are enumerated in TABLE 3.2.

On the one side, the transmitter (Tx) is situated in a �xed position between one
station and the tunnel; on the other side, the moving receiver (Rx) module is located on
the wind shield of the train. The same antenna model is used in the Tx and Rx equipment,
described in Annex B.

The tunnel is arched type, which can be approximately modelled as an equivalent
rectangular cross-section since there is a slight adaptation of the dimensions, accordingly
to [69]. To apply the modal propagation model described in Section 3.7.1, in this case,
the dimensions are 6.9 m x 4.9 m with a radius of 2.2 m, as �gure 3.5(a) shows. The
assessed route follows a straight line of 350 m with a minor slope of 5.7h. The point 0
represents where the Tx is situated.

This train moves along the railway up to 350 m at a constant speed of 5 km/h.

Results

In this section, both modal analyses, RT technique together with measurement conducted
in a real metropolitan railway tunnel are applied with the aim of assessing the propagation
in this particular environment at 24 GHz band.

The analysis is focused on the path loss model and the fast-fading. For that purpose,
two experiments were performed: the �rst one with vertical polarization in both antennas,
and the second one with horizontal polarization. The train follows the exact same
route in both experiments; likewise, two simulations were performed with the di�erent
polarizations; and, �nally, the theoretical modal losses are shown in order to compare
these di�erent approaches.
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((a) Simulation scenario: Tunnel cross-section dimensions and shape)

((b) Measurement scenario: Fixed position of Tx at the beginning of the tunnel and moving Rx

at the windshield of the train)

Figure 3.5: Scenarios from the point of view of the simulation and the real measurement
scenario

Fig. 3.6 presents the received power of the empirical data, the simulation result, the
theoretical modal model and the resulted path loss model for the vertical, Fig. 3.6(a),
and horizontal, Fig. 3.6(b), experiments respectively.

Due to the antennas are highly directive, as Fig. B.1 shows, the losses caused by the
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Table 3.2: Measurements in tunnel at mmWave. Set-up parameters

Frequency 24.2 GHz

Transmitted power 5.4 dBm

Tx Signal Continuous wave

Tx and Rx antenna Horn antenna, 15.2 dBi

HPBW antenna E-plane 28.3◦

H-plane 27.9◦

Antenna polarization Horizontal and vertical

Tunnel cross-section Arched

Tunnel dimensions 6.9 m x 4.9 m

Train speed 5 km/h

misalignment of the antenna are high for distances lower than 20 m. In addition to that,
RT simulations have a strong dependency on the number of re�ections for short distances.
Hence, the simulation results are not accurate and the �rst 20 m have been removed from
Fig. 3.6.

In both experiments, the measurements expose a loss exponent, n, equal to 1.3
approximately, which is lower than the decay of the free space. Besides, as [70] and
[71] explains, regardless of the type of tunnel, loss exponents are always lower than the
free space. This is due to the waveguide e�ect produced in tunnels.

The curve obtained from the modal analysis presents a similar attenuation since
the loss exponents are 1 for vertical polarization and 1.1 for horizontal. This shows
a signi�cant e�ect of the modal propagation. Likewise, simulation results are slightly
greater than the one acquired by the measurements since the loss exponent is 1.8 for
vertical polarization and 1.9 for horizontal. These results are summarized in TABLE 3.3.

Table 3.3: Measurements in tunnel at mmWave. Comparison between path loss exponent
Vertical Horizontal

Ref. attenuation, A (d0)
1 64.8 dB 62.9 dB

Measurement n 1.28 1.29

Simulation n 1.8 1.9

Modal propagation model n 1 1.1

Measurement χσ 1.4 1.3

Simulation χσ 1.2 dB 0.9 dB

The attenuation is at the reference point, d0, of 20 m

The di�erences between models may be produced because, on the one hand, in the
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(a) Vertical polarization

(b) Horizontal polarization

Figure 3.6: Comparison between measurements, simulation and modal model for vertical
and horizontal polarization

modal model just the losses caused by the re�ections are taken into account; and, on the
other hand, in the case of the RT simulations, the maximum number of re�ections used
is limited to six which seems to be not enough to calculate a more accurate model;
nevertheless, after some distance, the results converge when the re�ections are high
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enough, as Fig. A.1 in annex A shows.

Nevertheless, in all the cases, the loss exponents are lower than in the free space which
shows a clear waveguide e�ect. This is due to the electromagnetic waves are repeatedly
re�ected in the tunnel's walls. As concrete is made of conductor materials (among others)
the re�ection coe�cient is high. For that reason, the waves are con�ned to the dielectric
by almost total internal re�ection at its surface.

At mmW bands, a large number of modes are propagated through the tunnel.
Particularly at 24.2 GHz, according to rectangular waveguide theory cut-o� frequencies,
up to modes m and n equal to 1246 and 1877 respectively travel down the tunnel.

For that reason, the breakpoint, where most of them are su�ciently extinguished, is
located from a few hundred meters in lower frequencies (from 1 to 6 GHz) [68]. However,
at 24.2 GHz, it is at 8 km which means that theoretically the route is fully situated in
the waveguide region.

The polarization seems to be independent of the loss exponent since it does not show
a substantial di�erence in any of the cases. As TABLE 3.3, this also holds true for the
shadowing which standard deviation is closely equal in both polarizations.

The e�ect of the slope reveals an interesting di�erence in both polarizations. There
is a slope of 5.7 per mil. Thus, focusing on the average of the last 50 m where this
slope has its major e�ect, there are greater losses in vertical polarization. This result is
noticed in the simulations and in the measurements. It may be caused because, �rstly,
the general misalignment of both antennas; and, secondly, this e�ect is more notable in
vertical polarization since these antennas present higher directivity in elevation than in
azimuth.

Regarding the reference attenuation, A (d0), there is a slightly di�erence between
polarizations. In the case of horizontal polarization, there are 2 dB more than in vertical.
This is related to the tunnel dimensions whose are directly connected to the e�ect of
polarization in the antennas. When the tunnel presents a larger width than its height,
higher re�ection coe�cients appear in vertical polarizations. A lower attenuation comes
out for the case of horizontal polarization. This e�ect is more signi�cant in short distances.
As [72] explains, in tunnels where there is a perfectly square cross-section, the result of
vertical and horizontal polarization will be exactly the same.

The fast-fading results for vertical and horizontal polarizations are described in Fig.
3.7. A comparison between the measurements and simulations are made.

Rician distribution, Pr (r), is a statistical model which better describes the fast fading
e�ect in an environment where there are LoS conditions. At this frequency, as TABLE 3.4
enumerates, the channel varies considerably fast independently of the experiment since
the wavelength is small, 12.4 mm.

As Fig. 3.6 presents, there are peaks up to 25 dB of attenuation in both cases.
Horizontal polarization shows a greater immunity to the shadowing, although an
insigni�cant impact on the fast fading compared to the vertical polarization.
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(a) Vertical polarization

(b) Horizontal polarization

Figure 3.7: Comparison between measurements and simulation of the fast fading
probability density function

Nevertheless, in overall, fast fading has a major e�ect on the signal, as Fig. 3.7
shows. This occurs when the coherence time of the channel is small relative to the delay
requirement of the application. In this case, the amplitude and phase change imposed by
the channel varies considerably over the period of use.

Regarding the K factor, the three scenarios present similar results. The relation
between LoS and the multipath component is very low. This is because, as it was
described in previous sections, the waveguide e�ect allows the propagation of a high
number of modes at this frequency. As a result, the received signal is not only essentially
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of the LoS component, but the sum of all the re�ected signals along the tunnel.

Table 3.4: Measurements in tunnel at mmWave. Fast fading main parameters
Vertical Horizontal

K factor measurements 2.62 dB 2.62 dB

K factor simulation 2.79 dB 2.62 dB

Std measurements 0.55 0.59

Std simulation 0.52 0.61
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4
Propagation emulator system

In this chapter a detailed description of the developed propagation emulator is exposed,
describing its hardware and associated software with its user graphic interface.

Radio channel emulators are tools for testing wireless communication systems at a
system level. They reproduce a realistic radio channel produced in a speci�c environment
by providing a faded representation of a transmitted signal to the receiver inputs [73].
As technology moves forward to take advantage of more complex channel characteristics
such as MIMO or V2x communications, the emulation of the radio environment becomes
more critical to perform a successful test set-up.

The aim of this master thesis project is to develop an emulator able to assess the
narrowband propagation along a route made by intelligent transportation systems such as
in railway or vehicular systems. These emulators are widely used to plan the deployment
of new mobile communication networks whose environments are particularly complex and
need to be tested and under realistic conditions.

This tool reproduces a radio channel in shielded anechoic chambers as a realistic
electromagnetic environment using speci�c channel models such as the ones described in
Chapter 3.

These emulators have many advantages since they replicate dedicated multi-path
propagation under reproducible, stable and, risky conditions that would not be accessible
otherwise [14]. They easily allow to �nd areas with potential lack of coverage and it
shows in a safe way where errors in the plan might be found. Besides, they are useful to
understand in a simple way the di�culty of developing a new communication network.

Besides, high mobility environments require to pay special attention to the problem of
handover. As vehicles move fast, the time that the vehicle is connected to the same cell is
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short, as in Fig. 2.3 in Chapter 2. If this time is too small, it is possible that the process
of handover takes longer time than the vehicle stays in the cell and, as a consequence,
when the process is �nished the vehicle could be already in following cells. If this happens,
the vehicle can completely lose the connection for several seconds. An emulator, as the
one presented in this work, is very helpful in this matter since this situation can be easily
tested with reliable results without having to reproduce this complex and costly tests in
the real scenario.

The system emulator presented below is specially designed for high mobility
environments, such as the one shown in Fig. 4.1, where there are �xed transmitters
for vehicle-to-infrastructure communications (V2I) and vehicle-to-vehicle communications
(V2V). This scenario is singular given the characteristics of the radio channel, which
produces on the transmitted signals very high attenuation and fading.

Figure 4.1: Schema of communication in high mobility environments

Fig. 4.2 shows the general system set-up for this speci�c downlink channel emulation.
The channel emulator is fed by SISO or MIMO signals from the communication tester.
It adds realistic radio channel properties to the downlink signal.

As we mentioned in previous sections, the channel conditions depend on too many
things, that directly a�ect to the coverage. In this emulator, the problem is reduced to
the impact of the vehicle's speed and the type of environment. The second one is referred
to: �rst, the LoS or NLoS conditions and the type of area, this is urban, suburban,
uninhabited areas, tunnels, stations, etcetera.

In narrowband propagation, these aspects impact in di�erent ways over the fading
produced in the signal propagating in a radio channel.
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Figure 4.2: Full propagation emulator system diagram

4.1 Requirements

Before explaining the implementation the system, we need to de�ne the requirements of
this particular propagation emulator for intelligent transportation systems for this �rst
prototype.

This emulator needs to reproduce a radio environment for a narrowband signal. In
practical terms, this propagation emulator must represent the instant attenuation that the
channel produces over the signal. This attenuation depends on, as explained in Chapter
3, the path loss, the large-scale fading and the small-scale fading.

Besides, as this emulator focuses on high mobility for vehicular environments, the
situations that it needs to reproduce have to do with the path that the vehicle performs
along a route. For that reason, the starting point must be a prede�ned route travelled by
the vehicle. The de�nition of "route" in this case is the location with its coordinates and
the speed at several points of the path.

Hence, the �rst thing we need to know is the route, which is �xed during all the
analysis. This is reasonable since the whole purpose is to analyse the coverage along one
speci�c route.

One important point in this regard is that one of the goals is to represent the instant
attenuation at a constant period of time, to do that we need to have enough information
of the route. However, it is key to be able to assess any route (with its coordinates
and speed) regardless of the number of points, as long as, it characterizes accurately the
travelled path.

Another factor is the ability to handle di�erent kind of environments along the same
route. This means that, for example, the route can be composed by an urban, after a rural
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and then a suburban environment in the same route �le. In addition to that, di�erent
channel models can be used for the same route since each of them o�er di�erent results
which can be useful for comparing and having a wider vision of the situation that can
appear.

All these requirements are summarized in TABLE 4.1.

Table 4.1: Requirements parameters

Description

Narrowband emulator So called fading emulator

Sample period Constant time space between every attenuation

lower than 50 ms

Route Obtain from GPS or any digital map

No separation constrains

Speed Variable or constant option

along the route. No limit

Attenuation range depending on the HW

Environment Multi environment within route

Rural, suburban, urban, tunnel

Multi propagation models Include several stochastic channel models

However, some considerations must be taken into account in order to successfully
implement the software. They are related to the route, speed and environment. As it
was mention before, the propagation conditions depend on the distance, the speed, the
type of environment and the LoS conditions. For that reason, to compare the power
received from all the BS, it is necessary to check the channel conditions considering all
the aspects. Besides, the software must be running in synchronously at a PC and at the
hardware. This means that a constant period of time all the calculations must be done
and be referred to a particular kilometre point.

Firstly, one important requirement is to avoid constraints regarding the route �le.
This means that even if a route has only two points, the execution time must last the
time that the vehicle takes to travel that distance at a certain speed. For example, if
the distance between those points is 1 km and the speed measured at the beginning is
20 km/h and at the end is 100 km/h, the emulation must take 35 seconds and it must
send an attenuation value every selected period of time.

However, there are usually more than two points due to real routes do not follow
a perfect straight line. As a result, it is key to analyse the travelled distance in every
segment and connect this information to the instant speed. This way, it is possible to
create a time line and interpolate both position and speed data to create enough info to
be able to send every period of time a new attenuation and phase sample.

Secondly, as it was mention before, to emulate accurately to have about ten samples
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every wavelength to obtain a realistic fading as they are �uctuations comparable to one
wavelength. Besides, the speed not only a�ects to time line, but also to the Doppler e�ect
whose results in di�erent fast fading according to that.

Thirdly, this fast fading depends also on the kind of environment and the conditions.
This emulator o�ers the possibility of selecting by channel model or by the environment (in
this last case 3GPP Release 14 model is selected) and to select di�erent environments along
the same route. An important remark in this point is that this environment dependence
will be more accurate when the emulator is validated with real and controlled routes.

Lastly, as the distance between the receiver and all BS is di�erent all the points, the
path loss model should be analysed particularly for all the BS.

In future versions, more features will be added, as the bidirectional communications,
multiple receptors, etcetera, whose are explained in Section 5.2. Nevertheless, these
implementations are extras that require the core operation that the presented prototype
is able to perform already.

4.2 Software development

This software has been developed in Matlab using the Graphical Interface tool called App
Designer. It consists of gathering the information about a route's coordinates and speed,
and the environment to calculate and replay the attenuation along that route.

4.2.1 Implementation

The �owchart of this software is represented in Fig. 4.4. There are two screens the set-up
parameter screen and the emulation screen, as Fig. 4.3 shows. The �rst one recaps of the
needed information about the speci�c scenario and the second represents emulation itself.

First of all, the route and base station data is provided by the user. This information
is adapted to the system emulator according to the maximum sample rate able to process.
This is a great feature of the software since, for faster equipment the user could adapt the
route easily, retrieving as many samples as the system is able to process.

Then, the user selects the di�erent environments that want to emulate within the
same route and con�gure their propagation parameters. In this sense, another interesting
feature is the "environment dependence" mode that allows the user not being an expert
in propagation, as the narrowband propagation parameters are automatically selected
according to the environment and frequency. In this sense, with future measurements in
real environments, the feature will be further improved.

After that, the user is ready to run the emulation, so the second screen appears. Here,
the �rst step is to calculate the path loss according to the model in each point (distance
from all the base station at the same time with its transmitted power and heights), and
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(a) Emulator screen

(b) Set-up parameter screen

Figure 4.3: Software emulator screens
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right after, the �ltering through the channel according to speed, environment, etcetera,
once again for each of the base stations.

Once all the calculations are �nished, the next step is to run the emulator which in
every sample period will evaluate whether there is a new sample to process or not. In the
�rst case, the corresponding samples will be sent to the HW if it is connected, then the
graphic user interface will be updated, also if it is connected.

Figure 4.4: Algorithm �owchart

To implement the SW we have used the timer class, Matlab tools Fading Channels
from Communications System Toolbox, and the channel models presented in Section 3.
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Timer

The timer object [74] is used to schedule the execution of Matlab commands multiple
times. The developer de�nes the time between executions and how to handle queuing
con�icts, as well as the functions which will execute commands.

This function execute a code pre-de�ned by the software developer during some event.
The timer object supports functions when a timer starts, called StartFcn; executes
(TimerFcn); stops (StopFcn); or encounters an error (ErrorFcn).

To con�gure this timer object, we need to set the following parameters:

• 'BusyMode'. It indicates an action taken when a timer has to execute a TimerFcn
before the completion of previous execution of the TimerFcn. This following point
summarizes the busy modes.

� 'drop'. It drops task, having the possibility of skipping the next TimerFcn
calls.

� 'error'. First, it completes the task; then, it throws error speci�ed by ErrorFcn;
�nally, the timer stops after completing task in execution queue.

� 'queue'. It waits for queue to clear, and then enters the task in queue. Adjusts
Period property (explained in the following) to manage tasks in execution
queue.

• 'ExecutionMode': de�nes how the timer object schedules timer events. This table
summarizes the execution modes.

� 'singleShot'. In this mode, the timer callback function is only executed once.
Therefore, the Period property has no e�ect.

� '�xedRate'. It starts immediately after the timer callback function is added to
the queue.

� '�xedDelay'. It starts when the timer function callback restarts execution after
a time lag due to delays in the queue.

� '�xedSpacing'. It starts when the timer callback function �nishes executing.

• 'TasksToExecute' indicates the number of times the timer object is to execute the
TimerFcn.

• 'Period speci�es the delay between executions of TimerFcn. It must be greater than
1 ms, which presents a serious limitation.

Fading

To implement the fading channel, the software makes use of the fading channels objects
contained in the Communications System Toolbox [75]. This object �lters an input signal
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through a Rician multipath fading channel (the theory is in Section 3.4.2). The parameters
to set-up in this implementation are the following:

• Rician K-factor speci�es the K-factor of a Rician fading channel as a double-
precision, real, positive scalar or non-negative, non-zero row vector (for several path
delays, not used in the narrowband implementation). If K-factor is a scalar, as this
case is, then the �rst discrete path is a Rician fading process with a Rician K-factor.

• Maximum Doppler shift (hertz), fd, speci�es the maximum Doppler shift for all
channel paths in hertz as a double-precision, real, nonnegative scalar. Additionally,
the Doppler spectrum shape can be chosen.

fd = fc
c± vr
c∓ vt

(4.1)

where fc is the emitted frequency; c is the speed of light; vr is the speed of the
receiver; vt is the speed of the transmitter;

As in this implementation, the transmitter is the �xed base stations, vt is equal to
0, but for bidirectional o V2V communications, all these elements must be taken
into account.

4.2.2 Set-up parameters screen

In the set-up parameters screen, the user should load BS information, as Fig. 4.5 and the
route with the format indicated in Fig. 4.6 shows which corresponds to the transmitters
and receiver respectively. The speed could be constant in situations where the user does
not have the speed information or for speci�c tests. Likewise, the carrier frequency and
the environment characterises must be provided. Additionally, some coverage thresholds
can be set to easily understand whether the network ful�ls the coverage requirements or
not.

In relation to the environment, several environments can be set for a single route. The
parameters to select are the kilometre points where this sub-environment �nishes, the
propagation model and the Rician and shadowing fading factors.

• Transmitter - Base Station
Load a �le in .csv format with the following �elds: Name BS; Latitude; Longitude;
Antenna Height; Transmission power; Antenna Gain; Fig. 4.5 shows an example.
For future versions, the extra �elds are added such as Antenna beam Orientation
and Sensibility.

• Receiver - Vehicle
Load �le in .csv format with the following �elds: Time; Latitude; Longitude;
Altitude (m); Speed (km/h); Number of Satellites; Fig. 4.6 shows a �le example.
(The number of satellites �eld can be neglected.)
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Figure 4.5: Base station �le example

Figure 4.6: Route �le example

• Propagation parameters

In this �rst version, the propagation parameters depend exclusively on the carrier
frequency. For future implementations of wideband channel emulator, other
parameters such as bandwidth or symbol period will be included.

• Environment

First, select the number of environments (at least 1). Choose the �nal kilimeter
point of the segment, the propagation model with its particular environment, the
Rician factor and the shadowing factor, both in dB.

4.2.3 Emulation screen

In the second one, the instantaneous attenuation is calculated for in each point
asynchronously. Then, every period of time the calculated received power is represented
in the graphical interface and the instantaneous attenuation is sent to the correspondence
programmable attenuator.

The parameters that can be controlled from this screen are the connection or
disconnection of the hardware and the value of the �xed attenuator ("Fixed att."
numerical �eld) that can be added to operate within the dynamic range of the
programmable attenuator.

The rest is mainly informative. On the left, users can see the status of the emulation,
the emulated time and the current speed. In addition, they have several tabs to visualize
the downlink current information; in the future, also uplink data; the main set-up
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parameters and the coverage thresholds. Lastly, they can run, stop or save the results of
the emulation.

On the right, users have the graphical information. On the top, the route and the
relative position of the base stations can be visualized. Besides, when the emulation is
running, a line between the connected BS and the current position of the vehicle is shown,
adding colourful information about the coverage according to the con�gured thresholds.
On the bottom, the calculated received power from the current three more powerful BS
is represented along the distance travelled by the vehicle.

4.2.4 Aside functionalities

Other functionalities not shown in this screens are the following

• Calibration. When the hardware is on. Before, starting the emulation, the devices
are set to 0 dB attenuation to be able to control the losses of the other elements
involved in the communication.

• Activation or deactivation of both the hardware and graphics interface. The
objective is to get the most �exible system and depending on the situations the
use is adapted to the needs of the �nal user.

• Con�gurable IP address. As it is going to be detailed in the following section, the
hardware is controlled using an HTTP connection. Although a default IP from a
private network is set, it is possible to modify for using it in di�erent places and, as
a result, �ex, even more, the use of the system to make most of every situation is
possible to select the features that the user need to use.

• Out-range indicators. The hardware has a dynamic range that can coincide or
not with the attenuation the channel emulates. For that reason, aside from "�xed
att." �eld, there is an indicator in red of the attenuation that is being sent to the
programmable attenuator, in order to always being aware if the emulation is being
done correctly.

4.3 Hardware development

In this section, a presentation of the hardware design is explained.

4.3.1 Proposed �nal solution

The device presented below is specially designed for high-mobility scenarios, such as
that shown in Fig. 4.7, where there are �xed transmitters for vehicle-to-infrastructure
communications (V2I) and inter-vehicle communications (V2V). This kind of scenarios is
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singular given the characteristics of the radio channel, which produces on the transmitted
signals attenuation and fading.

The presented device [76] is able to instantly attenuate, add fading and o�set to
the transmitter radio signals according to the instantaneous conditions of the channel.
This propagation emulator is composed of a matrix of sections according to the input
transmitters (M) and branches according to the number of antennas of each transmitter
(N):

• M separators of N ports

• MxN electronically controlled variable attenuators

• MxN phase shifters

• M N-port combiners

• A M ports combiner

This hardware would have at least three base stations to emulate the situations of
handover and evaluate if the design �ts the objectives of the development of a network.

Figure 4.7: Hardware propagation emulator schema

The proposed emulator system has M input ports (to which it will be connected
directly - without antennas - the transmitter equipment to be tested) connected to what
we will call the section. Each of these sections consists of a power divider of N ports, N
attenuators, N phase shifters, an N-port combiner.
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Each of these separators will divide the input signal into N branches. Each of these
branches is composed, �rst, of an attenuator and then of a phase shifter. This system of
branches will converge through a N-port combiner.

Finally, all these sections will converge through an M-ports combiner and their output
will be connected to the test receiver-again without antennas.

This system could be replicated as many times as antennas the receiver could have.

With regard to the attenuators, each one of them is controlled electronically according
to the virtual distance to which each of the transmitters and receiver would be and to the
fades produced by the channel thanks to the software presented in Section 4.2. This last
aspect depends on the type of simulation environment and the speeds of the transmitter
and receiver. Its behaviour is modelled with statistical functions that reproduce the
propagation of the communication signal between the transmitter and the receiver. This
is why it is necessary to have as many branches as antennas of the transmitter they want
to simulate.

This device is innovative since it has the ability to add path loss attenuation and fading
to the signal so important in communications in high-speed environments. Therefore,
thanks to this novel feature, we would be able to more accurately characterize the
propagation e�ects.

Also, given that there are as many branches as antennas each transmitter could have,
this emulator would also have the ability to simulate a MISO environment, which could be
extended to MIMO [77] if the entire system were replicated to simulate di�erent receiving
antennas.

4.3.2 Proposed prototype

In this �rst prototype, the hardware implementation is limited to one programmable
attenuator shown in Fig. C.1. Its characteristics are enumerated in TABLE C.1.
Although at the moment, this system does not allow us to check the handover issues,
this implementation is enough to test if there is lack of coverage along any kilometre
point in a route.

Fig. 4.8 shows the entire emulator system implemented in this master thesis. As we
can observe, it is composed of the elements mentioned previously together with a signal
generator and a signal analyser.

The transmitter is a Rohde & Schwarz SMX Signal Generator (Annex C.2), which
transmits a signal with 1 GHz. This signal goes directly to the programmable attenuator
(model RCDAT-6000-90), which is controlled by a PC through an Ethernet connection
and connected to the receiver side. This PC also controls the graphic interface that shows
always the progress of the emulation.

The receiver side is composed by a signal analyser model MS2830A from the vendor
Anritsu (Annex C.3), which is connected through another Ethernet connection to another
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Figure 4.8: Equipment for validating the propagation emulator system

PC that records and save the samples.

During this tests, the graphics are disabled to be able to measure a sample every
20 ms, which is the lowest time that takes to retrieve a new sample.

Although the programmable attenuation provides a faster response through a USB
connection, for the implementation of this prototype Ethernet connection has been chosen
to take advantages of the �exibility and interoperable characteristics that it provides since,
in any case, Matlab does not allow to implement as faster execution as USB connection
is able to provide.

4.4 Validation

In this section, the validation of several aspects of the emulator is checked in order to
improve the performance and the reliability of the entire system. To address this goal,
the problem is separated into the accuracy in time and in instantaneous attenuation.

4.4.1 Emulation time

One important di�culty in implementing the software was to adjust the sample period to
be able to run all the function within the lowest time possible, making the performance
the most e�cient as possible. In this sense, there has been an issue to take into account.
The software is running over a Windows operating system, which is not intended to run
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applications in real time. The same happens with Matlab, especially the set of tools App
Designer.

Besides, according to the virtual speed of the vehicle and the carrier frequency, we
may be not able to catch the fast-fading since if the sample period is too large, the space
travelled by the vehicle can be much larger than one tenth of the wavelength. However,
in this situation, the Doppler e�ect is more important. For this reason, the shorter the
period of time becomes, the more faithful the emulation is.

However, the execution time varies every single execution period. If it is too long the
next sample will be dropped, as it was explained in Section 4.2.1, and if it is too short,
the next execution will start sooner than needed.

Another aspect is the time needed to plot a new sample. In this sense, to make it
closely equal, the graph is updated every sample period instead of being plotted from
scratch. However, this is not enough for having a homogeneous execution time.

One last thing to take into account is that the samples that characterizes the route
(location and speed) depend directly on the period of time. In other words, the route is
processed to obtain one sample at the particular point and speed that the vehicle would
be in every instant of time. Hence, if the real sample period varies too much from the set
sample period, the attenuation samples will not represent the real coverage.

To address this major problem, the period of time has been adjusted by measuring
the execution time varying the sample period.

During the process of developing the following approaches has been implemented:

• Calculating the instantaneous attenuation and power at the beginning of the
execution. The drawback is that the user cannot modify the speed or even the
environment on the go, but there is an improvement the performance 10 ms
with �xed speed and uni-environment and 40 ms with variable speed and multi-
environment. This number increases as there are more BS.

• Plotting only the three more powerful BS instead of all of them, which provides
with a more clear information. Its possible to follow which is which with the colour
map of each BS.

• Sending samples to the attenuator every period of time but plotting every 5 samples
if the sample period is lower than 20 ms. This makes the impression of live
transmission from the user point of view. This improves the execution time and
reduces the dropped samples because the queue is relieved during the not-plotting
time. As a drawback, the time accuracy is very reduced since the execution time
peak is much greater during the plotting time in comparison to the not-plotting
time.
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Ethernet connection to the programmable attenuator

In order to analyse the delay caused by the Ethernet connection, some tests have been
performed. One thousand ping tests from the PC to the attenuator are performed in a
local and a public network.

The �rst approach was to connect the attenuator of a public IP address o�ered by
the university. The advantage of this is that we could perform tests from everywhere
without having the hardware equipment next to the PC. However, this presents a problem.
The delay end to end varies according to the location from where the user is and the
programmable attenuator. For example, in the best case scenario, the user and the
hardware are both at the university. As Fig. 4.9 (a) shows, the delay time is 5 ms.

Public network

Local network

Figure 4.9: Ping tests from the PC to attenuator

The second approach was to connect the programmable attenuator to a local network.
The results are shown in Fig. 4.9 (b). Although just one test is shown in this picture,
the test has been performed ten times. In all the cases, the result is an average delay of
3 ms. This value is reasonable since the needed time to plot is close to ten times greater
than this, as it will be described in Subsection 4.4.1.

Nevertheless, the HTTP protocol is more time-consuming. Hence, the time needed
to ful�l a full HTTP connection has been tested, as shown in Fig. 4.10. The resulted
time delay is 14.9 ms of average delay with a standard deviation of 11.7 ms, which is a
signi�cant result.

Timer function

In order to analyse the time it takes to perform a single sample period along with the
progress of an emulation, some tests have been performed. Fig. 4.11 shows the results
and TABLE 4.2 enumerates the most signi�cant parameters.

Fig. 4.11(a) shows the value execution time when both hardware and graphical
interface are connected. The average value is 100.1 ms, much greater than the needed
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Figure 4.10: HTTP tests from the PC to attenuator in a local network

Table 4.2: Delays statistics comparison in seconds

Mean Standard deviation Maximum

Hardware and graphics (s) 0.0752 0.1066 0.4963

Only hardware (s) 0.0300 0.0071 0.2158

Only graphics (s) 0.0868 0.1001 0.6843

time to successfully �nish the HTTP connection, which is 7.1 ms (4.11(b)). This high
delay is caused by the graphical interface (4.11(c)), which takes 86.6 ms to update the
graphs.

Besides, Fig. 4.11 also shows that the standard deviation is signi�cantly greater when
this interface is enable given the alternation between plotting and no plotting, as it was
advanced in the previous section.

4.4.2 Physical instantaneous attenuation

In this section, a validation of the propagation emulator system is done in order to assess
the accuracy in instantaneous attenuation that it o�ers. For that purpose, using the
equipment is presented in Subsection 4.3.2, some tests have been done, so the collected
results are exposed according to di�erent prede�ned routes.

This evaluation consists of testing the well-functioning of the propagation emulator
in terms of accuracy in instantaneous received power, Rician distribution fading,
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(a) Hardware and graphic interface connected

(b) Only hardware - no GUI (c) Only graphic user interface - no HW

Figure 4.11: Execution time of the timer function

electronically �xed attenuation, and multi-environment emulation in di�erent routes
(ideal, railway and road route) using di�erent propagation models.

Calibration

Before starting the emulation, a calibration of the system is done. The losses of the cables
have been taken into account when the emulator �lters the incoming signal 0 dB. The
resulted attenuation curve is shown in Fig. 4.12.

It shows the actual attenuation measured by the signal analyser in comparison with
the programmed value. The result shows a small inaccuracy of 1.5 dB when the attenuator
is close to 90 dB attenuation, which can be produced by the noise �oor of the equipment.
Although it is not substantial, it is possible to avoid it by adding more �xed attenuation
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Figure 4.12: Calibration of the system emulator

at the input port of the programmable attenuator.

This test might seem trivial, but it allows us to check if the system is properly
con�gured. Besides, for future implementations, this process would be more important
given the added complexity of the system.

Tests description

In this section, a presentation of the selected routes is shown in order to understand the
objective of the validation.

The analysis consists of emulating three routes. Route 1 (Fig. 4.13) is a simple
straight line with a base station at the �rst point of the route. This is fanciful but useful
to understand in the most simple manner the behaviour of the entire system. The second
and the third routes are real routes obtained from the GPS information, which means
that there is an independent number of points from the emulation and the speed will vary
in every sample. The di�erence between Route 2 (Fig. 4.16) and Route 3 (Fig. 4.18),
apart from the route itself, is that the data (latitude, longitude, altitude and speed) are
collected in a railway route and a road route respectively. Their main parameters are
described in TABLE 4.3. An important remark is that all the BS transmit the same
power because the system only has one signal generator. This does not mean that the
software does not allow di�erent transmitted power from the BS.
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Table 4.3: Routes description for validation of the propagation system emulator

Route 1 Route 2 Route 3

Length 50 km 5.9 km 6.8 km

Speed type constant variable variable

Mean speed 300 km 62 km 6.8 km

Number of BS 1 5 6

Transmitted power 0 dBm 0 dBm 0 dBm

Receiver height 5 m 5 m 5 m

Figure 4.13: Route 1 - ideal route emulation

Route 1- ideal route

Fig. 4.14 shows the results for Route 1 test. There are two main objectives in this �rst
test: to see how similar is the programmed value and the signal received by the signal
analyser generally, and more particularly the programmed Rician fading to the measured
one. This second goal is exposed in Fig. 4.15.

As we can deduce from Fig. 4.14, the test consist of implementing two experiments:
one without any small or large-scale fading (this is just the path loss model), and another
with a Rician fading with k = 3 dB (no shadowing).

Some remarks: it is important to note that, as the attenuation goes up to 90 dB
attenuation, with the "Fix att." utility from the software, we can electronically add the
need extra attenuation and, during the signal processing, correct this factor; this test
focus its attention on the ideal case, so the model used is the free space path loss.

In both cases, (a) and (b) compared to (c) and (d) respectively, we can observe that
the similarity between the emulator and the measures are closely the same. There are
small inaccuracies as the programmable attenuator jumps from one attenuation to the
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(a) Received power (b) Histogram

(No-fading)

(c) Received power (d) Histogram

(Rician fading with k = 3 dB)

Figure 4.14: Route 1 validation - Free Space model
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Figure 4.15: Analysis of the accuracy of the k-factor, when k is 3 dB

following in steps of 0.25 dB. This especially becomes more visible at higher attenuation
values, which, as it was explained, the noise �oor a�ects more substantially.

In relation to the accuracy in applying a fading channel, Fig. 4.15 show a �t with a
Rician probability density function with k = 3 dB given the same standard deviation. As
we can observe, the theoretical curve �ts with the measured curve. The small inaccuracies
are due to the fact that the samples are not large enough for having the perfect �t.

Route 2 - railway route

Fig. 4.17 presents a similar analysis for Route 2 (Fig. 4.16), in this case, using a
real railway route from Vallecas Cercanías Station to Entrevías Cercanías Station. The
narrowband model used in this test is METIS II scenario D2. Fig. 4.17 (a) and (b) show
the results for the model just with the large-scale factor from the model, χ equal to 4 dB,
without any Rician fading added. For Fig. 4.17 (c) and (d), the experiment is the same
but with small-scale fading that follows a Rician Distribution with k equal to 3 dB.

This route at this frequency with their respective antenna heights plots a route passing
by the breakpoint, (dBP is equal to 1.2 km) presented in the model, which can provide us
a wider view of the process.

The results show that the small-scale fading truly impacts on the signal travelling along
a high-speed propagation channel. Although from (a), we can follow the attenuation
produced just by the distance, the faded version (c) shows really fast changes on the
signal in a very short period of time. Besides, comparing (b) with (d), if we set the
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Figure 4.16: Route 2 - railway route emulation

minimum threshold in -100 dBm from the mean received power, -90 dBm, when there
is strong fading, there are a substantial greater percentage of samples out of range (the
ones lower than -10 dB according to both graphs). This is an important fact to take into
consideration.

Route 3 - road route

Fig. 4.19 shows another test using the propagation model 3GPP Release 14 for Rural
environments, evaluated in Route 3 (Fig. 4.18). In this case, the route shows the segment
along the M-40 highway from exit 16 to exit 9B. Fig. 4.17 (a) and (b) show the results
for the path loss model just with the large-scale factor from the model, χ equal to 4 dB
before the breaking point and 6 dB after it, without any Rician fading added. For Fig.
4.17 (c) and (d), the experiment is the same but with small-scale fading that follows a
Rician Distribution with k equal to 3 dB, in this case, not setting any electronically �xed
attenuation. As in the railway route, the breaking point is passed by at dBP equal to
1.8 km.

Finally, a multi-environment test is performed to study the resulted emulation when
there is more than one kind of propagation environment. This test is designed as TABLE
4.4 shows. The goal is to emulate very a very hard propagation environment (env. 1), an
almost no-fading one (env. 2) and something in between (env. 3).

The results are shown in Fig. 4.19 (e) and (f). In the graph on the top, we can
observe several areas of lack of coverage, which if we compare it to the coverage shown in
Fig. 4.18, it is much more problematic this same design for the exact same route and BS
con�gurations.
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(a) Received power (b) Histogram

(Shadowing χ = 4 dB)

(c) Received power (d) Histogram

(Shadowing χ = 4 dB and Rician fading - k = 3 dB)

Figure 4.17: Route 2 validation - METIS II D2 model

These results show the great e�ect of the Rician fading as well, Besides, we can observe
that the measurements are still similar to the programmed values when we set the �xed
attenuation value.

However, as Fig. 4.19(c) and (d) present, when the attenuation value goes out of
range, the emulation is no longer reliable. In fact, Fig. 4.18 shows in the graph on the top
that there are some areas with lack of coverage, where the signal drops under -100 dBm
(red zones). In the histogram (b), we can observe that there are several points under
-10 dB from the mean value, -85 dBm. These values appear when the �xed attenuation
is enabled with a correct; however, we are not able to distinguish those points and the
emulation is not accurate when we do not use this functionality.
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3GPP RMA rural environment

Multi-environment

Figure 4.18: Route 3 - road route emulation
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(a) Received power (b) Histogram

(Shadowing χ = 4 dB)

(c) Received power (d) Histogram

(Shadowing χ = 4 dB and Rician fading - k = 3 dB - no "�xed att.")

(e) Received power (f) Histogram

Multi-environment according to TABLE 4.4

Figure 4.19: Route 3 validation - 3GPP RMA model
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Table 4.4: Multi-environment test description

Env. 1 Env. 2 Env. 3

Path loss model Winner II Free Space 3GPP Rel. 14

Environment type A1 RMA

Urban Rural Rural

K-factor 3 dB 20 dB 8 dB

Shadowing factor 4 dB 10 dB 4-6 dB

Kilometre point 0 km 1.5 km 3 km

4.5 Summary

In this chapter, the emulator propagation system developed during the master thesis has
been detailed, explaining the design, development and validation of it.

The system is able to emulate the instantaneous faded attenuation produced by a
channel when a vehicle is travelling along a prede�ned route. This route can contain
several propagation environments and the vehicle can adapt its speed as the journey
requires without a�ecting to the emulation accuracy.

It has been shown that there have been some di�culties in the development of the
software in terms of time precision. For that reason, future implementations can be further
improved by using a real-time operating system based on Embedded Linux.

Nevertheless, the core of the application is completely developed since the requirements
are ful�lled and both software and hardware open the possibility of adding new features
and devices to the entire system.
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5
Conclusion and future work

In this chapter, the main conclusion is summarized, and the related issues for future
work are discussed as well. In this master thesis, as principal result a propagation
emulator system has been implemented ad hoc for intelligent transportation systems.
Corresponding studies on the channel narrowband characterization and modelling have
been investigated and measurements have been conducted for a complex environment
such as tunnels at mmWaves.

5.1 Conclusion

Firstly, a review of the potential technologies has been done in the railway and automobile
industry. As we could observe, 5G is a great candidate together with 802.11 standards.
Besides, new frequency bands are marvellous aspirants to solve the spectrum crisis for
speci�c applications and services.

Secondly, to assess the performance in terms of channel characterization, an extensive
study of several well-known channel models has been made and compared between them
in order to better understand the features of each of them. This comparison allows us to
comprehend the characteristics of each of them and choose better the model according to
the environment.

Regarding the mmWave model for tunnels developed under the framework of this work,
a narrowband study has been performed for mmW band propagation in subway tunnels
on metropolitan railways.

The narrowband analysis takes into account several approaches: measurements,
simulations and a modal propagation model. By combining these techniques, an accurate
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path loss model is obtained. It is clear that there is a considerable lower loss exponent
in comparison to the Free Space path loss model since the measurements show a loss
exponent of 1.3 in the tunnel. Regarding the simulations, although some limitations have
been found when the maximum re�ections of each are not enough, this inaccuracy is
gradually reduced in accordance to the distance due to the modes are becoming weaker
and, as a result, fewer rays are necessary to represent more precisely the path loss.

An important remark in this regard is that there is an absence of published
measurement on propagation at 24 GHz frequencies in real subway tunnels, and this study,
published in [7], validates the feasibility of using mmWave bands for communications in
metropolitan railway tunnels.

In relation to the propagation emulator system, the development has been successfully
done. The core operation works as expected. It ful�ls all the requirements imposed and
provides accurate instantaneous attenuation at any point regardless of the route topology.
It has been proven that this software is able to control a radio-frequency hardware and
adapts its sample rate to it, as the approach is an asynchronous calculation of every point.

An interesting improvement would be to implement the software in a Linux embedded
real-time operating system as an interface between the hardware and the software to be
able to achieve shorter sample periods.

To conclude, this prototype opens the opportunity of creating a professional equipment
that could be used in real scenarios for plan-plan and assess the well-deployment of a new
or existing infrastructure for intelligent transportation systems.

5.2 Future work

As it was explained before, the presented emulator in this work is the �rst prototype of
a greater project. For that reason, in the following, the next features to be implemented
are enumerated:

• Bidirectional communications. This is referred to the implementation of the uplink
as well and the evaluation of both links in overall. This provides a more realistic
con�guration since this kind of communications require both links availability not
only downlink.
• Multiple receptors. In a real situation, there is more than one vehicle travelling
along the road or rail.

� Multiples vehicles connected to the infrastructure.

� Communications vehicle to vehicle

• Embedded real-time operative system with C language. As Section 4.4.1 exposed,
the accuracy in time is poor using Matlab over Windows. Firstly because, the
minimum accuracy is 1 ms for Matlab timer function and windows is not an operative
system for real time applications.
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• Complex hardware. The hardware used in this �rst prototype is useful for testing the
a single channel from SISO communications. However, as it was mention before,
the issue of handover cannot be tested with this con�guration, this is why more
branches need to be implemented in the hardware.
• Validation with real devices. Finally, to assess whether the emulator system
reproduces realistic conditions or not, it is key to measure a real route using a
Smartphone-based RF tool such as Qualipoc Android Handheld and compare it to
the results obtained from the path loss emulator.

5.3 Contributions

In this section, an enumeration of the publications done under the framework of this
master in the topic related to this document is presented in the following. The papers are
shown in Annex E

5.3.1 Journal Publications

• A. Gonzalez-Plaza et al., �Propagation at mmW Band in Metropolitan Railway
Tunnels,� Wireless Communications and Mobile Computing, vol. 2018, Article ID
7350494, 10 pages, 2018

5.3.2 Conference Papers (Peer-Reviewed)

• A. Gonzalez-Plaza et al, "5G communications in high speed and metropolitan
railways," 2017 11th European Conference on Antennas and Propagation (EUCAP),
Paris, 2017, pp. 658-660.

• I. Val et al., "Wireless channel measurements and modeling for TCMS communic-
ations in metro environments," 2017 11th European Conference on Antennas and
Propagation (EUCAP), Paris, 2017, pp. 108-112.

• L. Zhang et al., "Propagation measurements and modelling inside trains at 900 MHz,
2.4 and 5.8GHz," 2017 11th European Conference on Antennas and Propagation
(EUCAP), Paris, 2017, pp. 2895-2898.

• A. Arriola et al., "Characterization of an Outdoor-to-Indoor wireless link in
metro environments at 2.6 GHz," 2017 15th International Conference on ITS
Telecommunications (ITST), Warsaw, 2017, pp. 1-4.
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A
Raylway simulator tool

Raylway radio propagation simulation for tunnels, shown in Fig. A.2, calculates the
radio signal propagation along di�erent tunnel environments. It uses the 3D Ray Tracing
presented in Section 3.6 The software, developed in Matlab, allows the user to design
and set up the tunnel in order to analyse the propagation in a speci�c environment.
Correspondingly, Raylway software brings the received power, the power-delay pro�le
and the angle of arrival.

The convergence of the number of rays for the experiment carried out is shown in A.1

Figure A.1: RT Simulation results for di�erent number of each ray's re�ections

This simulator allows users set up several parameters in order to obtain results
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accordingly to the tunnel under study.

Figure A.2: Simulator user interface with set-up parameters

• Tunnel: de�nition of the di�erent cross-section types plus their shape and the
longitudinal section and wall material properties.

It can be designed by de�ning the number of di�erent segments it has. Then, the
shape of all these segments must be de�ned. Firstly, the cross section: rectangular,
TBM or custom where, in the last case, a �le with a description of this section can
be imported to the SW; after the longitudinal section which can be straight, curve
or clothoid. Moreover, the characteristics of the wall material can be described.

• Transmitter: initial �xed position, frequency and transmitted power.

The initial position relative to the tunnel is set. Besides, the transmitted power, the
carrier frequency and the antenna are also con�gured. Particularly, the radiation
pattern of any speci�c antenna can be imported with its polarization.

• Receiver: initial position, frequency and distance travelled.

As in the case of the transmitter, the initial position and the antenna settings are
part of the con�guration. In addition, the travelled distance along the tunnel is
described, as well the position
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• Antennas: radiation pattern of each antenna, polarization and relative position
between them.

• Simulation settings: number of simulation points, maximum number of each ray
re�ections and possibility of enabling di�raction.

Once the whole scenario is con�gured, the simulation parameters can be selected
according to the accuracy and the computation time the simulation can take. That
is why the number of points along the tunnel, the maximum number of re�ections,
the di�raction and the number of facets can be selected.

A simulation environment is shown in Fig. A.3

(a) Simulation scenario

(b) Power delay pro�le

(c) Angle of arrival

Figure A.3: Ping tests from the PC to attenuator
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B
Antenna

This antenna is a horn type from Vector Telecom with model number VT260SGAH15
[78] which covers the frequency range from 21.7 GHz to 33 GHz. Its radiation pattern
provided at 23.96 GHz is shown in Fig B.1. The gain is a 15.2 dBi and the half power
beamwidth is 28.3◦ in E-plane and 27.9◦ in H-Plane.

Figure B.1: Horn antenna radiation pattern
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Standard Gain Horn Antenna 

Part No: VT260SGAH15+2.92K 
1.0 Mechanical Specifications 
1.1 Waveguide type WR34 
1.2 Connector type 2.92mm Female  
1.3 Material Copper 
1.4 Inside finish Silver plating 
1.5 Outside finish Anticorrosion grey paint 

2.0 Electrical Specifications 
2.1 Frequency Range 21.7-33 GHz 
2.2 VSWR (Max) 1.50 
2.3 Gain (Avg) 15 dB  

3.0 Outline Drawings 

Figure B.2: Horn antenna data sheet [78]
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C
Emulator equipment

C.1 Programmable attenuator

Table C.1: Programmable attenuator speci�cations

Device model Mini-Circuits RCDAT-6000-90

Frequency range 1 to 6000 MHz

Dynamic range 0 -90 dB

Maximum input power +20 dBm

Ports 1

Resolution 0.25 dB

Connectivity Ethernet (HTTP and Telnet)

USB

Size 2.5 x 3.0 x 0.85�

Connector SMA
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 Page 2 of 8
Mini-Circuits®

www.minicircuits.com   P.O. Box 350166, Brooklyn, NY 11235-0003  (718) 934-4500  sales@minicircuits.com

Rev. G
M159576
EDR-11054A
RCDAT-6000-90
RAV
170112

Included Accessories
Model No. Description Qty.
USB-AC/DC-5 AC/DC 5V adapter 1
MUSB-CBL-3+ 2.6 ft. USB cable 1

50Ω        0 – 90 dB,  0.25 dB step  1 to 6000 MHz 

Programmable Attenuator RCDAT-6000-90

Features
• USB and Ethernet control (HTTP and Telnet)
• Very good attenuation accuracy, ±0.4 dB typ.
• Short attenuation transition time (650 ns)
• Sweep and Hop attenuation sequences
• Extremely low leakage
• Interchangeable Input/Output ports
• Plug & Play device – no drivers required
• User-friendly Windows® Graphical User Interface
• Supports a wide range of programming environments

(See application note AN-49-001 for details)
• Optional mounting bracket, see page 5

USB / Ethernet

RoHS Compliant
See our web site for RoHS Compliance 
methodologies and qualifications

Mini-Circuits Graphical User Interface for RCDAT-Series Programmable Attenuator  

For programming instructions, see programming guide on Mini-Circuits’ website.

Applications
• Automated Test Equipment (ATE)
• WiMAX, 3G, 4G, LTE, DVB Fading Simulators
• Laboratory Instrumentation
• Production Test
• Handover system Evaluation
• Power level cycling

RCDAT GUI screen (USB control) RCDAT GUI screen (Ethernet control)

Case Style: MS1897

Software Package

Figure C.1: Commercial programmable emulator Mini-Circuits RCDAT-6000-90 US-
B/ETH [79]
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C.2 Signal generator

The transmitter is a Rohde & Schwarz SMX Signal Generator.

Signal Generator SMX

0.1 to 1000 MHz

Cost-effective,

system-compatible

universal signal source

Uses, characteristics

Signal Generator SMX is a cost-effec-

tive, fully system-compatible synthesiz-

er with excellent signal characteristics

and comprehensive basic configura-

tion. It is an economical solution for

universal use in laboratory and pro-

duction. Its spectral purity allows for

instance in-channel and blocking

measurements on AM, FM and SSB re-

ceivers.

Main features

• Overload protection up to 30 W

• Nonvolatile memory for 40 com-

plete instrument setups

• Modulation generator with four

fixed frequencies

• Precise output level from -137 to

+ 13 dBm

• Oven-controlled reference oscilla-

tor for extremely high frequency

accuracy (option SMX-B1)

• AF synthesizer as an internal modu-

lation source; can be used as an AF

signal source for external applica-

tions (option SMX-B 2)

Frequency

The wide frequency range is produced

without a doubler. Underranging is

possible down to a lower limit of

10 kHz,overranging upto 1005 MHz.

Level

The low total level error of less than

+1.5 dB ensures accurate and repro-

ducible sensitivity measurements.

There are no transients upon level

changes. The SMX features non-inter-

rupting level setting over a range of

lOdB.

Spectral purity

Low residual FM, low SSB phase noise

and excellent suppression of nonhar-

monic spurious signals are the out-

standing features of the SMX in this

class of equipment and price range.

Modulation

The modulation capabilities of the

SMX include AM, FM and pulse modu-

lation (separate, combined, internal or

external). For two-tone modulation, the

internal and external sources can be

switched on simultaneously.

Frequency modulation is possible up

to high modulation frequencies and

even with maximum deviation; fre-

quency response is flat. The Low Rate

FM Modification Kit (SCM-U1) en-

sures extremely low sag for digital

modulations thanks to the very small

low-end limit frequency. With simulta-

neous AM and FM, modulation depth

and deviation can be set separately;

different modulation sources can be

selected. AM and FM ensure high ac-

curacy and low distortion.

With pulse modulation full level accu-

racy is preserved. The RF envelope

shows rise/fall times of 2 u.s, the on/

off ratio is 40 dB. The standard modu-

lation generator with four fixed fre-

quencies or the optional AF synthesiz-

er are available as modulation sourc-

es. The AF synthesizer is also used as

an AF signal source for external appli-

cations with an output level of 1 V and

phase-continuous frequency change in

less than 10 ms.

Operation

Carrier frequency, modulation and

output levels with selectable units as

well as supplementary information

can be simultaneously indicated on

the illuminated LCD displays. The step

keys allow each parameter to be var-

ied in any preset step size. Up to 40

complete instrument setups can be

stored in a nonvolatile memory.

The RF level can be switched off while

the 50-ti source impedance remains

effective. By setting a frequency offset,

the converted frequency can be direct-

ly entered and indicated on the SMX

in LO applications.

Figure C.2: Signal generator Rohde & Schwarz SMX [80]
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C.3 Signal analyser

The receiver side is composed by a signal analyser model MS2830A from the vendor
Anritsu, which is connected through another Ethernet connection to another PC that
records and save the samples.

Figure C.3: Signal analyser model MS2830A Anritsu [81]
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D
Create a local network

Follow the instructions below to install the network hardware and connect the network
cables.

• Install and turn on the network hub or other network device (follow the
manufacturer's instructions).

• Connect the devices to the network device. If you use a Ethernet cable, connect it
to the RJ-45 network ports on each device.

• Connect the equipment power cables and turn them on.

Figure D.1: Net example

• Click on Start and then click on Control Panel.
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• In Networks and Internet. Select properties of the interface we want to con�gure as
a local network.

Figure D.2: Net example

• IPv4 address

Figure D.3: Setting the private IP address in the correct interface
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Contributions

In the following the papers mentioned in Section 5.3 are shown.
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The next generation of mobile communications, 5G, will provide a wideband network based on microwave and millimeter-wave
(mmW) communication radio linkswith the goal of fulfilling the strict and severe requirements of the future test cases. In particular,
this paper research is focused on mmW bands in metropolitan railway tunnels. For that purpose, a propagation measurement
campaign was performed at 24GHz band in a passenger train on a realist subway environment, and these results were combined
with simulations ad hoc for tunnels and a theoretical modal propagation model. A narrowband and a wideband study have been
conducted with the aim of obtaining the path loss, fading, power-delay profile, and angle of arrival, taking into consideration
horizontal and vertical polarization in the receiving and transmitting antennas. This validation can be used to design and deploy
wideband mobile communication networks at mmW bands in railway scenarios.

1. Introduction

The anticipated increase in demand for data traffic is one
of the key requirements of the upcoming years in mobile
communication technologies. The fifth generation (5G) aims
to provide considerable broader bandwidths and a network
capable of offering a flexible technology for very different
cases studies [1].

In this context, 5G could be the most disruptive technol-
ogy in railways since it can allow the addition of new services
and applications that make railway amore efficient, safer, and
profitable transportation option [2].

However, there are important challenges to overcome:
The first one is to provide a wideband service for the plenty
of passengers who will demand a large capacity. The second
one is the critical signalling control applications which will
require very high quality of service and moderate data rate to
allow real-time applications such as high definition video for
automatic driving and surveillance [3, 4].

In the case of signalling, current railway mobile com-
munication systems such as GSM-R are not able to provide
such ambitious features [5]. For this reason, LTE-R and

future 5G are being examined as new railway communication
technologies. In the latter, 3GPP new radio (NR) system for
5G proposes a large spectrum solution from bands under
6GHz to 100GHz [6]. Among all, millimeter-wave (mmW)
bands, particularly from 24 to 33GHz, are considered as a
suitable option to establish mobile communication services
in high-speed scenarios.This band has been chosen because it
is an industrial scientific and medical band (ISM), which can
be used for railway communications. In fact, 28 and 37GHz
have been already licensed in the USA and 26GHz band in
China and Europe [7].

The study of electromagnetic field propagation in the
different specific scenarios of the railway environment is a key
prerequisite in order to succeed in the design and installation
of these mobile communication systems. In this sense, mmW
communications in tunnels offer some interesting features
over lower frequency bands for communications in tunnels
[8].

(i) Electromagnetic discharges of catenary pulses, usual
in tunnels, have little influence on millimeter-wave
propagation.
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(ii) Losses produced by reflection and refraction of elec-
tromagnetic waves at mmWs are relatively small.

(iii) Very wide bandwidth is available.
(iv) Latency reduction is achieved.

Nevertheless, an assessment of the propagation channel
is a mandatory requirement to ensure reliable communica-
tion links. For that reason, although there is already some
literature on mmW measurements in tunnels at 30GHz [9],
38GHz [10], 60GHz [11], and 240GHz [12] bands, there are
no measurements in a realistic railway environment.

This paper focused its research on the propagation at
24GHz frequency band in realistic metropolitan railway
tunnels. For that purpose, three methods have been applied.
Firstly, a modal propagation model has been described and
put into practice; then, a ray tracing (RT) simulator developed
specially for propagation in tunnels has been employed; and,
finally, measurements in a passenger train on a realist subway
environment have been performed.

The goal of this study is to present an accurate path
loss model at 24GHz directly applicable to railway com-
munication systems and to show meaningful results for
wideband simulations to assess the possibility of using mmW
for communication systems in metropolitan railway tunnels.

This analysis presents some results regarding the path
loss and the fading, power-delay profile (PDP), and angle of
arrival (AoA) along a tunnel, taking into account horizontal
and vertical polarization in the receiving and transmitting
antennas.

This document is organized as follows: firstly, in Section 2,
a theoretical attenuation modal model and the 3D RT
technique used by the simulator are explained; secondly, Sec-
tion 3 describes Raylway simulation tool and the parameters
configured for this experiment in the real environment and
in the simulator; afterwards, in Section 4, all the results are
enumerated: path loss model and 𝐾 factor in Section 4.1 and
PDP and AoA in Section 4.2; finally, Section 5 presents the
conclusion obtained from all this work.

2. Modeling and Simulation of Guided
Propagation in Tunnels

In the past, themodal theory has beenwidely applied to study
the propagation in tunnels due to it provides suitable results.
However, this method does not take into account the effect
of arbitrary geometries in walls, roughness, discontinuities,
among others. For that reason, nowadays, RT methods are
employed to obtain more accurate propagation models [13].

2.1. Modal Analysis. Modal analysis is a classical technique
for studying propagation channel in tunnels where there
is waveguide effect. It is based on the concept that the
signal attenuation in this kind of scenarios depends on the
electromagneticmodes propagating within the tunnel. As the
cross-section area of the tunnel is quite large in comparison
to the signal wavelength, there are many modes propagating
through this channel. Nevertheless, the modes suffer gradual
extinction as they travel along the environment up to the

breakpoint, 𝑍NF, where the modes are sufficiently attenuated
and it can be considered that only the first mode propagates.

𝑍NF ≈ max(𝑎2𝜆 , 𝑏2𝜆 ) , (1)

where 𝑎 and 𝑏 are the horizontal and vertical dimension of
the tunnel, respectively, and 𝜆 is the signal wavelength.

These two regions are defined as near-field and far-field
regions. On the one hand, the near-field region represents
the zone where the field amplitude suffers strong fading
and fast losses obtained from the contribution of many rays
propagating from different grazing angles with high losses.
On the other hand, the far-field region is where the relation
between the first mode and the rest is high enough to neglect
the effect of the other modes.

As [14] explains in detail, the energy contained in the
transmitted signal propagating through the tunnel is divided
into several modes. Each of them is attenuated following
different decay.The overall path loss can be simplified by con-
sidering that each mode has an independent power from the
others. Therefore, the total received power is approximately
the sum of all modes’ power.This supposition is based on the
fact that modes are closely orthogonal.

Assuming this situation, the loss expression of eachmode
can be approximated for horizontal and vertical polarization,𝛼(𝑚, 𝑛)ℎ,], considering the tunnel as a rectangular waveguide.

𝛼 (𝑚, 𝑛)] = 4.343𝜆2( 𝑚2𝑎3√𝜀𝑟1 − 1 + 𝑛2𝜀𝑟2𝑏3√𝜀𝑟2 − 1) ,
𝛼 (𝑚, 𝑛)ℎ = 4.343𝜆2( 𝑚2𝜀𝑟1𝑎3√𝜀𝑟1 − 1 + 𝑛2𝑏3√𝜀𝑟2 − 1) ,

(2)

where 𝛼(𝑚, 𝑛)],ℎ are the attenuation of each mode in dB/km
in vertical (]) and horizontal (ℎ) polarization for the 𝑚, 𝑛th
mode; 𝜀𝑟1 ,𝑟2 are the relative permittivity of the vertical and
horizontal walls, respectively. This model can be also applied
to arched tunnels by adjusting the cross-section dimensions
[15].

As the equations in (2) show, tunnels dimensions are
directly related to the attenuation that every mode suffers.
Thus, the greater the tunnel cross-section is, the smaller the
attenuation experienced by the modes is. This is because
losses are inversely proportional to the cube of tunnels height
and width.

With this propagation constant, the overall attenuation
for both polarization directions, 𝐿],ℎ𝑚𝑛, at a certain distance,(𝑧), considering losses as the rms contribution of modes for
both polarization directions is the following:

𝐿]𝑚𝑛 (𝑧) = 10 log10 [𝑀∑
𝑛=1

𝑁∑
𝑚=1

10(10log10(𝑧)+𝛼(𝑚,𝑛)])/10] ,
𝐿ℎ𝑚𝑛 (𝑧) = 10 log10 [𝑀∑

𝑛=1

𝑁∑
𝑚=1

10(10log10(𝑧)+𝛼(𝑚,𝑛)ℎ)/10] , (3)

where𝑀 and𝑁 are the last modes taken into account.
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Figure 1: The image method. 𝑅𝑖 with respect to the ground plane.

In addition to this, losses are directly proportional to
the square of the order of the modes, so that higher modes
experience stronger attenuation. In fact, we can consider that,
from a certain distance, all high order modes have been
extinguished and only the fundamentals remain.

However, the modal propagation model does not take
into account tilt losses, which are more important in semicir-
cular tunnels and must be adjusted carefully for each tunnel,
or wall roughness in tunnels, whichmight produce scattering
of the signal. That is why simulations using RT technique are
performed to obtain more accurate results.

2.2. Ray Tracing Technique. This simulator uses the novel
technique of 3D ray tracing which is based on a geometri-
cal optics method to compute the propagation channel of
the modeled environment. It is an accurate and versatile
propagation prediction tool for different kind of scenarios
[16]. It uses a deterministic channel model which requires
an exact knowledge of the geometrical and electromagnetic
description of the environment. For that reason, the accuracy
of RT comes up with a high computational complexity,
which directly scales with the number of propagation paths
considered. Nevertheless, it has great advantages as, on the
one hand, it allows really detailedmodeling, and, on the other
hand, with this technique, it is possible to calculate wideband
information such as PDP or AoA of the rays.

Tunnels are modeled as a triangular solid mesh made
of different materials whose dielectric properties are defined
according to the carrier frequency. As this is a 3D RT,
reflections on the ceiling and ground are taken into account.
This provides more accurate prediction results compared
with conventional 2D models.

Using the images method, reflections are calculated in
order to obtain the propagation paths. This method consists
of basically converting an electric field into an equivalent
one easier to compute. In certain cases, it is possible to
replace a conductor with one or more point loads. Thus,
conductor surfaces are replaced by equipotential surfaces
with equivalent potentials.

As Figure 1 shows, having the location of Tx and Rx, the
reflection point, 𝑅𝑝, coincides with the intersection between
the obstacle and the segment joining the Tx with the image
of the receiver, 𝑅𝑖. Therefore, the ray follows a straight line
from Tx to 𝑅𝑝 and, then, another straight line from 𝑅𝑝 to Rx.
It is possible to extend this method to obtain the paths with

multiple reflections. Finally, the received signal,𝐸𝑟, is the sum
of all the rays that arrived at Rx, as follows:

𝐸𝑟 = ∑𝑖 𝐸𝑖 (𝑑 = 𝑑rx) ,
𝐸𝑖 (𝑑) = 𝐸0𝜌tx𝜌rx𝐿 𝑖 (𝑑) 𝑁∏

𝑝

[Γ (𝜙𝑝𝑖) 𝑇 (𝜙𝑝𝑖)] 𝑒−𝑗2𝜋𝑑/𝜆,
(4)

where 𝐸𝑖(𝑑) is the 𝑖th ray electric field along the distance;𝑑rx is the distance between the transmitter and the receiver;𝐸0 is the amplitude of the electromagnetic field; 𝜌tx and𝜌rx are the radiation pattern of the transmitter and receiver
antenna, respectively; 𝐿 𝑖(𝑑) is the path losses for 𝑖th ray
component at a distance 𝑑; Γ(𝜙𝑗𝑖) and𝑇(𝜙𝑝𝑖) are the reflection
and transmission coefficient of the 𝑝th reflection of the 𝑖th
component, respectively;𝑁 is themaximumreflections taken
into account; and 𝑒−𝑗2𝜋𝑑/𝜆 is the phase factor due to the
travelled distance.

Besides, this simulator calculates the power-delay profile
which is a temporal representation of the pulse widening.
The instantaneous impulse response [17], ℎ(𝑡, 𝜏), is function
of the time, 𝑡, and the propagation delay, 𝜏. The power-delay
profile, PDP(𝜏), is described by (5) when the channel satisfies
the wide sense stationary uncorrelated scattering assumption
[18].

PDP (𝜏) = ⟨|ℎ (𝜏, 𝑡)|2⟩ . (5)

Lastly, the angle of arrival is a method for obtaining the
propagation direction of a radio-frequency wave incident
on a virtual array antenna. The direction is determined by
measuring the received signal in each of the elements of the
virtual array.This difference in phase is measured by receiver
nodes 𝑅, 𝐴1, as follows:

Δ𝜑 = 2𝜋𝜆 (𝑑𝑅𝐴2 + 𝑑𝐴1𝐴2 + 𝑑𝑇𝐴1 − 𝑑𝑇𝑅) , (6)

where 𝑅 is the receiver position with its separated virtual
elements 𝐴1 and 𝐴2 and 𝑇 represents the position of the
transmitter.

Hence, the use of 3D-RT technique allows the detailed
study of the behavior of wideband channel.

3. Simulation and Measurement Set-Up

3.1. Simulation Tool. Simulations are performed using Rayl-
way: Radio Propagation Simulator for Tunnels tool, which
calculates the radio signal propagation along different tunnel
environments. The software, developed in Java and Matlab,
allows the user to design and set up the tunnel in order to
analyze the propagation in a specific environment. Corre-
spondingly, Raylway software brings the received power, the
power-delay profile, and the angle of arrival.

This simulator allows users to set up several parameters in
order to obtain results according to the tunnel under study:

(i) tunnel: definition of the different cross-section types
plus their shape and the longitudinal section and wall
material properties;



4 Wireless Communications and Mobile Computing

Figure 2: Simulator user interface with set-up parameters.

(ii) transmitter: initial fixed position, frequency, and
transmitted power;

(iii) receiver: initial position, frequency, and distance trav-
elled;

(iv) antennas: radiation pattern of each antenna, polariza-
tion, and relative position between them;

(v) simulation settings: number of simulation points,
maximum number of each ray reflections, and pos-
sibility of enabling diffraction.

3.2. Simulation Set-Up. Raylway user interface is presented in
Figure 2 where the set-up parameters are shown, in this case,
for vertical polarization; however, except the polarization, the
same values are maintained for the horizontal polarization.
The resulting set-up simulation scenario is shown in Figure 4.

3.3. Measurement Set-Up. In this section, the measurement
set-up in a realistic subway tunnel is explained in detail.

This experiment was conducted in a subway tunnel of
Metro de Madrid. Figure 3(b) illustrates the scenario with
its more important elements. The set-up parameters are
enumerated in Table 1.

On the one hand, the transmitter (Tx) is situated in a
fixed position between one station and the tunnel; on the
other hand, the moving receiver (Rx) module is located on
the windshield of the train. The same antenna model is used
in the Tx and Rx equipment. It is a horn antenna of Vector
Telecom with model number VT260SGAH15 [19] which
covers the frequency range from 21.7 GHz to 33GHz. Its
radiation pattern provided at 23.96GHz is shown in Figure 5.
The gain is a 15.2 dBi and the half power beamwidth is 28.3∘
in 𝐸-plane and 27.9∘ in𝐻-plane.

The tunnel has an arched type tunnel which can be
approximately modeled as an equivalent rectangular cross-
section since there is a slight adaptation of the dimensions,

Table 1: Set-up parameters.

Frequency 24.2GHz
Transmitted power 5.4 dBm
Tx signal Continuous wave
Tx and Rx antenna Horn antenna, 15.2 dBi

HPBW antenna 𝐸-plane 28.3∘𝐻-plane 27.9∘

Antenna polarization Horizontal and vertical
Tunnel cross-section Arched
Tunnel dimensions 6.9m × 4.9m
Train speed 5 km/h

according to [15]. To apply the modal propagation model
described in Section 2.1, in this case, the dimensions are 6.9m× 4.9m with a radius of 2.2m, as Figure 3(a) shows. The
assessed route follows a straight line of 350m with a minor
slope of 5.7‰.Thepoint 0 represents where the Tx is situated.

This train moves along the railway up to 350m at a
constant speed of 5 km/h.

4. Results

In this section, both modal analyses and RT technique
together with measurement conducted in a real metropolitan
railway tunnel are applied with the aim of assessing the
propagation in this particular environment at 24GHz band.

The analysis is focused on the path loss model, fast-
fading, power-delay profile, and angle of arrival.

4.1. Narrowband Analysis. This section provides a compar-
ison between measurements, simulation, and modal prop-
agation model for vertical and horizontal polarization. For
that purpose, two experiments were performed: the first one
with vertical polarization in both antennas and the second
one with horizontal polarization. The train follows the exact
same route in both experiments; likewise, two simulations
were performed with the different polarization directions;
and, finally, the theoretical modal losses are shown in order
to compare these different approaches.

4.1.1. Path Loss Model. The attenuation suffered by a signal
can be described through a path loss model defined by
(7). The main parameters are derived from the following
measurements conducted in a real environment:

𝐴 (𝑑) = 𝐴 (𝑑0) + 10𝑛 log( 𝑑𝑑0) + 𝜒𝜎, (7)

where 𝐴(𝑑0) is attenuation in a reference distance 𝑑0, 𝑛
represents the loss exponent, and 𝜒𝜎 denotes a zero-mean
random variable of standard deviation 𝜎 which follows a
Gaussian distribution.

Figure 6 presents the received power of the empirical data,
the simulation result, the theoretical modal model, and the
resulting path loss model for the vertical, Figure 6(a), and
horizontal, Figure 6(b), experiments, respectively.
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moving Rx at the windshield of the train.

Figure 4: Simulation set-up scenario with fixed Tx (in black) and
moving Rx (in blue).

Since the antennas are highly directive, as Figure 5 shows,
the losses caused by the misalignment of the antenna are
very high for distances lower than 20m. In addition to that,
RT simulations have a strong dependency of the number of
reflections for short distances. Hence, the simulation results
are not accurate and the first 20m has been removed from
Figure 6.

In both experiments, the measurements expose a loss
exponent, 𝑛, equal to 1.3 approximately, which is lower than
the decay of the free space. Besides, as [20, 21] explains,
regardless the type of tunnel, loss exponents are always lower
than the free space. This is due to waveguide effect produced
in tunnels.

The curve obtained from the modal analysis presents a
similar attenuation since the loss exponents are 1 for vertical
and 1.1 for horizontal polarization. This shows a significant
effect of the modal propagation. Likewise, simulation results
are slightly greater than the one acquired by the measure-
ments since the loss exponent is 1.8 for vertical and 1.9
for horizontal polarization. These results are summarized in
Table 2.

The differences between models may be produced
because, on the one hand, in the modal model just the losses
caused by the reflections are taken into account, and, on the
other hand, in the case of the RT simulations, the maximum
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Figure 5: Horn antenna radiation pattern.

Table 2: Path loss model parameters at the vertical and horizontal
polarization directions.

Vertical Horizontal
Ref. attenuation, 𝐴(𝑑0) 64.8 dB 62.9 dB
Measurement 𝑛 1.28 1.29
Simulation 𝑛 1.8 1.9
Modal propagation model 𝑛 1 1.1
Measurement 𝜒𝜎 1.4 dB 1.3 dB
Simulation 𝜒𝜎 1.2 dB 0.9 dB
The attenuation is at the reference point, 𝑑0, of 20m.𝐴(𝑑0) is referred to the
parameters in (7), as 𝑛 and 𝜒𝜎.

number of reflections used is limited to six which seems to be
not enough to calculate a more accurate model; nevertheless,
after some distance, the results converge when the reflections
are high enough, as Figure 7 shows.
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Figure 6: Comparison between measurements, simulation, and modal model for vertical and horizontal polarization.
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Figure 7: RT Simulation results for different number of each ray’s
reflections.

Nevertheless, in all the cases, the loss exponents are
lower than those in the free space which show a clear
waveguide effect. This is because the electromagnetic waves
are repeatedly reflected in the tunnel’s walls. As concrete is
made of conductor materials (among others) the reflection
coefficient is high. For that reason, the waves are confined to
the dielectric by almost total internal reflection at its surface.

At mmWbands, a large number of modes are propagated
through the tunnel. Particularly at 24.2GHz, according to
rectangular waveguide theory cut-off frequencies, modes up
to 𝑚 and 𝑛 equal to 1246 and 1877, respectively, travel down
the tunnel.

For that reason, the breakpoint, where most of them are
sufficiently extinguished, is located at a few hundred meters
in lower frequencies (from 1 to 6GHz) [14]. However, at
24.2GHz, it is at 8 km which means that theoretically the
route is fully situated in the waveguide region.

The polarization seems to be independent of the loss
exponent since it does not show a substantial difference in
any of the cases. As Table 2 shows, this also holds true for the
shadowing whose standard deviation is closely equal in both
polarization directions.

The effect of the slope reveals an interesting difference
in both polarization directions. There is a slope of 5.7‰.
Thus, focusing on the average of the last 50m where this
slope has its major effect, there are greater losses in vertical
polarization. This result is noticed in the simulations and
in the measurements. It may be due to, firstly, the general
misalignment of both antennas, which is analyzed in Sec-
tion 4.2, and, secondly, the fact that this effect is more notable
in vertical polarization since these antennas present higher
directivity in elevation than in azimuth.

Regarding the reference attenuation, 𝐴(𝑑0), there is a
slight difference between polarization directions. In the case
of horizontal polarization, there are 2 dB more than in verti-
cal. This is related to the tunnel dimensions that are directly
connected to the effect of polarization in the antennas. When
tunnel presents larger width than its height, higher reflection
coefficients appear in vertical polarization. Lower attenuation
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Figure 8: Comparison between measurements and simulation of the fast-fading probability density function.

comes out for the case of horizontal polarization. This effect
is more significant in short distances. As [22] explains, in
tunnels where there is a perfectly square cross-section, the
result of vertical and horizontal polarization will be exactly
the same.

4.1.2. Fast Fading. In this section, an analysis of the fast
fading is shown. The results for vertical and horizontal
polarization are described in Figure 8. A comparison between
the measurements and simulations are made.

Rician distribution, 𝑃𝑟(𝑟), is a statistical model which
better describes the fast-fading effect in an environment
where there are LoS conditions.

𝑃𝑟 (𝑟) = 𝑟𝜎2 𝑒(𝑟2+𝐴2)/2𝜎2𝐼0 𝑟𝐴𝜎2 , (8)

where 𝑟 is a random variable; 𝜎 is the standard deviation;
and 𝐾 factor, represented in (9), is the relation between LoS
component, 𝐴, and multipath component.

𝐾 = 10 log( 𝐴22𝜎2) . (9)

At this frequency, as Table 3 enumerates, the channel
varies considerably fast independently of the experiment
since the wavelength is small, 12.4mm.

As Figure 6 shows, there are peaks up to 25 dB of atten-
uation in both cases. Horizontal polarization shows greater
immunity to the shadowing, despite an insignificant impact
on the fast fading compared to the vertical polarization.

Nevertheless, overall, fast fading has a major effect on the
signal, as Figure 8 shows. This occurs when the coherence
time of the channel is small relatively to the delay requirement
of the application. In this case, the amplitude and phase
change imposed by the channel vary considerably over the
period of use.

Table 3: Fast-fading modeled with a Rician distribution at the
vertical and horizontal polarization directions.

Vertical Horizontal𝐾 factor measurements 2.62 dB 2.62 dB𝐾 factor simulation 2.79 dB 2.62 dB
Std measurements 0.55 0.59
Std simulation 0.52 0.61

Regarding the 𝐾 factor, the three scenarios present
similar results. The relation between LoS and the multipath
component is very low. This is because, as it was described
in previous sections, the waveguide effect allows the prop-
agation of a high number of modes at this frequency. As a
result, the received signal is essential for not only the LoS
component, but also the sum of all the reflected signals along
the tunnel.

4.2. Wideband Analysis. This RT based simulator is used
to acquire PDPs and AoAs whose information is helpful to
understand the wideband channel. In this particular case,
the data obtained from the measurements in narrowband are
used to parametrize the needed values in the simulator in the
wideband analysis.

4.2.1. Power-Delay Profile. The PDPs, in Figure 9(a), reveal
that the energy is almost equally divided between LoS and
the reflections since the power of these rays has slightly lower
power than the one coming from the direct path.This is fully
coherent with𝐾 factor resulting from the Rician distribution
obtained in Section 4.1.2.

Besides, there is a clear decrease in the delay spread when
the distance between Tx and Rx raises.This is connected with
the great attenuation of the higher modes along the tunnel.
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Figure 9: Simulation results for (a) PDP and (b) AoA along the distance.

In short distances, as there is an extensive spread of the pulse,
signals may be damaged by intersymbol interference.

4.2.2. Angle of Arrival. The AoA, in Figure 9(b), shows also
the decrease in the delay spread as Rx moves away from Tx.
There is no ray coming from the negative axis of 𝜙 since
the horn antenna is directive and the front-to-back ratio
is very high, as Figure 5 shows. Besides, all the rays come
from the right side of the Rx, which is reasonable as there is
misalignment of the antennas imposed by the set-up itself.

On the other side, when the antennas are close, most of
the signals arrive from the back side of the antenna, but, when
the antennas are sufficiently separated, the different rays are
reduced until all the energy is fully concentrated in a single
ray.

Considering the shape of the PDP obtained from simu-
lations and the AoA of the rays, it can be assumed that the
Doppler spectrum follows an asymmetric Jakes type [23]. It
will change from moderate to strong asymmetry when the
distance to the transmitter increases, according to [24]. The
maximum Doppler deviation for this frequency, considering
a 120 km/h speed of trains, would be ±9.68 kHz.

5. Conclusion

In this paper, a narrowband and a wideband study have been
performed for mmWband propagation in subway tunnels on
metropolitan railways.

The narrowband analysis takes into account several
approaches: measurements, simulations, and a modal prop-
agation model. By combining these techniques, an accurate
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path loss model is obtained. It is clear that there is a
considerable lower loss exponent in comparison to the Friis
formula since the measurements show a loss exponent of
1.3 in the tunnel. Regarding the simulations, although some
limitations have been found when the maximum reflections
of each ray are not enough, this inaccuracy is gradually
reduced in accordance with the distance as the modes are
becoming weaker and, as a result, fewer rays are necessary
to represent more precisely the path loss.

The wideband analysis, based on the PDP and the AoA,
reveals that the delay spread decreases as Rxmoves away from
Tx. This is an important result which, once again, highlights
that higher modes extinguish faster than the lower ones. For
that reason, the behavior of wideband channel improves with
the distance to the transmitter.

Finally, an important remark is that there is the absence of
publishedmeasurement on propagation atmmW frequencies
in real subway tunnels, and this paper validates the possibility
of using mmW frequency bands for communications in
metropolitan railway tunnels.
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Abstract—Railway transportation is increasing very fast in 

all countries, and as a consequence new railways demand high 
quality communications for control and signaling of trains, as 
well as high capacity communications for passengers. However, 

current communications systems cannot provide these services, 
so 5G systems will be needed to replace old GSM-R and 
dedicated systems for railway signaling. Also, 5G terrestrial and 

satellite technologies will provide high data rate services to 
passengers. In this paper we describe the main characteristics 
and requirements for critical and non-critical communications 

in railways. Results are useful to choose the communications 
technologies that can fulfill these requirements in the near 
future. 

Index Terms—Railway, 5G communications, propagation, 

critical services, moving relay, wideband communications 

I.  INTRODUCTION  

Railway transportation systems are being developed very 

fast all around the world, and especially in Europe and China. 

Railways are the transportation system with highest capacity, 

after ship transport, so the development of railways is very 

important for countries with high population density. 

The European Commission has as long-term objective [1] 

to complete a European high-speed rail network; in the 

medium term (by 2030), the objective is to triple the length of 

the existing high-speed network and to maintain a dense rail 

network in all Member States; lastly, to ensure that the 

majority (90%) of medium-haul passenger transport is carried 

out by rail for 2050. These objectives are similar in other 

countries like China, where as an example the high speed line 

from Beijing to Shanghai, with a length of 1318km, has 

around 100 trains travelling every day (Fig. 1). Every train has 

up to 1500 passengers,  with a top speed of 300km/h, and an 

average speed of 276km/h. In total, 150.000 people are 

moving every day, requiring a high demand of reliability for 

the train control communications and demanding high 

capacity data communications for passengers [2]. 

Regarding metropolitan railways, Madrid´s subway is an 

example of an advanced and reliable infrastructure. It is 

currently moving 1.5 million people per day, achieving a very 

high reliability. Currently, the critical service of this network 

have four different communications systems for train 

signaling and control, video surveillance, voice 

communications and train maintenance [3]. Moreover, the 

passengers are provided with 4G communication with 

moderate availability and quality [4]. Therefore, the 

challenges for the coming years are the following ones: 

1. Development of medium-capacity communication 

system with high reliability and availability for train 

mission-critical services: control, signaling, 

surveillance and maintenance. 

2. Deployment of an intra-train communications 

network for train equipments.  

3. Deployment of high-capacity communications for 

passengers 

  

 These three challenges can be achieved with two different 

approaches: the first one would consist of a complete 

communication system able to provide all the services 

together; this means that train critical services would share 

communication channel with passenger communications and 

intra-train communications for on-board equipment.  

The second approach would be to use two (or even three) 

different networks: one for mission-critical communications, 

and another one for non-critical communications. 

In the following sections these two approaches are 

analyzed. 

 

 
Fig. 1: Railway station in China 

 

II. MISSION CRITICAL   COMMUNICATIONS 

We can call mission critical communications to those 

services related to security and reliability of railway 

transportation systems. We have first the requirements of the 

signaling systems for train operation and control. These 

services have low data rate (kbps), low latency (<50ms), and 
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very high reliability, availability and maintainability (RAM). 

These communications transmit mainly the position of the 

train and receive speed limitations and movement authorities, 

so that a failure on communications will not cause an 

accident, but will degrade the performance of the train 

network instead, forcing the trains to reduce the speed.  

Other critical services can be the on-board telemetry 

equipment of the train and the video surveillance systems for 

the security of passengers. All these services can be handled 

by the same communication system, which must have a high 

quality of service (railway operators are used to handle 

99.999% of reliability in their train control and management 

systems). 

In order to cover mission critical communications, it is 

necessary to use two different communication networks:  

 Train-to-Ground communications.  

 On board train communications 

In the following sections the main requirements of these 

two networks are analyzed. 

A. Train-to-Ground communicatons. 

Train-to-infrastructure communications are the most 

complex point, because of the high reliability and availability 

they demand. According to the requirements defined on 

different test trials and literature sources [4..6], some general 

requirements can be defined for a communication system for 

critical communications (see Table I). 

 
TABLE I: Mission critical communications. 

Technology  Terrestrial Standard  

and proprietary 

 

Frequency bands 900-6000 MHz 

Bandwidth 1-10 MHz 

Data Rate < 10 Mbps 

Modulation OFDM-QPSK  

Delay <50 ms 

Services Voice/data/video  

Mobility  450 Km/h 

Availability >99.99 % 

 

To fulfill these requirements, nowadays mainly 

communication systems derived from 4G-LTE technology are 

being proposed. 

B. Train Communication Network. 

Critical control and monitoring communications relay also 

on the use of Train Communication Network (TCN).  In 

current trains there is a Train Control and Management 

System (TCMS) [2] where all the equipment are connected 

and communicate  with each others. This equipment use a 

TCN that currently is wired. Projects like Roll2Rail [7], which 

aims to develop new wireless technologies to be applied to 

train control functionalities, is a sign of this trend towards the 

deployment of wireless communication systems. 

Railway close-loop control applications require data 

communication to be bounded in the time and reliability 

domains. Communications carried out in such applications 

demand short latency, minimal jitter, deterministic data 

delivery time and high reliability. Wireless connections may 

be used for simple sensors up to connecting whole train 

consists for the TCMS. The current train networks are 

classified in Ethernet Train Backbone and Ethernet Consist 

Network (ETB/ECN), considering Real-Time Ethernet 

(RTE). Due to the nature of these applications, these 

requirements must be imperatively met in order to avoid 

material damages or even personal injuries. 

On the other hand, the benefits in terms of lower costs in 

materials, deployment and maintenance that wireless systems 

provide over their wired counterparts are highly appreciated 

in many fields. 

For all these reasons, now there is a strong interest to 

change to a wireless TCMS communications network able to 

provide data links to the equipment deployed along the train. 

This train network will have also some special requirements 

of reliability, capacity and availability, as it can be seen in 

Table II. 

TABLE III: Train communication network (TCN) 

Technology  Terrestrial Standard & 

non standard 

 

Frequency bands 5 /27/67 GHz 

Bandwidth              100-1000 Mhz 

Data Rate 1- 10 Gbps 

Modulation QAM xx  

Delay <10 ms 

Services Voice/data/video  

Mobility Low  

Availability >99.999 % 

 

  We expect that TCN will rely mainly in wireless LAN 

technology using new 802.11xx standards, mainly in 

millimeter waves. Although, as it is a confined environment 

and the requirements of radio power is very low, there is a 

broad range of frequencies and systems that can be used, 

including ad-hoc solutions. 

III. PASSENGER COMMUNICATIONS  

Passenger communications are a key point in the 

development of railway transportation systems. Passengers of 

metropolitan and high speed trains are demanding 

complementary services on railways, and therefore high 

quality communications are an important tool to attract 

customers and compete with other terrestrial and aerial 

transportation systems where this type of communications are 

also being developed [9..10].  

Users on board a train must have access to a high capacity 

communication network which provides them with reliable 

communications. We can consider that 90% of the user on 

board a train will be connected (e.g. Fig.2), so it is necessary 

to deploy a high capacity communications network with a 

wide range of coverage to provide data communications to 

the users. The main specifications for this type of systems are 

collected in Table III. 
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Fig. 2: User communications on train. 

 

 As we can imagine, it will be necessary to provide a high 

capacity communication system using terrestrial and satellite 

technology, in order to provide a wide coverage in most of the 

locations and conditions. At this point the use of satellite 

technology is essential, because new high speed lines can 

travel across large uninhabited areas. Therefore, the trains 

must be equipped with antennas with mechanical or electrical 

control of azimuth and elevation. 

 Another important issue for terrestrial communications is 

the shielding effect of the train to radio signals, due to its 

metallic construction. This effect has been quantified in 20-

30dB, which drastically reduces the cell radius of terrestrial 

networks; therefore, it is necessary to use moving cell 

configuration [8] with an internal distribution network to 

provide reliable communications and to reduce the number of 

base stations of the terrestrial network. 

 

TABLE IIIII: Passenger Communications  

Technology  Terrestrial /Satellite/5G  

Frequency bands 1-6 /12-14/18/24 GHz 

Bandwidth              100-500 MHz 

Data Rate per train 1 (Terrestrial) Gbps 

0.2 (Satellite)  Gbps 

Modulation          Adaptive  

Delay <500 ms 

Services Voice/Data  

Mobility High  (400Km/h)  

Availability >95 % 

Users connections  90 % 

 

IV. CONCLUSIONS 

As described in the paper, the train of the future will be 

equiped with state-of-the-art communications using different 

networks for critical and non critical communications.   

The requirements of critical communications are very 

strict, and currently can only be fullfilled by standar GSM-R 

tecnology and dedicated systems, but in the future, 5G 

tecnology will be a valid alternative to replace GSM-R for 

most critical services. In fact, 5G will fulfill most of the 

present and future requirements of railway services with high 

reliability and availability. 

On the other hand, non-critical services for passengers 

with high mobility is one of the key points for 5G 

communications, and must combine the use of both terrestrial 

and satellite networks in order to reduce deployment costs and 

to improve reliability and availability. 
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Abstract—In this paper, channel measurements for the 2.6 
GHz band in railway environments are presented. The 
measurements have been carried out in the subway of Madrid 
in different environments (tunnel, station and open air 
scenarios). An intra-consist link for a future wireless Train 
Control and Management System (TCMS) has been measured 
for two types of trains, a continuous train and a non-
continuous train. The results in these two trains allow checking 
the impact of the separation between cars in this type of links 
and the influence of the environment. Wideband and 
narrowband measurements have been carried out, and Power 
Delay Profile (PDP), delay spread and pathloss have been 
extracted and are shown in this paper. Results are useful for 
the design of communications systems inside train cars. 

Index Terms—Channel Measurements, Intra-consist link, 
TCMS, Railway propagation, wideband communications 

I.  INTRODUCTION  
Nowadays, there is an increasing interest in reduce costs 

and maintenance time in railway communications. Wired 
communication networks were standardized for TCMS in the 
end of the 90s. However wireless communication systems 
have been thought to replace their wired counterparts to 
reduce costs and maintenance time. Therefore, the 
performance of wireless systems must be measured in these 
environments, and realistic wireless channel models should 
be known. Communications inside train cars “Intra-consist” 
and communications between trains “inter-consist” demand 
wireless channel models in order to evaluate a possible 
wireless solution to be used in TCMS. 

Different channel models can be distinguished for 
wireless characterization: deterministic, geometrical-
stochastic and stochastic [1]. Deterministic channel models, 
based on Maxwell’s equation or ray tracing, characterizes the 
propagation in a completely deterministic manner. 
Geometrical-stochastic models characterize the channel by 
the laws of wave propagation chosen randomly. Stochastic 
channel models do not consider the geometry of the 
environment, they describe the propagation stochastically. 
Several measurement campaigns have been done in railway 
environments [2, 3, 4, 5] to obtain a proper channel model. 
Most of them are focus on train-to-ground link (T2G), while 
TCMS demands the characterization of inter-consist and 

intra-consist links.  The 2 GHz and 5 GHz bands have been 
analyzed for inter-consist links in [6, 7], and the pathloss and 
delay spread for both links are measured in [8] using a 
bandwidth of 100 MHz centered at 2.45 GHz. In [9], the 
propagation for Wireless Sensor Networks (WSN) is 
measured, where the sensors are located on the wheel and 
bogie in order to be used for Structural Health Monitoring 
(SHM). A ray-tracing model has been proposed in [10]; 
however, results are highly dependent on the accuracy of the 
simulation model. More channel measurements are surveyed 
in [11]. However, investigation for TCMS intra-consist links 
is very limited; the characterization of this link in subway 
environments is required in order to evaluate the 
performance of a wireless TCMS. Furthermore, different 
kinds of propagation environments and trains should be also 
researched, as the structure of the train and the surroundings 
may modify the characteristics of the link. 

As a consequence, in this paper a measurement campaign 
in the subway of Madrid is presented. The measurements 
have been carried out for the intra-consist link, which is 
relevant for a future wireless TCMS. Different railway 
scenarios have been considered, such as tunnel, underground 
station and open area. Furthermore, two kinds of trains have 
been measured: a continuous train and also a non-continuous 
train where there is a separation between cars. Power Delay 
Profile (PDP), delay spread and pathloss have been obtained.  

The remainder of the paper is organized as follows: 
Section II describes the measurement setup. In Section III the 
measured scenarios are explained. The results and the 
channel models are shown in Section IV. Finally, Section V 
concludes and summarizes the paper. 

 
Fig. 1. Channel sounder. 
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TABLE I. CHANNEL SOUNDER FEATURES. 

Transmitter 
Frequency range 500-6010 (4 bands) MHz 
Output power 42 dBm 
IF bandwidth 1/10/30/100 MHz 
Modulation Pulse/external 10 ns/ 

LTE 
Receiver 

Frequency range 400-7000 (4 bands) MHz 
IF dual conversion 860/160 MHz 
Noise figure 3 dB 
IF bandwidth 5/10/20/100 MHz 
Demodulation Logarithmic detector /LTE 
Dynamic range 90 dB 

II. MEASUREMENT SETUP 
The measurements have been done using a narrowband 

testbed and a wideband channel sounder. Narrowband 
measurements have been carried out in order to characterize 
the pathloss inside the train. To do so, an USRP 2100 from 
National Instrument [12] has been used as receiver and a 
proprietary software has been used to record the signal at 
high sampling speed (100 samples per second). 

Wideband measurements have been made using a 
channel sounder developed in Universidad Politécnica de 
Madrid (UPM) [13], which is shown in Fig. 1. The features 
of this channel sounder are expressed in TABLE I. The 
channel sounder uses the technic of impulse response 
sampling. The sounder transmits signal a RF modulated with 
a 12.5 ns narrow pulse. The receiver is a dual conversion 
system with a final logarithmic amplifier that demodulates 
the pulse, the baseband impulse response is acquired using a 
high resolution digital oscilloscope.   

The system has been configured with a center frequency 
of 2.6 GHz, with a bandwidth of 100 MHz and transmitting a 
maximum output power of 42 dBm. A wideband monopole 
antennas (Mobile Mark MGRM-WHF [14]) have been 
connected to the transmitter and an array antenna composed 
by 6 directive antennas has been connected to the receiver. 
The array of antennas is switched automatically and the 
system is recording the angle of arrival of the signal, 
measuring the impulse response in each direction of the 
array.  This setup has been used to measure different 
scenarios in the subway of Madrid (in the next section these 
scenarios are delved). 

    
Fig. 2. Continuous (left) and non-continuous (right) trains. 

 
Fig. 3. Intra-consist measurements. 

III. MEASUREMENT SCENARIOS 
The intra-consist link, represented in Fig. 2, has been 

measured in different railway scenarios such as tunnel, 
station and open air. Furthermore, this intra-consist link has 
been measured in two different types of trains, a continuous 
train and a non-continuous train. A picture of the continuous 
train and the non-continuous train are shown in Fig. 2. In the 
first one there is a corridor between cars and in the second 
one there are two doors between the passenger area of both 
cars. 

The measurements in the both trains allow checking the 
impact of the separation between cars in this type of links. 
The antennas have been placed on a tripod inside the train at 
a distance of 15 m from each other, as shown in Fig. 3. 

IV. DATA ANALYSIS 
In this section, we analyze the measurement data for 

every link, starting by the narrow band measurements, and 
finishing with the wideband ones. 

A. Narrowband measurements 
In order to obtain the path loss of the intra-consist link, 

one transmitting antenna has been installed in the front car 
and the receiver antenna was moved along the train and 
narrowband measurements were taken. The path loss results 
are shown in Fig. 4 and Fig. 5 for a continuous and a non-
continuous train, respectively. Furthermore, a log-distance 
pathloss model has been derived for each type of train. In the 
case of the continuous train, a two-slope model has been 
chosen due to the different nature of the received signal near 
and far from the transmitter. The equations for these models 
are expressed in (1) and (2), for continuous and non-
continuous train, respectively. = 55.8 																															 631.6 log 31.2			 6 ,  (1) 

= 22.37 40.5, (2)

where  is the attenuation due to the pathloss and  (in 
meters) is the distance between the antennas. 
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Fig. 4. Pathloss model for continuous train. 
 
For the continuous train, it can be observed that near the 
transmitter the path loss exponent (n) is very small (less than 
0.5), and therefore the path loss can be estimated with a 
constant value. Moving farther away, the path-loss exponent 
is 3.1, which is higher than the free-space value; this is due 
to the reflections in the inner structures of the train (e.g. 
walls, vertical hand-hold bars, interconnections between 
cars, etc). On the other hand, Fig. 5 shows the effect of the 
door for the non-continuous train, which generates a 
shadowing fading. Note also that for this train the path-loss 
exponent is 2.2, lower than the exponent found in the 
continuous train. The reason for this is the higher density of 
metallic structures in the continuous train, as depicted in Fig. 
2. The comparison of both path loss exponents is not fair, 
due to difference between both path loss models, where one 
of them is a two-slope model. But taking into account that 
the non-continuous train model is an older inner metallic 
structure design, its path loss exponent indicates a better 
aproximation of waveguide effect propagation. 

The presence of people inside the continuous train is an 
important parameter of channel modelling and it was 
measured making narrowband measurement over time with 
random people movement. Results are shown on Fig. 6. We 
can see a signal fading up to 30 dB is observed, as well as 
averaged variations of 10 dB; therefore, for these kind of 
situations the use of MIMO solutions or solutions with 
spatial diversity would be advisable.  

 

 
Fig. 5. Pathloss model for non-continuous train. 

 
Fig. 6. Impact of people movement for continuous train. 

 

 
Fig. 7. Probability Density Function (continuous train) with people 
movement. 

 
On the other hand, the statistical modeling is shown in 

Fig. 7, where a Rician distribution fits the measured data, 
indicating the presence of LOS path in spite of the random 
movement of people. 

B. Wideband Measurements 
These measurements have been used to characterize the 

influence of the environment in wideband communications. 
The channel sounder described in the previous sections 
obtains the instantaneous impulse response h(t,τ), which is 
function of the time t and the propagation delay τ. If the 
channel satisfies the wide sense stationary uncorrelated 
scattering (WSSUS) assumption, the power delay profile 
(PDP) is given by = 〈|ℎ , | 〉. (3) 

In order to characterize the wideband channel, the mean 
delay ̅ is the average of the delays of all the taps 
 ̅ = . (4) 

On the other hand, the rms delay spread  measures the 
channel time dispersion, which is expressed as 
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TABLE II. ATTENUATIONS IN CONTINUOUS TRAIN. 

Delay 
(ns) 

Tunnel Station Open air 

 Attenuation 
(dB) 

Attenuation 
(dB) 

Attenuation 
(dB) 

0 0 0 0 
12.5 7 5.6 4.8 
25 7.2 5.2 5.8 

37.5 11.3 7.1 8.3 
50 13.1 12.7 15.0 

62.5 16.5 15.1 15.5 
75 17.1 17.2 17.1 

87.5 18.2 18 18.6 
 

= − ̅ . (5) 

 
The receiver six-antenna array allows us to distinguish 

the angle of arrival (AoA) of the different groups of rays, 
because each antenna element covers an angle of 60 degrees. 
Fig. 8 shows the obtained PDP response in different 
scenarios (tunnel, station and open air) for the continuous 
train, which were measured in Line 11 of Metro de Madrid. 

From these PDPs, the magnitude of each of the 8 
multipath components (taps) with respect to the LOS 
component have been calculated, which are shown in 
TABLE II for every environment. In TABLE III, the 
attenuations are shown for the non-continuous train. The 
non-continuous train has been only evaluated at Laguna 
station (which belongs to Line 6 and is underground). Also, 
mean delay and rms delay spread, expressed by (4) and (5) 
respectively, have been derived from the PDP. These 
parameters are shown in TABLE IV for the three mentioned 
scenarios, tunnel, station and open air in the continuous train, 
and for the station scenario in the non-continuous train. 

From Fig. 8, it can be observed that most of the energy 
comes from the antenna facing the transmitter antenna, 
which is located on the left-hand side (angle of arrival 180 
degrees), and most multipath is received by the two antennas 
on its sides, indicating that some energy goes out through the 
windows of the car, is reflected on the environment and 
enters back into the train. 

On the other hand, if the transmitting antenna was fixed 
and the receiver array was moving, it would be possible to 
obtain the Doppler spectrum of the train with this 
measurement. In this case, both antennas were moving at the 
same time, and therefore it is not possible to separate the 
reflections due to the train from those due to the 
environment; the first ones do not produce Doppler, while 
the second ones do. However, the plots show that most of the 
energy in the intra-consist link comes from the reflections 
inside the train, what implies that there is little influence of 
the environment and therefore little influence of the Doppler 
spectrum. 

 

 

 
 

 
 

 
Fig. 8. PDP vs angle of arrival in tunnel, open area and station for 
continuous train. 

Delay (ns) 

Delay (ns) 

Delay (ns) 

dB 

dB 
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TABLE III: ATTENUATIONS IN NON-CONTINUOUS TRAIN. 

Delay 
(ns) 

Station 

 Attenuation 
(dB) 

0 0 
12.5 2.1 
25 5.2 

37.5 2.3 
50 8.1 

62.5 9.1 
75 11.2 

87.5 12.2 
 

TABLE IV: RMS DELAY SPREAD AND MEAN DELAY. 

  RMS Delay 
Spread (ns) 

Mean 
Delay (ns) 

Continuous  
Tunnel 18.1 10.6 
Station 18.4 13.6 
Open Air 17.4 12.1 

Non-
continuous 

Station 22.5 21.8 

 
From TABLE IV it can be noted that the delay spread is 

similar in all environments, and it is slighty higher for the 
non-continous train. This reinforces the idea that the main 
influence for wireless links comes from reflections on the 
metallic structures inside the train, and not from the outside. 

V.  CONCLUSIONS 
In this paper a channel measurement campaign at 2.6 

GHz done in the subway of Madrid has been reported for 
intra-consist links. Several scenarios have been considered 
(tunnel, station and open air) to characterize all the subway 
environments. Wideband and narrowband measurements 
have been carried out, and Power Delay Profile, delay spread 
and pathloss exponents have been calculated. The results 
show a similar delay spread for all environments, indicating 
that the main influence for wireless links comes from 
reflections on the metallic structures inside the train, 
although some multipath is also coming from the 
surrounding environment. Path loss exponents also indicate a 
waveguide effect propagation and a strong influence of the 
inner metallic structures of the train, which is higher in the 
case of continous trains due to their specific design. 

ACKNOWLEDGMENT  
The authors are thankful for the support of the European 

Commission through the Roll2Rail project, one of the 
lighthouse projects of Shift2Rail within the Horizon 2020 
program. The Roll2Rail project has received funding from 
the European Union’s Horizon 2020 research and innovation 
program under Grant Agreement no. 636032. Also the 
authors want to express their  acknowlegdements to the 
projects  ENABLING 5G  (TEC2014- 55735-C3-2-R) and 
COWITRACC (TEC2014-59490-C2-1-P/2-P) of the Spanish 

Research Agency, Minister of Economy and 
Competitiveness. 

 

REFERENCES 
[1] P. Almers, et al., "Survey of channel and radio propagation models 

for wireless MIMO systems," EURASIP Journal on Wireless 
Communications and Networking, vol. 2007, pp. 56-56, 2007. 

[2] L. Liu, et al., "Position-based modeling for wireless channel on high-
speed railway under a viaduct at 2.35 GHz," IEEE Journal on 
Selected Areas in Communications, vol. 30, pp. 834-845, 2012. 

[3] L. Tian, et al., "Small scale fading characteristics of wideband radio 
channel in the U-shape cutting of high-speed railway," in Vehicular 
Technology Conference (VTC Fall), 2013 IEEE 78th, 2013, pp. 1-6. 

[4] P. Unterhuber, et al., "Measurement and Analysis of ITS-G5 in 
Railway Environments," in International Workshop on 
Communication Technologies for Vehicles, 2016, pp. 62-73. 

[5] C.-X. Wang, et al., "Channel measurements and models for high-
speed train communication systems: a survey," IEEE 
Communications Surveys & Tutorials, vol. 18, pp. 974-987, 2015. 

[6] N. Kita, et al., "Experimental study of propagation characteristics for 
wireless communications in high-speed train cars," in 2009 3rd 
European Conference on Antennas and Propagation, 2009, pp. 897-
901. 

[7] T. Ito, et al., "Study of propagation model and fading characteristics 
for wireless relay system between long-haul train cars," in 
Proceedings of the 5th European Conference on Antennas and 
Propagation (EUCAP), 2011, pp. 2047-2051. 

[8] A. Mariscotti, et al., "Characterization of the radio propagation 
channel aboard trains for optimal coverage at 2.45 GHz," in 
Measurements and Networking Proceedings (M&N), 2013 IEEE 
International Workshop on, 2013, pp. 195-199. 

[9] I. Val, et al., "Time-synchronized Wireless Sensor Network for 
structural health monitoring applications in railway environments," in 
Factory Communication Systems (WFCS), 2015 IEEE World 
Conference on, 2015, pp. 1-9. 

[10] E. Aguirre, et al., "Characterization of wireless channel response in 
in-vehicle environments," in Proceedings of 2014 Mediterranean 
Microwave Symposium (MMS2014), 2014, pp. 1-4. 

[11] P. Unterhuber, et al., "A Survey of Channel Measurements and 
Models for Current and Future Railway Communication Systems," 
Mobile Information Systems, vol. 2016, p. 14, 2016. 

[12] NI USRP 2100. Available: 
http://www.ni.com/pdf/manuals/374925b.pdf 

[13] L. Zhang, et al., "Channel Sounder and Broadband Measurements for 
Railway Systems," in IEICE Info. Comm. Technol. Forum (ICTF), 
2014. 

[14] Mobile Mark MGRM-WHF. Available: 
http://www.mobilemark.com/product/magnet-mount-wideband-1700-
6000-mhz-mobile-wimax-antenna-for-public-safety-applications/ 

 
 

2017 11th European Conference on Antennas and Propagation (EUCAP)

#1570315714112



Propagation Measurements and Modelling Inside 

Trains at 900 MHz, 2.4 and 5.8GHz 
Lei Zhang

1
,  Ana Gonzalez-Plaza

1
, Jean R. Fernandez

1, 
, Juan Moreno

1
,  Miguel A. Gomez-Laso

2
, Israel Arnedo

2
, 

César Briso
1
,  

1
 Technical University of  Madrid,, Madrid, Spain, cesar.briso@ upm.es* 

2 
Universidad Pública de Navarra, Navarra, Spain

 

 

 

 

Abstract—The paper analyzes the possibility of providing 

reliable communications to the users of a high speed train 
(HST) using base stations (BTS) located in towers close to the 
track or in the station platforms. Measurements have been 

made on a real environment using test transmitters at 900, 
2400 and 5700 Mhz, and making measurements inside a HST 
with external and internal antennas and a portable receiver. 

The results have shown a high shieling effect of the train at all 
frequencies and in both cases towers. With high towers the 
shieling effect of the train is 24dB and from the station 

platform is 17db. Higher frequencies have shown better 
behavior . 

Index Terms—Railway, 5G, communicatio, propagation,  

inside trains, measurements, relay. 

 

I.  INTRODUCTION  

 The railway traffic is increasing along all the world, and 

the users are demanding high quality communications 

services on board. Currently, on most of the existing railway 

communication systems, the normal situation is that the 

mobile devices of passenger receiving the radio signal 

directly from the distant base station (BTS). Whereas the 

radio signal from the BTS has to penetrate the train’s body to 

arrive at the receiver side inside the train. Therefore, 

conventional communication system is hard to provide 

satisfying network services for the travelers onboard the train 

[1] [2] [3]. Moreover, continuous radio coverage along the 

rail tracks is an essential requirement for high-speed train 

network deployments. The effective coverage aims to avoid 

the interruption of control signaling and passenger service. 

However, the extra loss caused by the vehicle structure [4][5]  

has a high impact on the network design highly decreasing 

the coverage range, and therefore increasing the number of 

BTS required. 

To model the propagation issues for the train and the 

mobile device inside the train, an empirical study of the base 

station coverage along the rail track is presented in this 

section.  The study has been made using to approaches: the 

first one is to consider the propagation inside the train 

considering the installation of the antennas in high towers 

(20-40m) close to the track.  

The second approach has been made measuring the 

propagation of transmitters located close to the train, in the 

station’s platform. In both cases the propagation has been 

measured inside and outside the train. 

II. MEASUREMENT SCENARIOS AND CONFIGURATIONS 

The outdoor-to-indoor propagation measurement has been 

conducted at the high speed rail line between Cordoba and 

Málaga in Spain, where the commercial HSR operation 

reaches speeds of up to 330 km/h. The test track is a segment 

in the vicinity of Antequera-Santa Ana station (KP 96.800). 

This track section includes a base station site located at KP 

97.0751 consisting of 2G/3G commercial equipment 

mounted on a 40m height tower with antennas for various 

wireless technologies at different frequencies (see Fig. 1). 

The measurements have been made with a test train (Talgo 

A- 330) provided by the Spanish railway operator ADIF. The 

train has four wide band antennas on the roof, (Table I) 

 

 
Fig. 1. Test environment with 2.6GHz transmitter, test train and external 

antennas. 

TABLE I:  

TEST ANTENNAS 

 Frequency Radiation Gain 

Transmitter 
antennas on tower 

(20m height) 

2600 MHz 30º AZ 
8º EL 

16dB 

Train external 

antenna 

790-

2700MHz 

Omni 0dB 
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III. OUTDOOR TO INDOOR PROPAGATION 

The tests are focused to model the propagation from 

external antennas on high towers to inside the train. On most 

cases the all metal construction of the trains and absence of 

line of side propagation (LOS) causes that signal must 

propagate inside the train trough multipath, with a high 

attenuation. For this reason, it is important to model the 

propagation issues to model the attenuation of the 

propagation channel inside the train and from infrastructure 

to inside the train.  

A. Propagation  from BTS to inside the train. 

The first test is focused to model the received signal 

from BTS  located close to the track in high towers. The 

measurements have been made with signal from a 

transmitter at 2.6 Ghz installed on a 20m tower near the 

track, we have measured the received power on the train 

with external antenna, BTS to Train, and with internal 

antenna, B2T coverage. The results of the measurements are 

shown on Fig. 2.  These results show a typical  attenuation 

coefficient of 24 dB of difference when using external or 

internal antennas. This effect highly reduces the cell radius 

when using internal antennas in the train, for this reason, to 

get a high quality of service it is mandatory to use external 

antennas to deploy a radio distribution network inside the 

train. 

 

 
 

Fig. 2. Signal to noise received on the train with external and internal 

antennas. 

 
TABLE II:  

LINK FREQ Average  Std. dev 

BTS to inside the train 2.6GHz 24dB 4dB 

 

B. Propagation from platform  the inside the train 

The second test was focused to model the propagation 

with transmitters located close to the track. This 

configuration is used in tunnels, stations and urban 

environment. The test was made installing a continuous 

wave transmitter in  the station platform and measuring with 

a portable receiver along the train. The transmitter was 

configured to transmit   two frequencies at the same time: 

2.4 Ghz and 5.7GHz using two omnidirectional  antennas of 

2.15dB gain.. The receiver was moved inside along all the 

train also with omnidirectional antenna. See Fig.3 

 

 

 
 

Fig. 3. Test with transmitter on station platform and receiver inside the train 

 

With this configuration two test where made: 

• Test 1: Propagation inside the train with the 

transmitter fixed close to the central position of 

the train  

• Test 2: Propagation inside the train with the 

transmitter located on different positions of the 

platform . 

 

Test 1  was focused to measure the propagation inside the 

train in the best conditions, with the transmitter close to the 

central position of the train. The test was conducted at two 

frequencies: 2.4 and 5.7 GHz . The receiver was move along 

the train measuring the received power inside it. Results are 

shown on Fig. 4, as normalized power received.   

 

 

Fig. 4. Signal received on the train with transmitter on the platform and  

internal antenna. 

 

We  can see on Fig. 4, that as the distance between 

transmitter and receiver decreases, the power level increases 

at both frequencies. When the operator approaches to the 

transmitter and near the door, the received power level 

shows a dramatically increasing, due to the significant LOS 
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propagation occurs. A noticeable power level difference 

about 17 dB from outside to inside the train is marked. This 

value can be considered as the penetration loss in a semi-

closed train station as shown in Fig. 3 (c). It is worth noting 

that propagation at 5.7 GHz experienced less attenuation 

than at 2.4 GHz. The attenuation inside the train along the 

distance was modelled using the classical equation: 

 

(1) 

 

 

Where d0 is the close-in reference distance, P0 is the fit 

intercept at d0, and n is the PLE, which describes the path 

loss trend with respect to the link distance d. Variable Xs 

represents a zero mean Gaussian random variable in dB with 

a standard deviation σx. Coefficients for the path loss are 

given in table  II. As we can see path losses exponent is 

higher at 2.4 Ghz, this is because, the signal propagate from 

the transmitter to the receiver inside the train reflecting and 

refracting in the structures of the platform. This reflections 

are better at 5.7 Ghz where there the exponent n<2 shows 

also a waveguide effect. So we can conclude that on this 

configuration propagation is better at 5.7 Ghz. 

TABLE IIII. Path loss model parameters. 

LINK FREQ do Po PLE n  Std. dev 

Station 
Mobile 

2.4GHz 3m 17dB 3.81 2.93dB 

5.7 Ghz 3m 17dB 1.74 3.85 dB 

 

The  second test was made moving the transmitter along 

the platform.  This movement simulates a train passing 

trough the station. On this case the receiver was on a fixed 

position inside the train. The objective was to measure the 

attenuation of propagation related with the angle of arrival of 

the signal (AoA). The test was made at two frequencies: 910 

MHz and 2400 Mhz.  Fig. 5 shows the normalized path 

loss.as a function of the AoA obtained through the 

measurements. 

 The normalized path loss 0 represents the minimum 

separation between Tx and Rx that the AoA is 90◦. 

Measured data is fitted by applying LS regression, and the 

slope of each curve is used to compute the  Path Loss 

Exponent, PLEs, while α0 is computed as the minimum AoA 

value such that L (α0) ≈ 0. Table III specifies the obtained 

PLEs as well as the α0 values for the different carrier 

frequencies. It can be seen that signals at the lowest 

frequency of 910MHz start to be noticeable attenuated for 

AoA values (α0 ≈ 40◦) larger than those corresponding to the 

highest frequency of 2400MHz (α0 ≈ 31◦). However, for 

AoA values lower than α0, the slope of the curve increases 

with the carrier frequency. Note that for AoA values close to 

1◦, the attenuation level exceeds 50 dB for both 910MHz 

and 2400MHz carrier frequencies.  

The results shown that the signal propagates from the 

transmitter to the train reflecting on the platform structures, 

and this attenuation is very depending of the AoA. On this 

case the differences with the frequency are minimal. 

 

 

 

Fig. 5. Received signal inside the train for different positions of the 

transmitter, making different Angle of Arrival. 

 

TABLE IVII:. 

Frequency AoA Intercept α0 PLE n 

910 MHz  40º 3.5 

2400 MHZ 31º 3.8 

 

IV. CONCLUSIONS 

We have analyze on this paper the posiblity of providing 

reliable communications to passengers on board a high speed 

train. The train carriage structure introduces a strong signal 

penetration loss. The amount of penetration loss has been 

grossly estimated both by evaluating the difference between 

BTS-to-Mobile and the Station to Mobile links.  

The BTS to train link  attenuation has a typical value of 

24dB when using high towers, and it is independent of the 

train positio. This large attenuation can reduces the cell 

radius of a BTS from 8.5 km with external antennas to 2 km.  

 When transmitting from the station platform the minmun 

attenuation is 17dB,  but its very varible depending of the 

relative position of train and transmitter. This is because  the 

propagation from outside to inside the train is due to 

multipath on the souronding environment, and at low heights 

its very dependant of the angle of arribal.  On this case, 

higher frequencies have lower attenuation. 

 So we can summarize that the use of transmitters on high 

towers or low towers it is not enough to provide reliable 

communications to the users. It is necessary to instal external 

antennas on the train and to use a radio distribution network 

inside it. On the other hand, we have seen that propagation 

inside the train is stable and has low attenuation, so its 

possible to use of a radio network inside the train. 
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Abstract-An Outdoor-to-Indoor (021) wireless Hnk allows 
obtaining information from devices located outside a train. This 
is the case for devices installed on the roof that need to be 
monitored wirelessly by data-collecting devices located inside the 
train. In these situations, the electromagnetic signal is diffracted 
around the structure of the train and reflects on the environment 
or goes into the car through the windows. This creates a non-Hne
of-sight channel which is strongly dependent on the physical 
structure of the train, its materials, and the surrounding 
environment. In this work, the 021 channel of a metro car is 
characterized at 2.6 GHz. Narrowband channel measurements 
are carried out in station, tunnel and open field environments, 
and obtained results are modeled and discussed. 

Keywords-metro environment; outdoor-to-indoor link; 021; 
railways; wireless propagation 

I. INTRODUCTION 

In the last decade wireless communications have played an 
important role in the railway industry [1]. Wireless links in this 
field have been traditionally focused on train-to-ground 
communications, where GSM-R is one of the most noticeable 
examples [2]. Currently, additional wireless links are being 
considered for communications both around and inside the 
train [3 , 4]. This is the case of Outdoor-to-Indoor (021) links, 
which can connect devices either on the roof, under the frame 
or on the bogie with devices installed inside the train. This type 
of links can be used for various applications, such as wireless 
monitoring and maintenance of the different elements on the 
outside of the train [5 , 6]. 

The particularity of these 021 links is that the 
electromagnetic signal transmitted from the roof or the bogie 
does not reach the inner nodes directly. Instead, it gets 
diffracted around the car body shell or reflected on the 
surrounding environment, and can go into the train car through 
the windows. This means that 021 links are non-line-of-sight 
(NLOS) links which are strongly dependent on the physical 
structure of the train and its materials, as well as the outside 
environment. 

Several works can be found in literature that deal with links 
inside or around the train car body shell. In [7, 8] intra-vehicle 
and inter-vehicle communication links are measured at 2 GHz 
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and 5 GHz, showing that the wireless signal can re-enter the 
train through the windows. In [9] the wave propagation around 
the train is studied for Wireless Sensor Network (WSN) 
applications for bogie-condition monitoring at 434 MHz, 
showing an increase in the path loss when antennas are located 
under the train. Additionally, in [10] the diffraction of the 
wireless signal on the window frame of a train is characterized 
by electromagnetic simulations and measurements, obtaining 
diffraction losses of25 dB at 2.45 GHz. 

In the present work a wireless link from the roof of a train 
to the inside is characterized at 2.6 GHz for metro 
environments. Three scenarios have been extensively 
measured: train in the station, in the tunnel and outdoors. The 
frequency of 2.6 GHz has been selected in order to obtain 
interference-free measurements with similar propagation 
properties to those in the ISM band at 2.4 GHz, which is 
widely used for deploying communication systems. 

The paper is organized as follows. First, the measurement 
setup is described in Section II. Then, Section III presents the 
obtained results in the metro environment, which are analyzed 
statistically in Section IV. Finally, Section V summarizes the 
main results of the work. 

II TX Unit 

iii RX Unit 

Transmitter Antenna 

rru Receiver Antenna 

Fig. 1. Measurement setup diagram 

-- RF Cable TX 

RFCabie RX 



II. MEASUREMENT SETUP 

In order to characterize the 021 link, a transmitting antenna 
has been fixed on the roof of a CAF s8000-2a Madrid Metro 
train and a receiving antenna has been placed on a tripod inside 
the car. Fig. 1 describes the measurement scenario, while the 
antennas are depicted in Fig. 2 (Mobile Mark MGRM-WHF 
wideband monopole antennas [11]). 

The transmitting antenna has been connected to a signal 
generator transmitting a 19 dBm unmodulated carrier, while 
the receiving antenna has been connected to an Ettus USRP 
N210 Software Defined Radio equipment acting as a receiver 
[12]. This equipment has recorded the received signal at a 
sampling frequency of 100 Hz as the train moved at a constant 
speed of 18 kmlh along Line 10 of Metro de Madrid. This line 
has been selected as it covers the three selected propagation 
environments (i.e. tunnels, stations and open field). 

III. M EASUREMENT RESULTS 

Measured attenuation values for tunnel, station and open 
field are shown in Fig. 3, Fig. 4 and Fig. 5, respectively. Both 
instantaneous and averaged data are presented. These graphs 
show clearly the large attenuation and fast signal variations due 
to the muitipath present on the 021 links. This is a consequence 
of the signal from the antenna on the roof reaching the antenna 
inside through diffractions on the train car body shell (i.e. 
window frames, car interconnection structure, etc) and through 
external reflections. 

Additionally, average attenuation values have been 
calculated. They are shown in Table I. The following 
observations can be made about these results: 

1. Obtained attenuation values for a distance between 
antennas of 6m are in the range of 70-80 dB, which is 
15-20 dB higher than the free-space losses at 2.6 GHz 
(i.e. 56 dB). These additional losses come from 
diffraction losses on the train structure and absorption 
losses in the glass of the windows. 

2. The highest attenuation is obtained in the open field 
environment, indicating that this is the scenario with the 
least contribution from outside reflections. 

Fig. 2. Transmitter antenna on roof (left); receiver antenna inside car (right). 
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Fig. 3. Measured attenuation in tunnel (green line: instantaneous; red line: 
average). 
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Fig. 4. Measured attenuation in station (green line: instantaneous; red line: 
average). 
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Fig. 5. Measured attenuation in open field (green line: instantaneous; red 
line: average). 
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TABLE I. AVERAGE ATTENUATIONS (DB) 

Tunnel 73.2 

Station 75.1 

Open Field 79.8 
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Fig. 6. Comparison of averaged attenuations in metro environments. 

As a side note, it can be observed that the measured 
distances have been different in each environment; the reason 
for this is that the measured metro line is mainly in tunnel 
environment (three and a half kilometers of tunnel were 
measured), while only six hundred meters of open field and 
three hundred meters of station were available. However, the 
measured data have enough size to obtain proper results. A 
comparison of the three environments is shown in Fig. 6. 

In order to characterize more accurately the signal 
absorption due to the glass of the windows, the losses of the 
glass were characterized using two hom antennas [13]. It must 
be noted that this glass is not an ordinary one, because for 
safety reasons it needs to be railway-compliant [14] , what 
means that it needs to be toughened and laminated. Fig. 7 
shows the measurement setup and the obtained values are 
presented in Table II. These results indicate that even though 
the RF signal suffers some absorption when going through the 
glass, these absorption losses are not significant in the whole 
link budget of the wireless link. 

IV. STATISTICAL ANALYSIS 

A statistical analysis of the small-scale fading of the signal 
has been done by removing the large-scale fading of the 
channel and checking which theoretical Probability Density 
Functions (PDF) fits better with the result. In order to obtain 
the large-scale fading of the channel, narrowband data have 
been averaged every 40 samples; this value has been chosen as 
it removes the high-frequency variations due to multi path 
while keeping the slow variations of the measured attenuation. 
PDF results for the small-scale fading are presented in Fig. 8, 
Fig. 9 and Fig. 10, and indicate that the 021 link fits 
statistically to a Rayleigh distribution, as there is no LOS 
between the antennas. The values for the Rayleigh B-parameter 
are presented in Table III. 
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TABLE II. GLASS CHARACTERIZA TION RESULTS 

Frequency (GHz) Attenuation (Db) 

1.6 1.9 

2.3 1.8 

3.0 4.4 

Fig. 7. Glass characterization setup. 
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Fig. 8. Probability density function for tunnel. 
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Fig. 9. Probability density function for station. 
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Fig. 10. Probability density function for open field. 

TABLE III. RAYLEIGH B-PARAMETER 

Tunnel 0.9318 

Station 0.9842 

Open Field 0.8719 

V. SUMMARY 

3.5 4 

A 2.6 GHz 021 wireless link has been characterized for 
three metro environments (tunnel, station and open field). 
Obtained results indicate attenuation values 15-20 dB higher 
than in a free-space scenario, due to the NLOS situation as a 
diffracted signal reaches the receiver. The measured 
attenuation has been higher for the open field environment, due 
to a smaller contribution of external reflections. A statistical 
analysis of the received signals has also been done, showing 
that the 021 channel follows a Rayleigh distribution. Finally, 
the impact of the window glasses on the signal attenuation has 
also been characterized, concluding that its effect is not 
significant on the overall link budget. 
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This document1 relates to the Final Degree Project (FDP) titled “Propagation emulator for 5G 

communications in intelligent transportation systems” which has been developed by the student Ana 

González-Plaza at Universidad Politécnica de Madrid under the direction of César Briso-Rodríguez, as 

part of the EIT Digital Master School programme in Internet Technology and Architecture 

(ITA). 

 

This master thesis has been developed in the Radiocommunication Group (GRC) of the Universidad 
Politécnica de Madrid, a consolidated research group located in the Escuela Técnica de Sistemas 
de Comunicaciones (ETSIST), within the framework of ENABLING 5G TEC2014-55735-C3-2-R 
funded by the Ministry of Economy and Competitiveness of Spain, and also financed by the China 
International Strategic Cooperative Project of the National Plan Key of R+D, 2016YFE0200200, in 
which the leading companies of the sector actively collaborate. 
 
During the internship the prototype of a propagation system device has been implemented for 
Intelligent Transportation Systems (ITS). These kind of devices are widely used for pre-plan the 
development of a wireless infrastructure. The novelty presented in this new product is that it 
provides information about the potential areas with lack of coverage or possible conflicts in the 
handover process when a vehicle travels along a predefined route (coordinates and speed).  
 
To achieve this goal, during the master thesis, a research of the well-known channel models has 
been done and a new path loss model for metropolitan railway tunnels has been done in order to 
later implement it on the software specifically developed for this device. 
 
This software is used to electronically control all the radio-frequency devices that composed the 
designed hardware. Besides, it provides a graphical interface that allows the user to watch the 
progress of the emulation, bring useful information in real-time. 
 
This device is demanded by companies of the railway sector as they require tools to predict the 
failure or success of the deployment of a new wireless infrastructure since any error can cause 
important expenses to the companies, given that the safety requirements are extremely strict. 
 
For that reason, two companies have been participating actively in the development of the 
propagation emulator system. This are Ticom Co, Chinese Company, and Metro de Madrid, a 
Spanish one. The former has set the requirements and, then, they have validated the final 
prototype with their professional equipment. The latter has lent the research group their trains and 

                                                           
1 This 2-pager document (separate from the Master Thesis) has to be produced before the termination of your Final 
Degree Project and has to be submitted in duplicate (original + 1 copy) at the same time as the Master Thesis report. It 
might be required that you send it to the EIT Digital Master School Office. 



 

 

 

MSc in Systems and Services Engineering for the 
Information Society (MSSEIS) 

Máster Universitario en Ingeniería de Sistemas y Servicios para 
la Sociedad de la Información (MISSSI) 

 
EIT Digital Master School programme in Internet 

Technology and Architecture (ITA) 
2nd year specialisation in Technologies for Internet Mobile and 

Ubiquitous Computing 

 

 
installations to perform measurements in their metropolitan tunnels at frequency bands not used 
yet commercially. 
 
To do that, the communication with the companies has been a key point to successfully finish the 
master thesis since their feedback was indispensable to fulfilling the requirements. The director of 
the research and the company together with the student have met several times. This close 
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Abstract

Abstract � Wireless communications are one of the greatest revolutions of our time,
which seems to have come to stay. In this context, in the �eld of intelligent transport
systems (ITS) there are still many challenges to be addressed. These are related to the
solution of the great di�culties that these complex environments of propagation present.
In this way, following the guidelines of European projects and important companies in
the sector, new approaches in the architecture of communications have been exposed in
this work that, not only greatly improve current communications, but also open the door
to new business models, services and applications.

In this sense, the objective of this master's thesis is the development of a propagation
emulator system that allows system-level evaluation of network deployment speci�cally
for ITS. The advantages of this type of devices are that in a simple, controlled and
reproducible way, the zones of possible lack of wireless coverage and the handover process
so problematic in high speed environments can be easily assessed.

In order to carry out this project, this document presents these new communication
approaches for ITS, explains the most relevant channel models of the literature, presents a
millimeter-wave model for tunnels in railway environments and, �nally, details the design,
development and implementation of a propagation emulator system.

Key words � 5G channel modeling, Intelligent Transportation Systems, propagation
emulator, railway communication systems, vehicular communication systems, wireless
communications
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Resumen

Resumen � Las comunicaciones inalámbricas son una de las mayores revoluciones
de nuestro tiempo, que parece que han llegado para quedarse. En este sentido,
en el campo de los sistemas inteligentes de transporte (ITS, de sus siglas en inglés
Intelligent Transportation Systems) aún quedan muchos desafíos por abordar. Éstos están
relacionados con la solución de las grandes di�cultades que estos entornos complejos de
propagación presentan. De esta manera, siguiendo las directrices de proyectos europeos y
de importantes empresas del sector, se han expuesto en este trabajo nuevos enfoques en la
arquitectura de comunicaciones que no sólo mejoran en gran medida las comunicaciones
actuales, sino que también abren la puerta a nuevos modelos de negocio, servicios y
aplicaciones.

En este sentido, el objetivo de este trabajo �n de máster es el desarrollo de un sistema
emulador de propagación que permite la evaluación a nivel de sistema del despliegue de
red especí�camente para sistemas inteligentes de transporte. Las ventajas que tienen este
tipo de dispositivos son que de una manera sencilla, controlada y reproducible se pueden
analizar las zonas de posible ausencia de cobertura inalámbrica y el proceso de handover
tan problemático en entornos de alta velocidad.

Para llevar a cabo este proyecto, en este trabajo se presentan estos nuevos enfoques
de comunicaciones para ITS, se introducen los modelos de canal más relevantes de la
literatura, se explica un modelo realizado en onda milimétricas para túneles de entornos
ferroviarios y, �nalmente, se detalla el diseño, desarrollo e implementación de un sistema
emulador de propagación.

Palabras clave � 5G, comunicaciones ferroviarias, comunicaciones inalámbricas,
comunicaciones vehiculares, emulador de canal, modelado del canal, Sistemas inteligentes
de transporte.
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