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Abstract 

Abstract 

This thesis addresses the compatibility between railway telecommunications systems (GSM-R, LTE-R, 

and BBRS) and other cellular and wireless external systems that use adjacent frequencies. A model to 

analyse this compatibility was developed and implemented in MATLAB. An interference estimation (tak-

ing three interference types into account) is performed based on the distance from the interferer’s trans-

mitter to the victim’s receiver. This estimation is then used for the calculation of both the maximum 

communication distance, useful for a proper deployment of railway base stations / wayside access points 

under interference scenarios, and the capacity loss that railway telecommunications systems already 

deployed may be subjected to. The interference sources considered for GSM-R and LTE-R analyses 

are public GSM and UMTS networks. The interference sources considered for the BBRS analysis are 

Wi-Fi devices. The results obtained for GSM-R allow one to conclude that distances between railway 

base stations lower than the usual deployments may be needed when an interfering base station is 

deployed closer than 1.5 km from the rail track. For LTE-R, reusing the masts of the GSM-R base sta-

tions, an interfering base station deployed closer than 2.2 km from the rail track can make throughput 

to drop below the values that the voice service requires. For BBRS, a Wi-Fi device being used at a 

distance lower than 65 m from a railway wayside access point can make throughput to drop below 

12 Mbps, maximum communication distances lower than 300 m being needed in these cases. 

Keywords 

Railway Telecommunications Systems, Cellular and Wireless Systems, Interference, Adjacent Frequen-

cies, Deployment Distances. 
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Resumo 

Resumo 

Esta tese aborda a compatibilidade entre sistemas de telecomunicações ferroviárias (GSM-R, LTE-R e 

BBRS) e outros sistemas celulares e sem fios externos que utilizam frequências adjacentes. Um modelo 

para analisar esta compatibilidade foi desenvolvido e implementado em MATLAB. Uma estimativa de 

interferência (levando em consideração três tipos de interferência) é realizada com base na distância 

do transmissor do interferente ao recetor da vítima. Esta estimativa é depois utilizada tanto para o 

cálculo da distância máxima de comunicação, útil para uma implantação adequada de estações base / 

pontos de acesso ferroviários em cenários de interferência, como para o cálculo da queda no ritmo de 

transmissão a que sistemas de telecomunicações ferroviárias já instalados podem estar sujeitos. As 

fontes de interferência consideradas para as análises do GSM-R e do LTE-R são as redes públicas de 

GSM e UMTS. As fontes de interferência consideradas para a análise do BBRS são dispositivos Wi-Fi. 

Os resultados obtidos para o GSM-R permitem concluir que distâncias entre as estações base ferrovi-

árias mais baixas do que as implantações usuais podem ser necessárias quando uma estação base 

interferente está a menos de 1.5 km da via férrea. Para o LTE-R, fazendo-se o reuso dos mastros das 

estações base do GSM-R, uma estação base interferente instalada a menos de 2.2 km da via férrea 

pode fazer com que o ritmo de transmissão caia abaixo dos valores que o serviço de voz requer. Para 

o BBRS, um dispositivo Wi-Fi emitindo a uma distância inferior a 65 m de um ponto de acesso ferroviário 

pode fazer com que o ritmo de transmissão caia abaixo de 12 Mbps e distâncias máximas de comuni-

cação inferiores a 300 m são necessárias nestes casos. 

Palavras-chave 

Sistemas de Telecomunicações Ferroviárias, Sistemas Celulares e Sem Fios, Interferência, Frequên-

cias Adjacentes, Distâncias de Implementação. 
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Chapter 1 

Introduction 

1 Introduction 

This chapter starts by giving an overview of the historical facts, main concepts, and future perspectives 

related to railway telecommunications systems. Then, in the problem statement section, one introduces 

the problem under study and the objectives of this thesis. The structure of this thesis together with the 

content covered in each chapter are described at the end.
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1.1 Overview 

The usage of trains has been increasing over the last years motivated by various reasons, namely, to 

avoid road congestion, to save money, and to have the possibility to work on the go, as mentioned by 

many passengers. This growth in the number of passengers, in the case of the European Union (EU) 

countries, is presented in Figure 1.1; in addition to passenger transportation, trains are also widely used 

for freight transportation, which also has registered an increase in Europe [EUSE19a]. These increases 

in the flux of passengers and freight transportation bring the need for a highly reliable and high-perfor-

mance infrastructure. A continuous reform on trains’ equipment, carriages, rail tracks, stations, control 

and signalling systems, and railway telecommunications systems is needed to cope with this tendency. 

 

Figure 1.1 – Number of rail passengers in the EU over the last years (adapted from [EUSE19b]). 

Railway telecommunications systems play a key role in maintaining a safe operation of the train itself, 

today being even responsible for the operation of the control and signalling systems. Continuous invest-

ment in this area has been made over the last years. The first railway telecommunications systems were 

based on analogue First Generation of Mobile Communications Systems (1G) technology. The limited 

functionality, the difficulty in finding replacement parts, the increasing price of maintenance, and the 

world movement to digital communication technologies determined that these systems had to be re-

placed. There were over 35 different railway analogue systems operating at the same time in Europe at 

the end of the last century [GSMR19]. 

The already mentioned reasons, plus the ambition of a single and cross-border interoperable system, 

led to the launch of a project in 1992, called European Integrated Radio Enhanced Network (EIRENE), 

resulting from a collaboration among the Union Internationale des Chemins de Fer (UIC), the European 

Commission, and European railway companies [UICG19]. The EIRENE project had the aim to specify 

the requirements of a telecommunications system that fulfilled the needs of the railway environment. To 

validate that these requirements could be implemented into telecommunications technologies, a new 

project was born in 1996, called Mobile Radio for Railway Networks in Europe (MORANE). The two 
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projects led to the creation of Global System for Mobile Communications – Railway (GSM-R), which 

saw its full specifications finalised in 2000 [UICG19]. GSM-R is a digital railway telecommunications 

system built upon the narrowband Global System for Mobile Communications (GSM) standard, a Sec-

ond Generation of Mobile Communications Systems (2G) technology, providing voice and data commu-

nication to the railway environment in both Circuit Switch (CS) and Packet Switch (PS) (with General 

Packet Radio Service (GPRS) option) modes. GSM-R has additional functionalities compared to the 

public GSM, guarantees performance at train speeds up to 500 km/h with no communication losses, 

and provides throughputs up to 172 kbps [HAWG16].  

To complement the work of these projects, and also because in Europe there were more than 15 differ-

ent control and signalling systems [Ghaz14], the UIC launched another project called European Rail 

Traffic Management System (ERTMS), intending to harmonise all the control and signalling systems 

into a single one. It is possible to observe in Figure 1.2 the different planned corridors to be equipped 

with ERTMS in Europe. ERTMS has two components: the European Train Control System (ETCS) and 

the GSM-R itself [GSMR19]. ETCS is a dedicated system for the control and signalling of the train and 

GSM-R aims to provide the data transmission needed (via Circuit Switched Data (CSD) mode) to ETCS 

to operate. Other countries around the world adopted ERTMS, like China, Turkey, Saudi Arabia, Aus-

tralia, Algeria, South Korea, Taiwan [ERTM19]. 

 

Figure 1.2 – The planned corridors to be equipped with ERTMS in Europe (extracted from [RGIN19]). 

The adoption and implementation, by the countries in the EU, of GSM-R and ETCS, still is a gradual 

process. Member countries and associates that have not adopted GSM-R yet, must do it under the 

Control-Command Signalling Technical Specifications for Interoperability [Smit17]. As in the EU, other 

countries around the world launched their analogue radio replacement programmes, which are still on-

going. However, one problem arises: while, on the one hand, one is reaching a new decade and public 

mobile communications are making the transition from Long Term Evolution (LTE), which is a Fourth 

Generation of Mobile Communications Systems (4G) technology, to New Radio (NR), which is the new 



 

4 

Fifth Generation of Mobile Communications Systems (5G) technology, on the other hand, GSM-R is still 

a 2G based system, obsolete in what performance is concerned. Suppliers commit to provide GSM-R 

equipment only until 2030 [Smit17], hence, after this date, it will be very difficult to attend infrastructure’s 

replacement needs and, therefore, its Quality of Service (QoS). Thus, it is time to work on a successor. 

Since 2012, a UIC project known as Future Railway Mobile Communication System (FRMCS) has 

started to assess what is the best way forward [UICF19]. The successor must meet many requirements, 

such as high data rates, low latencies, and the possibility to coexist with GSM-R for a long period of 

time. The preference is to select an already mature system and to add specific railway features to it, 

hence, a solution seems to go through LTE – Railway (LTE-R), a system based on LTE. 

LTE-R is an Internet Protocol (IP)-based broadband railway telecommunications system that provides 

voice and high-speed data transmission, and has advanced specific features dedicated to the railway 

environment. It aims to provide throughputs up to 100 Mbps in the Downlink (DL) and up to 50 Mbps in 

the Uplink (UL) without communication losses at train speeds up to 500 km/h [HAWG16]. LTE-R is not 

fully standardised yet, but there is already an implementation of LTE-R in a 120 km High-speed Railway 

(HSR) in South Korea, Figure 1.3. The implementation was performed with an eye on the Winter Olym-

pics 2018. The adoption of LTE-R as the next main railway telecommunications system implies to jump 

over Universal Mobile Telecommunications System (UMTS), a Third Generation of Mobile Communica-

tions Systems (3G) technology: since LTE has a simpler and flat architecture, providing higher data 

rates and lower latencies, and being on the market for almost 10 years, it seems the proper choice. 

 

Figure 1.3 – LTE-R’s implementation in a HSR in South Korea (extracted from [SAMS19]). 

In addition to GSM-R and LTE-R, based on mobile cellular communications technologies, other railway 

telecommunications systems based on Wi-Fi are also widely used nowadays for railway communica-

tions, Broad Band Radio System (BBRS) being one of these systems, deployed by Thales, based on IP 

data packet transmission. It offers throughputs between 70 Mbps and 125 Mbps and supports train 

speeds of up to 250 km/h, serving the needs of systems asking for real-time information (mainly non-

critical safety applications). According to [BBRS17], the deployment of this system is mainly outside 

Europe, with implementations in India, Saudi Arabia, Canada, and Qatar. 



 

5 

1.2 Problem Statement 

One should be aware that the frequency spectrum is scarce, and so, each telecommunications system 

is assigned with frequency bands adjacent to each other or, even, with frequency bands that are shared 

by other systems. The three introduced railway telecommunications systems (GSM-R, LTE-R, and 

BBRS) may be subject to interference problems because their frequency bands are adjacent to bands 

used by telecommunications systems external to the railway usage. It is possible to see in Figure 1.4 a 

representation of these portions of the radio spectrum and the sources likely to cause interference. If 

these external telecommunications systems are deployed too close to the rail tracks, they can interfere 

with the operation of the railway telecommunications systems. 

 

Figure 1.4 – Frequency bands commonly used by the three railway communications systems. 

In Europe, the frequency band assigned to GSM-R is adjacent, in both UL and DL, to the E-GSM-900 

one, which is used by Mobile Fixed Communication Networks (MFCNs) such as public GSM, UMTS, 

and LTE [CEPT19a], Figure 1.4, and many interference cases have been reported [CEPT11]. The fre-

quency band of LTE-R is not standardised yet, but it is expected that LTE-R will coexist with GSM-R in 

the same frequency band in a first stage of the transition and, then, it will end up using the whole band 

used today by GSM-R when the transition is completed [ETSI19], Figure 1.4. Therefore, it is necessary 

to study the susceptibility of LTE-R to interference from the MFCNs working in the E-GSM-900 band as 

well. BBRS, contrary to GSM-R and LTE-R, is mainly deployed outside Europe (also there is some 

BBRS projects in Europe) and, depending on its use and country, the frequency bands can vary. BBRS 

can make use of both licensed and unlicensed bands [BBRS17]. The case of adjacent interference to 

the licensed band of BBRS is represented in Figure 1.4, but the adjacent interference case can be also 

applied when BBRS is using the 5 GHz unlicensed band, worldwide used by Wi-Fi. 

According to [CEPT11], the reported cases of interference to GSM-R are mainly in its DL operation, that 

is, the emissions from the public Base Stations (BSs) of the MFCNs interfere with the reception of the 

desired signal on GSM-R Mobile Terminals (MTs). For LTE-R, the DL interference scenario is also ex-

pected to be the most demanding one. BBRS uses the same band for both UL and DL, and Access 

Points (APs) are used on both ends, so the interference to both its DL and UL operation needs to be 

considered; Figure 1.5 shows a physical representation of the interference problems. 
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The objective of this thesis is to analyse the compatibility between the three mentioned railway telecom-

munications systems (GSM-R, LTE-R, and BBRS) and other telecommunications systems external to 

railway usage that use adjacent frequencies. The majority of the works performed in this matter cover 

only one interference type and focus only on interference having the handover point of the railway tele-

communications systems as the reference one (which is the worst-case scenario, but does not allow to 

cover the cases where an interfering source is deployed close to other points of the rail tracks). 

In this work, one develops a model for interference estimation (taking three interference types into ac-

count) and evaluation of interference-free regions along rail tracks in various deployment scenarios. The 

interference estimation is then used for both a proper deployment of railway BSs / wayside APs under 

interference scenarios (deployment guidelines) and to analyse the capacity loss that already deployed 

railway telecommunications systems may be subject to. 

 

Figure 1.5 – Physical representation of the interference problems. 

1.3 Contents 

This thesis is composed of 5 chapters, followed by 9 annexes where additional data is provided. 

Chapter 1, the present one, describes the historical evolution of railway telecommunications systems, 

presenting some important milestones, and giving future perspectives. The problem under study and 

the objective of this thesis are explained. The structure of the whole thesis is described. Chapter 2 gives 

a detailed description of GSM-R, LTE-R, and BBRS, presenting their network architectures and radio 

interfaces. The services and applications that these railway telecommunications systems aim to provide 

are presented as well as their requirements and the usual scenarios where railway communications can 

take place. Performance parameters are overviewed and the interference types that the three railway 

telecommunications systems may be subject to are explained. The state of the art is also presented. 

Chapter 3 presents the model developed to deal with the problem under study, explaining its inputs, 

outputs, and all the equations that compose it. The implementation of the various equations in MATLAB 

is explained. The assessment of the model is performed by comparison with results from other authors. 

Chapter 4 describes the scenarios chosen for the interference analysis, the obtained results are pre-

sented and their analysis is performed. Chapter 5 presents the conclusions of this work and the main 

points that may be analysed in future works to complement this thesis.

Public BS 
Wi-Fi device 

Railway BS/ 
wayside AP 

Railway MTs/ mobile APs 

Train 

Railway BS/ 
wayside AP 
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Chapter 2 

Fundamental Concepts        

and State of the Art 

2 Fundamental Concepts and State of the Art 

This chapter starts by giving an overview of the network architectures and radio interfaces of GSM-R, 

LTE-R, and BBRS. Then, the applications and services of railway communications, their requirements, 

and some scenarios where they can take place are presented. Performance parameters are stated, and 

a deeper analysis of the interference parameter is performed where the interference types are intro-

duced. Some works from other authors are mentioned in the state of the art.
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2.1 GSM-R 

The current section describes the network architecture of GSM-R, its useful characteristics for railway 

communications compared to public GSM and its radio interface. 

2.1.1 Network Architecture 

GSM-R has basically the same network architecture as public GSM, which is represented in Figure 2.1. 

Five different main categories can be defined: the MTs, the Base Station Subsystem (BSS), the Network 

and Switching Subsystem (NSS), the Operations and Maintenance Centre (OMC), and the public net-

works. 

 

Figure 2.1 – GSM-R’s network architecture (adapted from [GLCI19]). 

The MTs represent the group of in-movement terminals, several types being specified for railway com-

munications, [PuTa09]: the Cab Radio, the European Train Control System Data Only Radio (EDOR), 

the General Purpose Handled (GPH), the Operational Purpose Handled (OPH) and the Operational 

Purpose Shunting-handled (OPS). The Cab Radio and the EDOR are the MTs installed inside the train. 

Each MT is identified by its International Mobile Equipment Identity (IMEI) number and has its own 

Universal Subscribers Identity Module (USIM) card, which carries the International Mobile Subscriber 

Identity (IMSI) number, used for user identification in the network. 

The BSS is responsible for handling all functionalities related to radio transmission and reception. It 

contains the Base Transceiver Stations (BTSs) (also commonly known as BSs) and the Base Station 

Controllers (BSCs). The BSs contain the antennas, transceivers, amplifiers, and other transmission/re-

ceiving equipment. The network’s area is divided into different cells, each cell having a BS assuring MTs 
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communications within it. The BSCs control the BSs equipment, performing power control and handover 

decisions, among others; it is up to the BSCs to decide when to perform handovers and these decisions 

strongly influence network capacity [PuTa09]. 

The NSS is divided into two cores: the CS core and the PS core. The CS core contains the Mobile-

services Switching Centres (MSCs) and the Gateway Mobile-services Switching Centres (GMSCs). The 

MSCs are responsible for traffic management control among BSs, and the GMSCs are responsible for 

forwarding traffic between the MSCs and the public networks. There is a Visitor Location Register (VLR) 

attached to each MSC that contains temporary information about the users of a designated area of the 

network. The PS core contains the Serving General Packet Radio Service Support Nodes (SGSNs) and 

the Gateway General Packet Radio Service Support Nodes (GGSNs), which perform a similar function 

to the MSCs and the GMSCs, respectively, but for packets’ traffic. The NSS contains also, shared by 

the CS core and by PS core, the Home Location Registers (HLRs), the Authentication Centres (AuCs), 

the Equipment Identity Registers (EIRs) and the Short Message Service Centres (SMSCs). The first 

three are databases that hold permanent user’s profile and location information, security information, 

and equipment information, respectively. The SMSCs are responsible for storing and forwarding short 

messages between two points. 

The OMC is responsible for the monitoring of the entire GSM-R’s network, ensuring its proper function-

ing. It is where the centralised control of the network (BSCs, databases, MSCs, SGSNs, etc) is being 

performed. 

The public networks represent the interconnection of GSM-R’s network to the public domain. The CS 

core is connected to the Public Switched Telephone Network (PSTN), and the PS one to the public 

internet. 

The only differences to the public GSM’s network architecture are the inclusion of the dispatcher termi-

nals and of the Radio Block Centres (RBCs), both exclusive for railway usage. The dispatcher terminals 

are the fixed terminals in the Control Centres (CCs) used to communicate with the MTs mentioned 

above (except with the EDORs). The RBCs are railway specific equipment exclusive for the functioning 

of ETCS and they communicate with the EDORs for that purpose. This latter connection is a data one 

and is exclusively assured by the CS core, via CSD [PuTa09]. The RBCs are covered in Section 2.4, 

where the functioning of ETCS is explained. 

GSM-R provides to the MTs various additional dedicated services and features compared to public 

GSM, namely related to voice applications, to attend railways’ specific needs [UICG19]. These services 

and features are divided into two groups as presented in Table 2.1: Advanced Speech Call Items (ASCI) 

services and EIRENE features.   

For the former, one has Voice Group Call Service (VGCS), Voice Broadcast Service (VBS) and en-

hanced-Multilevel Precedence and Pre-emption (eMLPP), while for the latter it has Functional Address-

ing (FA), Location-dependent Addressing (LdA), Shunting Mode (SM), Multiple Driver Communication 

(MDC) within the same train and Railway Emergency Call (REC). 
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Table 2.1 – Description of ASCI services/EIRENE features (based on [GSMR15a] and [GSMR15b]). 

 
Service/ 
feature 

Description 

ASCI 
services 

VGCS            
A service that allows MTs with permission for that to make group speech con-
versation. This service requires MTs that support it. 

VBS 
A service used to make announcements and to broadcast recorded messages 
to and from the trains in a push-to-talk manner. Only the users requesting the 
service can speak, the others being listeners. 

eMLPP 
A service used to classify calls at different priority levels, allowing critical MTs to 
work in an emergency situation, where everybody is trying to use their devices. 

EIRENE 
features 

FA 
A function that simplifies the making of a call. Instead of tapping a whole phone 
number, a single number identifies the user. 

LdA 
A function used to route calls to a destination number that is within a certain 
location. This feature is used when the driver wants to communicate with the 
dispatcher of a certain region. 

SM A dedicated mode of MTs to perform shunting operations. 

MDC A function that allows communication between drivers of the same train.  

REC 
A special type of VGCS call with the highest priority possible set up when an 
emergency situation is detected. This type of call is made to a specific region 
and the trains within that region are who take the call. 

 

2.1.2 Radio Interface 

GSM-R works in slightly different frequency bands depending on the country. In Europe, GSM-R has a 

standardised band around the 900 MHz assigned to it, which can be seen, in Figure 2.2, with the re-

spective standardised frequency band commonly named as Railway-GSM (R-GSM) band. This band 

ranges from 876 MHz to 880 MHz for UL and from 921 MHz to 925 MHz for DL (4 MHz for each). Both 

the upper and lower parts of these bands include a 100 kHz guard band, so there is only 3.8 MHz left 

for communications [PuTa09]. One carrier has 200 kHz of bandwidth and there is no space between 

adjacent carriers, so there are 19 carriers available in the R-GSM band. The 3 MHz bands represented 

in Figure 2.2, in both UL and DL, stand for Extended Railway-GSM (ER-GSM) and are used in some 

countries to increase the number of carriers of GSM-R to allow more traffic.  

 

Figure 2.2 – GSM-R’s standardised frequency band (adapted from [Wolf18]). 
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The centre frequency of each carrier, for both UL and DL, is given by: 

𝑓𝑐
𝑈𝐿

[MHz] = 876 + 𝑘 × 0.2 , 𝑘 = 1, … , 19 (2.1) 

𝑓𝑐
𝐷𝐿

[MHz] = 921 + 𝑘 × 0.2 , 𝑘 = 1, … , 19 (2.2) 

Because spectrum is limited, one must use it in the most effective manner, allowing for bidirectional 

transmission of data. GSM-R combines Frequency Division Duplex (FDD) and Time Division Multiple 

Access (TDMA) [Corr18]: FDD states that different frequency bands are used for UL and DL, as one 

can see in Figure 2.2, and TDMA, represented in Figure 2.3, states that each user has access to the 

whole available band, being the division (among users) made in time, in time-frames, each time-frame 

containing 8 time-slots. 

 

Figure 2.3 – Overview of TDMA (adapted from [Sour13]). 

The transmission of a time-frame is done in bursts and has a duration of 4.615 ms, while a time-slot has 

a total duration of 577 μs and is 156.25 bits long, these being the physical channels [Corr18]. TDMA 

leads to a limited number of time-slots at a given time, which can lead to call drops and overall quality 

decrease of connections, depending on traffic. GSM-R uses Gaussian Minimum Shift Keying (GMSK) 

as the modulation method [SnSo12]. The previous information applies to both PS and CS, except in the 

part of time-slots allocation. The number of time-slots allocated per user in the PS mode can be different 

between UL and DL (dynamically assigned) allowing for higher data rates. 

2.2 LTE-R 

The current section describes LTE-R’s network architecture and radio interface. LTE-R’s additional rail-

way features are not yet fully specified but a list of expected features can be seen in [CMAF13]. 

2.2.1 Network Architecture 

LTE-R has basically the same network architecture as public LTE, as represented in Figure 2.4. It is 

divided into four main groups: the MTs, the Evolved Universal Terrestrial Radio Access Network (E-

UTRAN), the Evolved Packet Core (EPC), and the public networks. 
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Figure 2.4 – LTE-R’s network architecture (adapted from [HAWG16]). 

The MTs represent, as in GSM-R, the group of in-movement terminals. 

E-UTRAN contains nodes called eNodesB [HAWG16], which are autonomous BSs that are designed to 

cope with all the work that BSs and BSCs have in GSM-R’s network architecture. The intention is to 

replace the BS-to-BSC dependency, leading to a flat network where there are fewer nodes, thus leading 

to lower latency of radio interface operations and to better overall network performance. The E-UTRAN 

is responsible for radio resources management, security of communications, and connectivity between 

the MTs and the EPC. 

The EPC contains the Serving Gateways (S-GWs), the Packet Data Network Gateways (PDN-GWs), 

the Mobility Management Entities (MMEs), the Home Subscriber Services (HSSs), and the Policy and 

Charging Resource Functions (PCRFs). The S-GWs are responsible for forwarding user data packets 

while also acting as an anchor for MTs handover between eNodesB. The PDN-GWs are the points of 

entry and exit of traffic. The PCRFs are software nodes that search for information to and from the 

network, in real-time, to determine network policy rules and then make policy decisions based on them 

for each MT. The HSSs are databases, based on the HLRs and on the AuCs databases from GSM-R, 

that deal with user authentication, access authorisation, and subscription-related information. The 

MMEs are responsible for initiating paging and authentication of the MTs in the HSSs, saving their lo-

cations, and selecting the appropriate S-GW [HAWG16]. 

The public networks represent the interconnection of LTE-R’s network to the public domain. In this case, 

because LTE-R is based only on PS, this connection is via IP services (public internet). 

In the case where GSM-R is already deployed in a rail track, LTE-R is prepared to be installed in a 

coexistence scenario, as represented in Figure 2.4. In that case, the connection to the various MTs may 

be shared between the two systems. Because LTE-R is not widely deployed yet, this network architec-

ture is basically the public LTE one. The connections to the RBCs and to the dispatcher terminals are 

not represented in Figure 2.4, but in case of a coexistence scenario between GSM-R and LTE-R, these 

connections can be shared by the two systems. 
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2.2.2 Radio Interface 

LTE-R is not standardised yet regarding frequency bands allocation, but the R-GSM frequency band 

represented in Figure 2.2 is the most probable contender for this system; the problem is that even con-

sidering the ER-GSM and the R-GSM bands together, there are only 7 MHz available in total. In the 

future, higher bandwidths may be needed to extract all the potential from LTE-R and assigning parts of 

the public LTE bands to LTE-R can be also a future reality. In Europe, public LTE can use various 

frequency bands, presented in Table 2.2, and the E-GSM 900 band, beyond the frequency bands given 

in Table 2.2, can also be used for public LTE. 

Table 2.2 – LTE’s frequency bands used in Europe  (based on [CEPT19a]). 

Frequency 
bands 

Downlink [MHz] Uplink [MHz] 

800 791 – 821 832 – 862 

1800 1 805 – 1 880 1 710 – 1 785 

2600 2 620 – 2 690 2 500 – 2 570 

 

LTE uses FDD and different multiple access techniques for both UL and DL [Corr18]: Orthogonal Fre-

quency Division Multiple Access (OFDMA) for DL and Single-carrier Frequency Division Multiple Access 

(SC-FDMA) for UL. In OFDMA, represented in Figure 2.5, the available band is divided into orthogonal 

(in time and frequency) subcarriers of 15 kHz, and sets of these subcarriers are allocated to the user. 

LTE radio channels have variable bandwidths depending on the number of allocated subcarriers. There 

is an overlap between adjacent subcarriers but not causing interference because these adjacent sub-

carriers are orthogonal to each other. The physical channels allocated to users are called Resource 

Blocks (RBs), each one corresponding to a set of 12 subcarriers with a duration of 0.5 ms, corresponding 

to 7 symbols. OFDMA is exclusively used for DL due to MTs’ power limitations. 

 

Figure 2.5 – Overview of OFDMA (extracted from [GeRK12]). 
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In SC-FDMA, instead of sets of subcarriers, the entire available channel’s bandwidth is used by a single 

user at a time. Beyond that, the symbols’ duration of this transmission method is much shorter providing 

better power behaviour and allowing MTs to save battery life. 

LTE can make use of three different modulation methods: Quadrature Phase Shift Keying (QPSK), 16-

Quadrature Amplitude Modulation (QAM), and 64-QAM. 

2.3 BBRS 

The current section describes BBRS’ network architecture and radio interface. 

2.3.1 Network Architecture 

One can divide BBRS’ network architecture, represented in Figure 2.6, into four main groups: the Oper-

ation Control Centre (OCC), the Backup Control Centre (BCC), the wayside APs and the mobile APs. 

 

Figure 2.6 – BBRS’ network architecture (extracted from [BBRS17]). 

The mobile APs are the radios devices installed onboard the trains. Each carriage has normally 2 an-

tennas on the roof to communicate with the wayside APs, which are cable-connected through the mobile 

APs that have the aim to spread the signal over the respective carriage. This two-hop transmission is 

used to avoid the penetration losses that a direct connection would cause. 

The wayside APs consist of several APs installed along the rail track, providing radio coverage to the 

mobile APs. The connection of wayside APs to the network is performed via optical fibre. 
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The OCC includes the Network Management System (NMS) and the Central Controller Access Points 

(CCAPs). The NMS is composed of control servers on technical rooms responsible for real-time moni-

toring, configuration and performance analysis of the entire network. The functions of the NMS are to 

identify handovers, to detect errors, to access network configurations and to execute security proce-

dures. The CCAPs are responsible for maintaining the well-behaviour of the network, for controlling the 

wayside APs radio power levels and for routing traffic to the destination. The BCC is a backup copy of 

the OCC, providing additional redundancy to guarantee network reliability in case a problem occurs. 

2.3.2 Radio Interface 

BBRS makes use of Wi-Fi as already mentioned, being based on the Institute of Electrical and Electron-

ics Engineers’ (IEEE) 802.11n 2x2 standard [BBRS17], which employs several techniques to improve 

throughput and reliability of the wireless network: Multiple-input and Multiple-output (MIMO) technology, 

channel bonding and packet aggregation. 

BBRS can work in various frequency bands: one around 2.4 GHz and three others around 5 GHz,  

Table 2.3. The recommended frequency band is the licensed one from the 5 GHz available bands, as 

represented in Figure 1.4, which allows having more flexibility in managing interference, providing a 

more secure, reliable and dedicated link;  the same band is used for both UL and DL. 

Table 2.3 – BBRS’ frequency bands (based on [BBRS17]). 

Type Frequency bands [GHz] 

Standard non-license 
2.405 – 2.495 

5.150 – 5.825 

Non-Standard non-license 5.825 – 5.875 

Non-Standard licensed 

(recommended) 
5.875 – 5.925 

 

The transmission method of the 802.11n standard is Orthogonal Frequency Division Multiplexing 

(OFDM), [MERA07], represented in Figure 2.7, which is very similar to the already presented OFDMA, 

but less efficient. OFDMA divides the available band into sets of subcarriers and each user is assigned 

with some sets per time-slot, while OFDM allocates all the subcarriers of a channel to a specific user 

during a time-slot, therefore, not allowing the radio resources to be used as efficient as in OFDMA. The 

modulation methods available are Binary Phase Shift Keying (BPSK), QPSK, 16-QAM and 64-QAM. 

MIMO is a technique in which the communicating APs use multiple antennas to transmit and to receive, 

[CISC07]. Multipath propagation implies that the transmitted signals reach the receiver with different 

delays, decreasing the overall received signal strength, but with MIMO, multiple signals are transmitted 

and advanced signal processing techniques are employed at the receiver to combine them. This stand-

ard is a 2x2, so it uses 2 transmitting and 2 receiving antennas. 
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Figure 2.7 – Overview of OFDM (adapted from [NAIN19]). 

The channels can be 20 MHz (64 subcarriers) or 40 MHz (128 subcarriers) wide: the 40 MHz ones are 

the result of channel bonding, which combines two adjacent 20 MHz channels doubling the bandwidth 

and the throughput. Another technique used to increase throughput is packet aggregation, where mul-

tiple packets of data are aggregated into a single transmission frame, reducing the number of transmitted 

frames, and, consequently, the time needed for the transmission. 

2.4 Railway Communications 

The current section overviews the services and applications of railway communications and defines their 

requirements. Some scenarios where railway communications can take place are also presented. 

2.4.1 Services and Applications 

The various applications of railway communications can be rearranged into four main classes of ser-

vices: voice, non-safety critical data, control and signalling data, and video and other broadband ser-

vices. To better understand the following overview, it is important to state which services are provided 

by each railway telecommunications system (GSM-R, LTE-R, BBRS): GSM-R aims to provide voice, 

non-safety critical data, and control and signalling data services; LTE-R aims to cover all the previous 

four classes of services; BBRS aims to provide video and other broadband services. The following anal-

ysis of voice, non-safety critical data, and control and signalling data services mentions GSM-R only 

because as already explained LTE-R is not yet fully standardised and GSM-R is the system in use. 

Voice 

One can divide the voice service into five types of sub-services [GSMR15b]: point-to-point calls, public 

emergency calls, broadcast calls, group calls, and multi-party calls. Public emergency calls are used to 

call external entities in case of an emergency, like ambulances, while broadcast and group calls are 

assured by VBS and VGCS services (ASCI services), respectively, already mentioned in Table 2.1. 
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A general representation of the parties that can make use of the voice service is represented in  

Figure 2.8. All these mentioned sub-services can be used in applications such as dispatching, shunting 

or maintenance. A description of each of these applications is given in Table 2.4. The voice service, 

beyond the use of ASCI services, makes also use of the EIRENE features, also mentioned in Table 2.1. 

For example, the REC feature, an EIRENE one, is represented in Figure 2.8. 

 

Figure 2.8 –  Representation of the calls’ parties (adapted from [SnSo12]). 

 

Table 2.4 – Description of the main applications of the voice service (based on [HUAW12]). 

Application Description 

Dispatching 
Communication between the train drivers (via the cab radios) and the dis-
patching staff (via the fixed terminals in the CCs) to guarantee the correct 
operation of the train. 

Shunting 
Communication between the train drivers and the shunting staff to perform 
shunting operations. Shunting is the process where carriages are manoeu-
vred to form complete trains or the opposite. 

Maintenance 
Communication between the rail track workers (via the handled terminals) 
and the dispatching staff (via the fixed terminals in the CCs) to perform works 
on the line, etc. 

 

Non-safety Critical Data 

One can divide the data service into four sub-services [GSMR15b], three of them being considered to 

be non-safety-critical data ones, which are text messages, general data applications and automatic fax. 

The parties and applications are basically the same that one defines for the voice service. 

Control and Signalling Data 

The fourth data sub-service mentioned in [GSMR15b] has to do with train control and signalling related 

applications, and so, it is classified as safety critical data. ERTMS is the system responsible for this 

matter, which comprises ETCS as the component used for control and signalling, and GSM-R as the 

component offering the needed data transmission. The ETCS’ equipment is connected to the Interlock-

ings (IXLs), which are respectively connected to the CCs [ECMT19a], Figure 2.9. The CCs and the IXLs 
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belong to the national railway implementation: the CCs are the rooms where the real-time monitoring of 

train circulation and signalling equipment information is performed, and the IXLs are line management 

systems that create maps of the train’s location, sending this information to the CCs where it is displayed. 

 

Figure 2.9 – Connection of the national railway implementation to the ETCS’ equipment. 

The ETCS component is divided into four main functional levels [Palu13]: Level 0 to Level 3. The ETCS’ 

equipment can be divided into Lineside Equipment (LSE) and Onboard Equipment (OBE). The OBE is 

presented at the end of this subsection. The LSE varies from functional level to functional level, hence 

being important to overview the different functional levels. To better understand the different levels, one 

should introduce two concepts first: blocks and Movement Authorities (MAs). Blocks are how the rail 

tracks are divided, to ensure that trains do not collide, with only a train being allowed at a block at a 

time. MAs are the permissions gave to a train to cross these blocks. 

Level 0 is characterised by a train equipped with ETCS’ OBE using a rail track equipped with LSE that 

does not belong to ETCS. In practice, this level is not considered to be an ETCS level, because the MAs 

given to the driver are given by a signalling system external to ETCS, in this case by trackside signals 

from the previous existing signalling system, having only limited monitoring tasks, like speed monitoring. 

Level 1, represented in Figure 2.10, is the first level equipped with both ETCS’ OBE and ETCS’ LSE, 

having the possibility of superimposition to the already existent signalling system (trackside signals), in 

a complementary scenario. The LSE of this level are Eurobalises and Lineside Electronic Units (LEUs). 

Eurobalises are passive devices installed between the rails of a railway that store and transmit data as 

pre-formatted telegrams (MAs given by the trackside signals, speed limits, etc.); they are passive de-

vices because they do not need an energy supply, being activated when they receive signals from the 

antenna beneath the train. These Eurobalises can be fixed or switchable: fixed ones transmit the same 

data every time and are not connected to any equipment, while switchable ones are connected to the 

LEUs and send data based on trackside signals. LEUs make the data connection between the switcha-

ble Eurobalises, the trackside signals and the IXLs. The IXLs control the trackside signals according to 

the information sent by detection beacons placed along the rail track. When a train crosses one Euro-

balise, the pre-formatted telegrams are sent to the OBE via the antenna beneath the train, then, the 

OBE monitors the speed and calculates braking curves from these data to be able to slow down and 

collect the next Eurobalises’ data. It is also possible to implement Euroloops, which are extensions of 

Eurobalises over a particular distance, over cable or radio, that allow continuous transmission of data. 
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Figure 2.10 – Level 1 operation diagram (adapted from [THAL19]). 

Level 2, represented in Figure 2.11, is a digital radio-based level making use of GSM-R. It is also 

equipped with both ETCS’ OBE and ETCS’ LSE. The LSE of Level 2 are Eurobalises and RBCs. The 

RBCs are computing devices that receive train detection information from the IXLs and, based on that 

information, generate MAs and transmit them to the trains. The train detection information is sent to the 

IXLs by the same detection beacons one has in Level 1. In this level, the Eurobalises do not transmit 

MAs anymore, being now only responsible for reporting train position information to the train itself, and 

acting as reference points for correcting distance measurement errors. The transmission of data (MAs 

generated by RBCs, train position given by Eurobalises, speed limits, etc.) between the train and the 

RBCs is made continuously via GSM-R and in full-duplex mode (both ways). The RBC is connected by 

cable to the GSM-R’s network as one can see in Figure 2.1 where the GSM-R’s network architecture is 

represented. The driver only has to pay attention to the OBE. 

 

Figure 2.11 – Level 2 operation diagram (extracted from [THAL19]). 

Level 3, represented in Figure 2.12, is the more advanced level. The LSE of this level is the same that 

one has in Level 2, the train position being transmitted to the train itself in the same way that in Level 2, 

via Eurobalises. The main difference is that rail tracks are no longer divided into fixed blocks: the train 

is equipped with a system that is responsible for monitoring its integrity, integrity data being sent along 

with the train location data to the RBCs, and the RBCs calculating the safe distance between two trains, 

generating MAs and transmitting them to the train. This two-way transmission between the trains and 

the RBCs, as in Level 2, is made via GSM-R in full-duplex mode. This type of operation, that one can 
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call moving blocks, ensures greater exploitation of the rail track capacity, allowing to achieve a continu-

ous rail-clear authorisation. The IXLs are no longer connected to detection beacons in the rail track. 

 

Figure 2.12 – Level 3 operation diagram (adapted from [THAL19]). 

Finally, represented in Figure 2.13, one has the ETCS’ OBE. The Euro Vital Computer (EVC) is the core 

unit [ECMT19b]. The Driver Machine Interface (DMI) is the interface that the driver uses to operate the 

train. The EDOR is the radio device responsible for processing the data received via the GSM-R an-

tenna, and a type of MT described in the GSM-R’s network architecture subsection. The Juridical Re-

cording Unit (JRU) is like the “black box”. The Train Interface Unit (TIU) is an interface responsible for 

applying ETCS’ control commands to the brakes. The Balise Transmission Module (BTM) is the interface 

responsible for processing the data received by the Eurobalises. The Odometer (ODO) is a subsystem 

composed of wheel sensors, radars, accelerometers. The Train Integrity System (TIS) is the system to 

check for train integrity. All the equipment is transversal to every functional level mentioned above, 

except the EDOR and the TIS. The EDOR is only used in Level 2 and in Level 3 where GSM-R is used. 

The TIS is available in Level 3 only. 

 

Figure 2.13 – ETCS' OBE (adapted from [FICS12]). 

Video and other Broadband Services 

Finally, in Table 2.5, one presents some of the broadband services of railway communications, which 

aim to provide applications related to infotainment and security of the passenger. 
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Table 2.5 – Description of the broadband services (based on [HUAW12] and [BBRS17]). 

Type of service Description 

High-definition Television (HDTV) Onboard television for infotainment applications. 

Closed-circuit Television (CCTV) Live video stream and record of onboard cameras. 

Public address Announcements via an advanced IP system. 

Platform cameras Live video stream of station platform cameras to the drivers' cab. 

Passenger information Multimedia messages appearing in cab and platform monitors. 

Help points Infotainment equipment for passengers to interact with. 

Equipment management Real-time monitoring of onboard equipment. 

High-speed internet access High-speed internet access for passengers. 

 

2.4.2 Requirements 

The four classes of services mentioned in the previous subsection have some requirements. The max-

imum allowable delay and average required throughput, as well as the peak throughput offered by each 

of the mentioned railway telecommunications systems, are given in Table 2.6. 

Table 2.6 – Delay/throughput requirements of each service class and peak offered throughput by each 

railway telecommunications system (based on [PALA15], [FrFC17], and [Corr18]). 

Service 

Maximum 
allowable 

delay  
[ms] 

Average  
required 

throughput 
[kbps] 

Peak offered throughput 

GSM-R 
[kbps] 

BBRS  
[Mbps] 

LTE-R 
[Mbps] 

Voice 100 ~ 22 
171.2 

(GPRS) 
– 

100 
(DL) 

 

50 
(UL) 

Non-safety Critical Data best effort best effort 
171.2 

(GPRS) 
– 

Control and Signalling Data 

(ETCS levels 2/3) 
500 ~ 1 

9.6 

(CSD) 
– 

Video and other  

Broadband Services 
100 ~ 4 000 – 

125  

(UL and DL) 

 

One can observe in Table 2.6 that for the non-safety critical data service, the employed method, for both 

the allowable delay and required throughput, is the “best effort”. This means that the non-safety critical 

data sub-services, because they are not based on real-time connections, are only served when possible. 

The same does not apply to the other service types, and stricter requirements exist. 
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GSM-R offers different peak throughputs depending on the service type: the peak offered throughput to 

both voice and non-safety critical data services refers to transmission by the PS core, via GPRS. As 

already said, the control and signalling data are transmitted over CSD, and so, the peak offered through-

put is much lower. For LTE-R and BBRS, because the transmission is always via PS, the peak offered 

throughput is represented as the same to all the service types that they aim to serve.  

Because GSM-R’s voice calls can be classified into different priority levels via the eMLPP ASCI service, 

different call set-up time requirements for the different types of calls are defined. These different call set-

up times are given in Table 2.7. The RECs are the calls with the highest priority possible as already 

stated, and so, their call set-up time is the lowest one. 

Table 2.7 – GSM-R’s specific voice requirements (extracted from [GSMR15b]). 

Call type Call set-up time [s]  

Railway emergency calls 4 

High priority group calls 5 

All operational and high priority mobile-to-fixed calls not covered by the above 5 

All operational and high priority fixed-to-mobile calls not covered by the above 7 

All operational mobile-to-mobile calls not covered by the above 10 

All other calls 10 

 

The control and signalling data service is assured by ETCS. Some additional requirements need to be 

defined because safety-critical data is involved, which are given in Table 2.8, being defined for a certain 

percentage of connections (95%, 99% or 100%). 

Table 2.8 – ETCS’ specific requirements (control and signalling data) (extracted from [FrFC17]). 

Parameter Value 

Maximum connection establishment delay [s] <8.5 (95%); <10 (100%) 

Connection establishment error ratio <10−2 (100%) 

Connection loss rate [/h] <10−2 (100%) 

End-to-end transfer delay [s] ≤0.5 (99%) 

Transmission interference period [s] <0.8 (95%); <1 (99%) 

Error-free period [s] >20 (95%); >7 (99%) 

Network registration delay [s] ≤30 (95%); ≤35 (99%); ≤40 (100%) 

 

GSM-R has specific coverage requirements, which are given in Table 2.9, being defined for the ER-

GSM frequency band. The coverage probability means that with the mentioned probability (in this case 

95%) the received signal level should be equal or above the receiver sensitivity. The data given in  

Table 2.9 take a margin of 6 dB into account to guarantee that the received signal is always above the 

receiver sensitivity. 
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Table 2.9 – GSM-R’s specific coverage requirements (based on [GSMR15a]). 

Service Coverage [%] Speed [km/h] Receiver sensitivity [dBm] 

Voice and  

Non-safety Critical Data 
95 – -98 

Control and Signalling Data 

(ETCS levels 2/3) 
95 

≤220 -95 

[220, 280] [-92, -95] 

≥280 -92 

 

Lastly, the interference related requirements, are defined by a certain Signal-to-noise-plus-interference 

Ratio (SNIR), i.e., the minimum difference between the power of the desired signal and the sum of the 

powers of the interfering signals with noise. The minimum SNIR for GSM is fixed (only uses one data 

modulation method) and it can be considered as 9 dB [Corr18], to be able to offer the voice service., 

while for LTE (LTE-R) and Wi-Fi (BBRS), because they use Adaptive Modulation and Coding (AMC), 

unlike GSM, it has no fixed value and depends on the required throughput. 

2.4.3 Scenarios 

It is important to define the different types of railway scenarios where communications can take place. 

This importance relies on the fact that different environments cause completely different behaviours in 

the propagation of the signals (both desired and interfering ones). One provides in Table 2.10 four dif-

ferent types of rail tracks and their characteristics. 

Table 2.10 – Characteristics of different types of rail tracks (based on [FrFC17]). 

Characteristics Urban Urban/Inter-City Inter-City High-Speed 

Maximum speed [km/h] ≤70 ]70; 160] ]160, 250[ ≥250 

Line length [km] ≤20 ]20, 100[ [100, 250[ ≥250 

Parallel tracks [units] 1 2 3 4 

Rolling stock Single Similar Mixed Very mixed 

Stock types 1 [2, 4] [5, 8] ≥9 

Train stations [1, 5] [6, 20] [21, 50] ≥51 

Operators 1 2 [3, 5] ≥6 

Passengers [/km of line] <10k [100k, 200k[ [200k, 500k[ ≥500k 

Range of services Single Small diversity Multiple variances Extremely varied 

 

The various scenarios/structures that one can encounter along rail tracks are, for example, urban, sub-

urban, rural, viaduct, cutting, tunnel, railway station, mountain, desert, water, and combination scenarios 

(groups of tunnels or cuttings). Examples of a viaduct and a cutting, two of the most common railway 

scenarios/structures, are represented in Figure 2.14. 
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a) Viaduct.    b) Cutting. 

Figure 2.14 – Two common railway scenarios (extracted from [AHZG12]). 

All the mentioned scenarios/structures introduce multipath effects resulting in fading and channel time 

dispersion. It is therefore important to be aware of the effects of multipath in what concerns path loss, 

taking path loss exponent, standard deviation caused by shadowing and the distribution used to char-

acterise fast fading into account. An analysis of these parameters for different scenarios/structures (for 

930 MHz) is given in Table 2.11. Different frequencies may lead to different values, but this analysis is 

important for one to be aware of the order of magnitude that one is dealing with. 

Table 2.11 – Some characteristics of the different railway scenarios/structures (based on [AHZG12]). 

Scenario/ 

structure 

Path loss 
exponent 

Standard deviation 
of shadowing [dB] 

Fast fading 
distribution 

Urban 4-7 3-5 Rice 

Suburban 3-5 2-3 Rice 

Rural 2-5 2-3 Rice 

Viaduct 2–4 2-4 Rice 

Cutting 2.5-4 3-5 Rice 

Tunnel 1.8-3 5-8 Rice 

Railway station 2-5 2-5 Rice/Rayleigh 

Mountain 3-7 2-6 Rice/Rayleigh 

Desert 2-4 2-3 Rice 

Water 2-4 2-3 Rice 

Group of tunnels 1.5-5 3-5 Rice/Rayleigh 

Group of cuttings 5-8 4-7 Rayleigh 

 

Railway communications can be divided into mobile-to-infrastructure, inter-carriage, and infrastructure-

to-infrastructure communications [FrFC17]. This thesis considers only mobile-to-infrastructure commu-

nications, i.e., between onboard railway MTs / mobile APs and railway BSs / wayside APs. 

2.5 Performance Parameters 

In this section, one overviews important performance parameters, and, after that, because interference 

is the most important parameter for the problem under study, various interference types are presented. 
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2.5.1 Overview 

It is necessary to clarify some of the main parameters and respective Key Performance Indicators (KPIs) 

to be taken as metrics for the interference analysis. The main parameters are coverage, capacity, and 

interference. The importance of these parameters’ clarification lies in the fact that they are inter-corre-

lated and vary dynamically with each other. The aim is to maximise coverage and capacity, minimise 

interference, and to offer the best QoS possible (above the requirements defined for each service type 

in subsection 2.4.2). Each of the mentioned parameters and the respective KPIs can be defined as 

follows [Isab14], [Corr18]: 

• Coverage: the range within which a wireless network can communicate with the MTs, which 

depends essentially on the link budget, which in turn depends on the system and corresponding 

frequencies being used. The coverage area is defined as the area within which MTs achieve a 

certain minimum received power, denoted as receiver sensitivity (coverage-based KPI), usually 

expressed in dBm. Because in wireless networks one cannot say “the MT is covered”, the re-

ceiver sensitivity is defined for a certain probability of the MT being covered. 

• Capacity: a measure of how much data one can transmit in a wireless channel for certain con-

ditions, being usually defined either for a single user or for the whole available channel’s band-

width. It can be measured in terms of throughput (capacity-based KPI), expressed in bps. The 

throughput a system can offer to each user depends strongly on the number of users using the 

network, on the system being used and on the available bandwidth. 

• Interference: disturbance that affects the reception of the desired signal by various means. 

One should be aware of the difference between noise and interference: an interfering signal is 

a type of noise signal, but a noise signal not always causes interference; in this last case, it is 

just considered random noise. If the interfering signal has a power high enough to reduce the 

SNIR (interference-based KPI), expressed in dB, present at the receiver, it can affect the recep-

tion of the desired signal. The interference influence depends on the quality of the equipment 

being used (transmitters and receivers), on the frequencies being used, on the propagation 

environment, etc. 

A good trade-off between coverage, capacity, and interference is crucial to be achieved in the cellular 

planning phase. According to [Corr18], cellular planning consists of placing BSs (railway BSs and way-

side APs in the railway environment) and establishing coverage, in performing optimum management 

of radio resources, and in minimising interference. 

Cellular planning accomplishment is essentially based on the implementation scenario and on the used 

propagation models, these last ones being essential for the calculation of the maximum path loss, which 

is important for the estimation of the cell range. A signal undergoes two types of fading: slow and fast. 

Slow fading, or shadowing, depends on the distance from the MT to the BS and follows a Log-Normal 

Distribution, while fast fading depends on the terminal movement and follows a Rice or a Rayleigh Dis-

tribution as one can see in Table 2.11 for different railway scenarios/structures. Cellular planning is also 

performed based on user profiles and traffic models [Corr18]. 
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Regarding the cells’ shape, railway cells are different from the public network ones. In these last ones, 

the BSs antennas create, in general, the concept of “circular cell” because an MT can be anywhere 

around. On the other hand, the location of the rail tracks is fixed, and the railway MTs / mobile APs are 

always located around them, enabling the antennas of the railway BSs / wayside APs to radiate to a 

narrower area, leading to linear cells. The concepts of circular and linear cells, as well as the corre-

sponding gain in coverage when using a linear cell configuration (for frequencies of 450 MHz and 

1.8 GHz as an example in this case), are represented in Figure 2.15. 

 

 a) Coverage performance comparison.   b) Cell type comparison. 

Figure 2.15 – Comparison between circular and linear cells (extracted from [HAWG16] and [Sarf08]). 

2.5.2 Interference Types 

This thesis intends to focus only on types of interference related to the radio interface, where one can 

consider a division in noise signals that can cause interference in the railway environment: transient 

noise and permanent noise [HSDR09]. Transient noise signals are associated with signals without in-

formation and they are generated by the poor contact between the pantograph and the catenary (struc-

tures for the electric operation of the train itself); transient noise is out of the scope of this thesis. Per-

manent noise is the type that one analyses here, being signals containing information transmitted by 

telecommunications systems external to the railway usage, and capable of interfering, by various 

means, with the reception of the desired signal transmitted by the railway telecommunications systems. 

To understand how interfering signals can degrade the performance of a system, it is important to have 

in mind the hardware architecture of a typical receiver, because it is where the degradation takes place. 

All the signals that reach the receiver antenna are filtered out by a Radio Frequency (RF) filter, which 

aims to pre-filter the signals in frequencies different from the desired ones. The signals are then ampli-

fied by a Low Noise Amplifier (LNA), because the desired signals that reach the receiver have usually 

low power due to the propagation losses, after which the signals pass through a set of operations that 

aim to convert them into the corresponding bitstream. The processes up to the Intermediate Frequency 

(IF) stage are performed by the Radio Frequency Front-end (RFFE), to which the antenna is connected, 
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being usually used simultaneously for transmission and reception. A general RFFE’s hardware archi-

tecture is represented in Figure 2.16; the RF filter is not always used due to its cost and size, and not 

using an RF filter to pre-filter the incoming signals can be a source of interference problems, being a 

key element for the interference analysis. 

 

Figure 2.16 – Hardware architecture of a Radio Frequency Front-end (adapted from [PaGG14]). 

Next, one presents some important interference types [EuCO16]: 

• Co-channel Interference (CCI): the interference generated by systems that use the same fre-

quency channel that is used by the victim system (when one refers to the victim system, one is 

referring to the system being interfered). The interfering signals are not filtered out, because 

they fall within the reception band of the victim’s receiver. This type of interference can be 

caused by an adjacent cell of the same system, because of the reuse of the same frequency 

channels in adjacent cells or by an external system when both systems use unlicensed frequen-

cies and so both systems can use the same frequency channels. When the interference comes 

from an adjacent cell of the system, it can be managed during the cellular planning phase using 

sectorised cells, down-tilting the main lobe of the antenna, or performing power control [Corr18]. 

• Out-of-band Interference (OOBI): the interference generated by systems that use transmis-

sion frequencies adjacent to those used by the victim system, some energy of the transmission 

being leaked to adjacent frequencies due to the poor performance of the interferer’s transmitter. 

The interfering signals are not filtered out, because they fall within the reception band of the 

victim’s receiver, and so, they can affect the reception of the desired signal. This type of inter-

ference can be caused either by an adjacent cell of the same system (in that case commonly 

named Adjacent-channel Interference (ACI)) or by an external system using adjacent frequen-

cies. Only emissions that fall right after the transmission band of the interferer are considered, 

and spurious emissions are not considered as OOBI, because they fall far away in frequency 

from the transmission band of the interferer compared to out-of-band emissions. The power of 

spurious emissions is also much lower than out-of-band ones. 

• Blocking-based Interference (BBI): the interference generated by systems that impose high 

power interfering signals at the RFFE of the victim’s receiver, which can cause problems in the 

reception of the desired signal, even if falling outside of the reception band of the victim’s re-

ceiver, due to insufficient selectivity of the filters present in the RFFE of the victim’s receiver. 

These high-power signals are perceived as in-band interference because they are captured by 
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these filters. If the interfering signals are not blocked they can mask the desired ones. 

• Intermodulation-based Interference (IBI): the interference indirectly generated by emissions 

from interfering systems due to the non-linearities of the LNAs/mixers of the victim’s receiver. 

The interfering signals, even falling outside the reception band of the victim’s receiver, can still 

reach the LNAs/mixers with a high power if they are not correctly filtered out. The LNAs/mixers, 

due to their non-linearities, mix various interfering signals or various spectral components of a 

single interfering signal (wideband signal) and generate other signals at frequencies that are 

not just harmonic frequencies but sums and differences of two of these frequency components, 

which are called Intermodulation Products (IMPs), and if they fall within the reception band of 

the victim’s receiver they can affect the reception of the desired signal. The more common IMPs 

to cause interference are the third-order ones. IMPs can be also of second or higher orders, but 

these orders do not lead to interference into rightly adjacent frequencies, because these prod-

ucts fall far away from the transmission band of the interferer. 

Because the frequency bands of the three railway telecommunications systems being analysed are 

licensed ones, CCI can only be caused by an adjacent cell of the same system. CCI is not analysed in 

this thesis, because the problem under study is the adjacent compatibility between systems. The re-

maining three types of interference are analysed. An example of OOBI, BBI, and IBI is represented in 

Figure 2.17. In fact, OOBI and BBI are not two interference mechanisms but rather a single one, still this 

division into two different mechanisms is considered a good approximation [Vere18]. One can see also 

in Figure 2.17 that, contrary to OOBI and BBI, IBI can be considered a discrete type of interference. The 

reception band of the victim’s receiver and the transmission band of the interferer’s transmitter are also 

represented in Figure 2.17. 

 

Figure 2.17 – Interference types to be analysed (based on [EuCO16]). 

2.6 State of the Art 

In this section, one mentions some works that have been performed around the problem under study, 

which is the adjacent compatibility between railway telecommunications systems (GSM-R, LTE-R, and 

BBRS) and systems external to the railway usage. The study of this problem is in different development 
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stages for each one of the mentioned railway telecommunications systems, GSM-R being the railway 

telecommunications system where the majority of the work has been performed. 

A balance on the DL powers between the desired GSM-R signals and the interfering ones emitted by 

public GSM BSs is established in [HSDR09], the focus being on the powers of the signals received by 

the antenna above the train. A measurement campaign with a large number of data collected was per-

formed onboard a moving train (at very low speed) between Schaerbeek and Herent, in Belgium, in a 

route equipped with GSM-R with about 24 km. The authors conclude that the last channel of GSM-R 

should not be used in geographical areas where public GSM BSs use the 925.2 MHz channel. This 

conclusion is based on the fact that the powers of the interfering signals can be higher than the GSM-R 

coverage level, but this conclusion cannot be used as a deployment guideline to a proper deployment 

of GSM-R BS under interference scenarios, since many other parameters are at stake. 

The UIC Frequency Working Group shows the results of a fully accredited interference test campaign 

in [FMST12], intending to demonstrate the interference caused on GSM-R MTs by public UMTS and 

public LTE BSs. This test campaign was performed at the European Commission’s Joint Research Cen-

tre in Ispra, Lago Maggiore, Italy. Four real ETSI compliant GSM-R MTs from various manufacturers 

were used. Instead of a GSM-R BS, a Rohde & Schwarz BS simulator was used, and, instead of a public 

UMTS/LTE BS, an Agilent signal generator was used. A spectrum analyser was used to analyse both 

signals reaching GSM-R MTs. This work concludes that the transmission powers of UMTS and LTE BSs 

need to be restricted to prevent the third-order intermodulation behaviour of GSM-R MTs and that raising 

the power of GSM-R signals is not a viable solution, hence, additional filtering must be used. This work 

does not consider OOBI, which also has to be taken into account. 

Some works have been conducted by the Electronic Communications Committee (ECC) within Euro-

pean Conference of Postal and Telecommunications Administrations (CEPT) around the interference 

problem caused by MFCNs to GSM-R. Two methods are used in [CEPT07] to assess the impact of 

public UMTS on GSM-R DL operation: one is based on the Minimum Coupling Loss (MCL) and the other 

is based on Monte Carlo simulations. MCL calculations show that coordination between both systems 

is needed, but the calculations are only performed for some fixed distances; additionally, the interference 

types are studied separately and IBI is not taken into account. The interference caused by public GSM 

to GSM-R is studied in [CEPT10a] where minimum separation distances between the two systems are 

calculated. IBI is not taken into account nor are deployment guidelines provided. A study on the inter-

ference caused by LTE BSs to GSM-R MTs is performed in [CEPT10b], its conclusions being an exten-

sion of the study in [CEPT07], so, again, the combined effect of the three types of interference is not 

taken into account. Some interference mitigation techniques to attenuate the interference problems be-

tween MFCNs and GSM-R are mentioned in [CEPT11]. It is recommended to increase the GSM-R signal 

level received at the GSM-R MT to overcome interference problems, but this increase is not quantified. 

RF filtering is another proposed mitigation technique, but the effect of the introduction of a filter is not 

quantified. Frequency coordination between both systems is also proposed, but this effect is, again, not 

quantified. This thesis intends to provide deployment guidelines to overcome the interference caused 
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by MFCNs to GSM-R, while analysing various frequency offsets between both victim and interferer sys-

tems. The effect of the introduction of RF filtering is also analysed in this thesis. The report in [CEPT15] 

presents field tests performed to prove the improved filter capabilities of a new GSM-R module intro-

duced in 2014. The implementation of these new GSM-R modules will take time and, in the meantime, 

a coordination method is needed. 

The interference caused by MFCNs to GSM-R is overviewed in [SuMi15]. The causes of interference, 

the types of interference and its negative effects are stated. Known reported cases of interference all 

across Europe are mentioned. A case study is performed in Poland about the blocking problem suffered 

by Cab Radios and EDORs (both GSM-R MTs). The power of the interfering signals reaching the MTs 

is compared to the expected minimum received signal power level of GSM-R. The coexistence problem 

between MFCNs and GSM-R is overviewed in [Sumi16a], as in [SuMi15]. A model for risk assessment 

is developed based on the Okumura-Hata model and also on the free-space one. The model aims to 

measure the difference at the rail track level in signal powers between the signals emitted from both 

MFCN BSs and GSM-R BSs. Differently from [SuMi15], this model considers the propagation losses in 

the GSM-R link and not only the minimum received power level of GSM-R. A method for evaluating the 

area covered by the signals emitted by MFCNs that interfere with GSM-R handled MSs is presented in 

[Sumi16b]. While other works focus mainly on the Cab Radios, this work focus on interference to han-

dled terminals like GPHs, OPHs, and OPSs, being then applied in a case study to evaluate its real 

performance. The area selected for the case study was around the 97th km of the railway line E-65 in 

Poland. These latter three works do not take the sum of various interference types into account. 

BBRS is a system deployed by Thales and there is not public information about interference suffered by 

this system. Still, some works deal with interference caused by public Wi-Fi systems to a railway tele-

communications system called Communications-based Train Control (CBTC), which, similar to BBRS, 

is based on Wi-Fi and uses frequencies in the 5 GHz band [CEPT19b]. This work studies the interfer-

ence caused by Wi-Fi systems working in the same channel as CBTC and does not cover the adjacent 

compatibility in the 5 GHz band, which could also represent an interference problem. 

In what concerns LTE-R, because it is supposed that it will use the same band as GSM-R in a first stage 

of the transition, some works study the compatibility of GSM-R and LTE-R to coexist in the same fre-

quency band [LSTA16], [TrSK18]. These works do not cover the problem under study in this thesis, that 

is, the interference caused by MFCNs to LTE-R if in a second stage of the transition LTE-R starts using 

the whole frequency band assigned to GSM-R today.
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  Chapter 3 

Model Development             

and Implementation 

3 Model Development and Implementation 

This chapter starts by giving a global overview of the model developed to perform the interference anal-

ysis. After that, the various equations that compose the model are presented, being related to desired 

signal power, interference criterion, interfering signal power, path loss and SNIR/throughput calcula-

tions. The steps to the implementation of the model in MATLAB are explained. A model assessment is 

performed comparing with results from other authors.
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3.1 Model Overview 

This section intends to give a high-level overview of the model developed to perform the interference 

analysis. The model configuration with its main inputs and outputs is represented in Figure 3.1. 

 

Figure 3.1 – Model configuration. 

The model is composed of various “sub-models”. The desired signal models define equations to calcu-

late the desired signal power at the input of the victim’s receiver. The interference criterion models define 

equations to calculate parameters related to the interference effect itself. OOBI, BBI and IBI models are 

used to calculate the power corresponding to the various interference types at the input of the victim’s 

receiver. The propagation models are used to calculate the path loss of both the desired and interfering 

signals. The throughput models establish the relationship between throughput and SNIR. 

In what concerns the model inputs, interferer parameters refer to the parameters of the interferer’s trans-

mitter. Victim parameters refer to the parameters of the victim’s both transmitter and receiver. Infrastruc-

ture parameters refer to the heights of the infrastructures involved. Scenario parameters are related to 

corrections factors to apply to the propagation models. 
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The Spectrum Emission Mask (SEM) attenuation defines the out-of-band attenuation relative to the in-

band power, at the frequency offset being considered, that a system’s transmission must comply with. 

The selectivity and RF filter attenuations are applied by the filters of the victim’s receiver at the frequency 

offset being considered. The Third-order Intercept Point (IP3) is a characteristic associated with the non-

linearities of the victim’s receiver components. Additional to the inputs represented in Figure 3.1, the 

gains of the antennas (both interferer and victim), the transmitter and receiver losses (e.g., cable losses), 

the receiver’s noise figure, the system margin and the interference margin are also inputs. 

The model has various outputs. The main four outputs are represented in Figure 3.1. The interference 

power, as already mentioned, calculated through OOBI, BBI and IBI models, refers to the power of the 

interfering signal at the input of the victim’s receiver. The interference-free region distance is the one 

from which the interferer is not causing a non-acceptable interference case anymore and the interfer-

ence can be classified as acceptable. When the interferer’s transmitter is deployed at a distance from 

the victim’s receiver (the distance in a straight line between the interferer’s transmitter and the victim’s 

receiver is named as interference distance) lower than the interference-free region distance, then the 

interference can be classified as non-acceptable depending on the power of the desired signal. In this 

last case, because the interference power is high, in order to maintain the required system performance, 

the required power (provided by the desired signal) has to increase and, consequently, the maximum 

communication distance between the transmitter and the receiver of the railway telecommunications 

system has to be lower than usual deployment distances. The maximum communication distance is 

another model output, which can be used as a deployment guideline to the deployment of railway BSs 

/ wayside APs when interfering sources are already deployed within a certain area. The capacity loss is 

also a model output, aiming to simulate cases where the railway telecommunications systems are al-

ready deployed (fixed maximum communication distance) and interfering sources are causing a capac-

ity degradation.  The interference-free region distance and the maximum communication distance are 

represented in Figure 3.2 via two exemplification cases; the red BS and the red AP simulate, respec-

tively, the interference sources that one mentioned in the problem statement section for GSM-R/LTE-R 

and BBRS. 

 

 

  

 

 

 

 

 

 

a) Interference-free region distance.  b) Maximum communication distance. 

Figure 3.2 – Model outputs exemplification. 

𝑑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 < 𝑑𝑓𝑟𝑒𝑒−𝑟𝑒𝑔𝑖𝑜𝑛 

𝑑𝑚𝑎𝑥 =? 

𝑑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

𝑑𝑚𝑎𝑥 =? 

𝑑𝑓𝑟𝑒𝑒−𝑟𝑒𝑔𝑖𝑜𝑛 =? 
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3.2 Model Development 

In this section, the various sub-models are explained and the equations are defined. 

3.2.1 Desired Signal Models 

The desired signal power at the input of the victim’s receiver (whenever one mentions receiver’s input 

is after the RF filter represented in Figure 2.16) can be calculated through simple link budgets equations, 

but these equations vary, depending on the system that one is analysing. For GSM-R and BBRS, be-

cause the full bandwidth is used for transmission, the equations can be considered as generic ones, 

and the Effective Isotropic Radiated Power (EIRP) of the victim can be calculated as follows [Corr18]: 

𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑣𝑖𝑐 (𝐺𝑆𝑀−𝑅, 𝐵𝐵𝑅𝑆)

= 𝑃𝑡 [dBm]
𝑣𝑖𝑐 − 𝐿𝑡 [dB]

𝑣𝑖𝑐 + 𝐺𝑡 [dBi]
𝑣𝑖𝑐 (3.1) 

where: 

• 𝑃𝑡
𝑣𝑖𝑐 : transmission power of the victim; 

• 𝐿𝑡
𝑣𝑖𝑐 : transmitter losses of the victim; 

• 𝐺𝑡
𝑣𝑖𝑐 : transmitter antenna gain of the victim. 

For LTE-R and considering its DL operation according to the problem under study, because it uses 

OFDMA, the subcarriers are transmitted independently and the transmission power is divided per the 

number of transmitted subcarriers. In this case, one is only interested in the transmission power per the 

number of allocated subcarriers (channel) being interfered, which can be defined as follows [EuCO16]: 

𝑃𝑡/𝑠𝑐 =
𝑛𝑠𝑐

𝑎𝑙𝑜𝑐 × 𝑃𝑡
𝑣𝑖𝑐

𝑛𝑠𝑐
𝑡𝑟𝑎𝑛

(3.2) 

where: 

• 𝑛𝑠𝑐
𝑎𝑙𝑜𝑐: number of subcarriers allocated to the user being interfered; 

• 𝑛𝑠𝑐
𝑡𝑟𝑎𝑛: number of subcarriers being transmitted; 

hence, the EIRP is given by: 

𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑣𝑖𝑐 (𝐿𝑇𝐸−𝑅)

= 𝑃𝑡/𝑠𝑐 [dBm] − 𝐿𝑡 [dB]
𝑣𝑖𝑐 + 𝐺𝑡 [dBi]

𝑣𝑖𝑐 (3.3) 

In either of the two previous cases, the desired signal power at the input of the victim's receiver can be 

defined by [Corr18]: 

𝑃𝑟 [dBm] = 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑣𝑖𝑐 − 𝐿𝑝 [dB]

𝑣𝑖𝑐 + 𝐺𝑟 [dBi] − 𝐿𝑟 [dB] (3.4) 

where: 

• 𝐿𝑝
𝑣𝑖𝑐 : path loss of the desired signal; 

• 𝐺𝑟: receiver antenna gain; 

• 𝐿𝑟: receiver losses. 
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3.2.2 Interference Criterion Models 

The three types of interference (OOBI, BBI and IBI) are related to the increase in the noise floor of the 

victim’s receiver. This effect is related to the interfering signals that are captured by the receiver’s mask, 

and in order to properly capture it, it is necessary to define first some parameters and corresponding 

equations for their calculation. The first parameter one has to account for is the noise power, also re-

ferred to as noise floor, which depends on the channel’s bandwidth and on the noise figure of the victim’s 

receiver. The noise figure is a receiver parameter and represents the noise introduced by the compo-

nents of the receiver’s chain, hence, lower values of noise figure represent, therefore, a better receiver. 

The noise power can be defined as follows [Corr18]: 

𝑁 [dBm] = −174 + 10 log(∆𝑓 [Hz]
𝑣𝑖𝑐 ) + 𝐹 [dB] (3.5) 

 where: 

• ∆𝑓𝑣𝑖𝑐: channel bandwidth of the victim; 

• 𝐹: receiver’s noise figure. 

While for GSM-R and BBRS, one takes the system channel bandwidth, for LTE-R, since it uses OFDMA, 

the channel bandwidth varies with the number of allocated subcarriers [EuCO16], being given by: 

∆𝑓 [kHz]
𝑣𝑖𝑐 (𝐿𝑇𝐸−𝑅)

= 𝑛𝑠𝑐
𝑎𝑙𝑜𝑐 × 15 (3.6) 

Another important parameter is the receiver sensitivity, which defines the minimum power at which the 

receiver must receive the desired signal so that a certain service can work properly. The receiver sen-

sitivity depends on the already defined noise power and on the Signal-to-noise Ratio (SNR), which in 

turn depends on the system and on the services that the system aims to offer. Each service requires a 

different throughput, which is related to a required SNR. To account for variations on the signal level 

two margins are considered in the receiver sensitivity calculation: system and interference. The system 

margin accounts for moderate losses due to slow and fast fading, while the interference one is a safety 

margin against moderate interference, but they are not effective in severe interference or fading condi-

tions. The receiver sensitivity can be defined as follows [Corr18]: 

𝑃𝑟 𝑚𝑖𝑛 [dBm] = 𝑁 [dBm] + 𝜌𝑁 [dB] + 𝑀𝑆 [dB] + 𝑀𝐼 [dB] (3.7) 

where: 

• 𝜌𝑁: signal-to-noise ratio; 

• 𝑀𝑆: system margin; 

• 𝑀𝐼: interference margin. 

As stated above, the interference margin protects a system only against moderate interference and it is 

taken as a fixed value for a certain system’s design. To understand how the interference margin protects 

a system against moderate interference, it is important to explain first the interference effect mentioned 

above and how it can be quantified.  
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The increase in the noise floor is literally the increase of the noise power that one calculates using (3.5). 

To quantify this effect, it is important to define first the Interference-to-noise Ratio (INR), which, is defined 

as follows [EuCO16]: 

𝛽𝐼𝑁 =
𝐼

𝑁
(3.8) 

where: 

• 𝐼: interference power. 

The increase in the noise floor, commonly named as desensitisation of the victim’s receiver, can be 

calculated as follows [EuCO16]: 

𝐷 = 𝛽𝐼𝑁 + 1 (3.9) 

All the parameters introduced above are represented in Figure 3.3, which helps to understand this effect, 

and in which the three different interference cases are represented: no interference, acceptable inter-

ference, and non-acceptable interference. The no interference case, on the left side of Figure 3.3, rep-

resents an ideal case, in practice never achievable. The no interference case is represented only for 

sake of comparison. It is possible to see that a system is designed according to (3.7) with a certain 

receiver sensitivity for a certain service to be able to work. The system margin is not represented in 

Figure 3.3 for a clearer explanation of the interference effect, but it has to be taken into account in the 

sensitivity calculation. 

The two cases on the right of Figure 3.3 consider the realistic scenarios of interfering signals reaching 

the victim’s receiver, leading to desensitisation. In the acceptable interference case, one represents an 

interfering signal reaching the victim’s receiver with a power lower than the noise floor, which leads to a 

low desensitisation of the victim’s receiver, lower than the interference margin accounted for in the sys-

tem’s design. A desensitisation lower than the interference margin is the criterion used to characterise 

acceptable interference. In this case, the receiver should be able to distinguish the desired signal from 

the unwanted ones. The interference-free region distance is calculated based on this criterion, that is, 

the desensitisation must be equal, at most, to the interference margin accounted for. 

In Figure 3.3, the non-acceptable interference case represents an interfering signal reaching the victim’s 

receiver well above the noise floor, which generates a high desensitisation of the victim’s receiver, higher 

than the interference margin accounted for. In fact, when the interference power is well above the noise 

floor, the noise-plus-interference power is almost equal to the interference one. This interference case 

leads to a situation where the receiver sensitivity is no longer enough to offer the required SNR for the 

service to be able to work properly, therefore being required a received power (desired signal power) 

higher than the sensitivity level to overcome the interference problem and to provide the required SNR 

by a certain service. This higher desired signal power at the input of the victim’s receiver can be achieved 

by a lower maximum communication distance (one of the model outputs). If the desired signal power is 

not increased, an SNR reduction occurs and, consequently, a capacity loss (one of the model outputs). 
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The required power at the input of the victim’s receiver needed to overcome the non-acceptable inter-

ference case can be calculated, based on the sensitivity equation as follows [Corr18]: 

𝑃𝑟𝑒𝑞 [dBm] = 𝑁 [dBm] + 𝜌𝑁𝐼 [dB] + 𝑀𝑆 [dB] + 𝐷 [dB] (3.10) 

where: 

𝜌𝑁𝐼: signal-to-noise-plus-interference ratio. 

    

Figure 3.3 – Desensitisation of the victim’s receiver (based on [EuCO16]). 

Both in the acceptable interference case as in the non-acceptable one represented in Figure 3.3, SNIR 

is used instead of the SNR, just to clarify the reference being used. Because in these two cases one is 

dealing with interference, it makes total sense to take the noise floor together with the influence of inter-

ference into account in the calculation. 

The criterion used to characterise acceptable and non-acceptable interferences is, as already men-

tioned and as represented in Figure 3.3, the desensitisation to be lower or higher than the interference 

margin, respectively. 
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3.2.3 Out-of-band Interference Models 

The transmission band of a system can be defined as the bandwidth that contains 99% of the transmis-

sion power [Vere18]. In practice, the emissions of a system are not just restricted to its transmission 

band, because of the modulation process/insufficient filtering and consequently some energy is leaked 

to adjacent frequencies. The emissions that fall outside the transmission band, i.e., the out-of-band 

ones, can be calculated by various models. The two more common ways are based on the Adjacent 

Channel Leakage Ratio (ACLR) and on the SEM [EuCO16], both defining attenuations to be applied to 

the power contained within the transmission band of a system in order to reduce interference into sys-

tems using adjacent frequencies. The EIRP of the interferer, the power contained within the transmission 

band of the interferer, can be calculated by: 

𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 = 𝑃𝑡 [dBm]

𝑖𝑛𝑡 − 𝐿𝑡 [dB]
𝑖𝑛𝑡 + 𝐺𝑡 [dBi]

𝑖𝑛𝑡 (3.11) 

where: 

• 𝑃𝑡
𝑖𝑛𝑡: transmission power of the interferer; 

• 𝐿𝑡
𝑖𝑛𝑡: transmitter losses of the interferer; 

• 𝐺𝑡
𝑖𝑛𝑡: transmitter antenna gain of the interferer. 

The ACLR approach defines attenuations based on channels adjacent to the channel used by the sys-

tem itself. Because one is analysing (not only but also) interference scenarios between systems that 

use different channel bandwidths, this method cannot be applied, hence, one uses the SEM approach 

which specifies attenuations depending on the frequency offset between the interferer and the victim 

channels. The SEM or transmission’s mask of the interferer and the SEM attenuation (for a certain 

frequency offset) concepts are represented in Figure 3.4. 

 

Figure 3.4 – Transmission’s mask concept (adapted from [Vere18]). 

The SEM attenuation is specified in different units by the specifications of the systems, depending on 

the system that one is dealing with [Vere18]. The SEM attenuation is specified normally in terms of 

relative power density, in dB/Hz, rather than in dB, but it can be also specified in terms of dB referenced 

to the whole channel’s bandwidth of the interferer or in terms of dB referenced to the bandwidth of the 

spectrum analyser that is used to perform the measurement (to define the mask), for example. Consid-

ering that the SEM attenuation is provided in terms of dB referenced to the bandwidth of the spectrum 
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analyser, the SEM attenuation is defined for a set of frequency offset intervals and each interval can 

have its own reference bandwidth. In either of the previous cases, if the SEM attenuation is not defined 

in dB/Hz, it must be normalised. 

Because one is dealing with power densities, the value of the SEM attenuation also depends on the 

channel’s bandwidth of the victim. In practice, the SEM mask should be integrated over the channel’s 

bandwidth of the victim to obtain the corresponding SEM attenuation because, as one can observe in 

Figure 3.4, the SEM presents a certain slope within the reception band of the victim. One does an 

approximation to get around the integral by picking the SEM attenuation corresponding to the centre of 

the reception band and by converting it to the channel’s bandwidth of the victim, thus, one can conclude 

that a wider bandwidth absorbs more energy than a narrowband one. It is also worth mentioning that, 

according to [EuCO16], in the case of a victim system using OFDMA, the channel’s bandwidth is given 

by (3.6), that is, only interference into the allocated subcarriers is considered. The out-of-band emission 

mask power, given the SEM attenuation, can be calculated by [Vere18]: 

𝑃𝑚𝑎𝑠𝑘 [dBm] = 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐴𝑚𝑎𝑠𝑘 [dB/Hz] + 10 log ∆𝑓 [Hz]

𝑣𝑖𝑐  

= 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐴

𝑚𝑎𝑠𝑘 [dB/∆𝑓 [Hz]
𝑣𝑖𝑐 ]

(3.12) 

where: 

• 𝐴𝑚𝑎𝑠𝑘: spectrum emission mask attenuation at the frequency offset being considered. 

The OOBI power can be calculated by using the out-of-band emission mask power in a simple link 

budget calculation. No attenuation is applied by the victim’s receiver, because interfering signals fall 

within the reception band. The reception band of the victim is covered in more detail in the next subsec-

tion. The OOBI power at the receiver’s input can be calculated as follows [Vere18]: 

𝐼𝑂𝑂𝐵𝐼 [dBm] = 𝑃𝑚𝑎𝑠𝑘 [dBm]−𝐿𝑝 [dB]
𝑖𝑛𝑡 + 𝐺𝑟 [dBi] − 𝐿𝑟 [dB] (3.13) 

where: 

• 𝐿𝑝
𝑖𝑛𝑡: path loss of the interfering signal. 

3.2.4 Blocking-based Interference Models 

While OOBI model deals with out-of-band emissions that fall within the reception band of the victim, the 

BBI one intends to address emissions within the transmission band of the interferer that do not fall within 

the reception band of the victim, but which are still captured due to insufficient selectivity attenuation of 

the victim’s receiver. The key factor in this model is, therefore, the selectivity attenuation applied by the 

victim’s receiver at the frequency offset being considered between the interferer and the victim channels, 

unlike in the OOBI model, where the key factor is the SEM attenuation. The selectivity attenuation is 

mainly determined by the IF filter of the victim’s receiver [Vere18] and it is represented by the receiver’s 

mask concept, Figure 3.5. 

In the specifications of the systems, the selectivity attenuation can be given in terms of Adjacent Channel 

Selectivity (ACS) (usually for close frequency offsets), given in dB, or, it can be derived from the blocking 
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power (usually for interferers far away in frequency), expressed in dBm. The ACS defines an attenuation 

to be applied to an adjacent channel, considering that the channel’s bandwidth of both the interferer and 

the victim systems are equal and that both systems use the same technology. The blocking power can 

be considered a relative definition of the selectivity attenuation [Vere18]. 

 

Figure 3.5 – Receiver’s mask concept (adapted from [Vere18]). 

The blocking power represents the level of the interfering signal, at the offset being considered between 

the interferer and the victim channels, causing a certain desensitisation of the victim’s receiver. The 

blocking power is the result of a measurement test performed to assess the susceptibility of the receiver 

of being blocked by interfering signals, where the victim’s receiver is fed with the desired signal with a 

power above the sensitivity of the receiver by a certain interval. The interfering signal is then increased 

until the receiver is desensitised. The blocking power is normally specified for Continuous Wave (CW) 

interfering signals in the specifications of the systems. The selectivity attenuation can be derived from 

the blocking power as follows [EuCO16], [CEPT11]: 

𝐴𝑠𝑒𝑙 [dB] = 𝑃𝑏𝑙𝑜𝑐𝑘 [dBm] − 𝑁 [dBm] − 𝛽𝐼𝑁 [dB] (3.14) 

where: 

• 𝑃𝑏𝑙𝑜𝑐𝑘: blocking power. 

To simplify the problem, the selectivity attenuation is considered to be flat over the transmission band 

of the interferer, that is, the slope of the mask is neglected as represented in Figure 3.5, this approxi-

mation [Vere18] being in agreement with the fact that the selectivity attenuation is not defined as a power 

density. 

When the interference is generated at the transmitter’s side like in the OOBI model, the calculation of 

interference power is directly referred to the input of the victim’s receiver. Here, the interference power 

is referred to the IF output (because the selectivity is mainly determined by the IF filter), but because 

one does not have access to the internal gains of the receiver, one assumes an equivalent power at the 

input of the victim’s receiver. According to [Vere18], which also neglects the internal gains of the re-

ceiver, the BBI power can be calculated as follows for a generic victim system, being applicable to GSM-

R and BBRS: 

𝐼𝐵𝐵𝐼 [dBm]
(𝐺𝑆𝑀−𝑅, 𝐵𝐵𝑅𝑆)

= 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐿𝑝 [dB]

𝑖𝑛𝑡 +𝐺𝑟 [dBi] − 𝐿𝑟 [dB] − 𝐴𝑠𝑒𝑙 [dB] (3.15) 
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In case the victim uses OFDMA (LTE-R), the BBI power is considered to be equally divided among all 

the subcarriers that compose the victim channel, thus, the BBI power referred to the allocated subcarri-

ers being interfered can be calculated as follows [EuCO16]: 

𝐼𝐵𝐵𝐼 [dBm]
(𝐿𝑇𝐸−𝑅)

= 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐿𝑝 [dB]

𝑖𝑛𝑡 +𝐺𝑟 [dBi] − 𝐿𝑟 [dB] − 𝐴𝑠𝑒𝑙 [dB] + 10 log (
𝑛𝑠𝑐

𝑎𝑙𝑜𝑐

𝑛𝑠𝑐
𝑡𝑜𝑡

) (3.16) 

where: 

• 𝑛𝑠𝑐
𝑡𝑜𝑡: number of subcarriers that compose the victim channel. 

3.2.5 Intermodulation-based Interference Models 

The interference calculations regarding IBI are not as straightforward as the calculations presented in 

the other two interference models. To simplify this analysis, one assumes that the third-order IMPs are 

generated at the LNA of the victim’s receiver, [Vere18]. Some steps have to be followed: 

• to calculate the power of each received interfering tone at the input of the LNA; 

• to determine how many third-order IMPs fall within the IF passband of the victim’s receiver; 

• to calculate the power of each third-order IMP referred to the input of the LNA; 

• to sum all the equivalent input powers of all the third-order IMPs that lie within the IF passband. 

To study IBI, one divides an interfering signal into equally spaced frequency components that one calls 

tones, as represented in Figure 3.6. This procedure is based on the fact that the interfering signal is a 

wideband one, but it can be also adapted to narrowband interfering signals. In the case of narrowband 

interfering signals such as GSM, one can simulate IBI by assuming that each narrowband GSM signal 

corresponds to a single tone and that each GSM carrier is equally spaced. 

 

Figure 3.6 – Division of the interfering signal into equally spaced tones (extracted from [CaPe99]). 

These tones mix together at the LNA and generate third-order IMPs. The EIRP of each tone can be 

calculated by linearly dividing the EIRP of the interfering signal (the linear sum of the EIRP of each GSM 

signal in the case of interfering GSM signals) by the number of equally spaced tones as follows: 

𝑃𝐸𝐼𝑅𝑃/𝑡𝑜𝑛𝑒
𝑖𝑛𝑡 =

𝑃𝐸𝐼𝑅𝑃
𝑖𝑛𝑡

𝑛𝑡𝑜𝑛𝑒𝑠

(3.17) 

where: 

• 𝑛𝑡𝑜𝑛𝑒𝑠: number of equally spaced interfering tones. 
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Next, one needs to calculate the power of each tone at the input of the LNA (after the RF filter), the first 

step mentioned above, for which one uses a simple link budget equation that takes the attenuation 

applied by the RF filter into account. The RF filter attenuation is applied instead of the IF filter attenuation 

because third-order IMPs are generated at the RF stage of the receiver (before the IF stage). These 

third-order IMPs can fall within the IF passband of the victim’s receiver. The power of each tone at the 

input of the LNA after being filtered out by the RF filter, 𝐴𝑅𝐹𝑓𝑖𝑙𝑡𝑒𝑟, can be calculated as follows: 

𝑃𝑟𝑡𝑜𝑛𝑒 [dBm]
𝑖𝑛 = 𝑃𝐸𝐼𝑅𝑃/𝑡𝑜𝑛𝑒 [dBm]

𝑖𝑛𝑡 − 𝐿𝑝 [dB]
𝑖𝑛𝑡 + 𝐺𝑟 [dBi] − 𝐿𝑟 [dB] − 𝐴𝑅𝐹𝑓𝑖𝑙𝑡𝑒𝑟 [dB] (3.18) 

The second step is to calculate the number of third-order IMPs that fall within the IF passband. In fact, 

not only these third-order IMPs can increase the noise floor of the receiver (all the third-order IMPs that 

are captured by the receiver’s mask contribute to this effect, but one is neglecting the ones that are then 

filtered out by the IF filter). Despite that, it is a good approximation, because third-order IMPs suffering 

IF attenuation will have almost no contribution, as the approach taken in [ITUR07]. One considers, 

therefore, third-order IMPs that fulfil the condition: 

𝑓𝑐
𝑣𝑖𝑐 − 0.5 × ∆𝑓𝑣𝑖𝑐 ≤ 𝑓𝐼𝑀𝑃 ≤ 𝑓𝑐

𝑣𝑖𝑐 + 0.5 × ∆𝑓𝑣𝑖𝑐 (3.19) 

In order to count the IMPs, one needs to know how they are generated. The non-linear behaviour of the 

LNA can be approximated by the Taylor series, which is defined as follows [Vere18]: 

𝑥𝑜𝑢𝑡 [V](𝑡) = ∑ 𝑎𝑙 [𝑉−(𝑙−1)]𝑥𝑖𝑛 [V]
𝑙(𝑡)

∞

𝑙=0

(3.20) 

where: 

• 𝑎𝑙: coefficients of the low noise amplifier; 

• 𝑥𝑖𝑛: input signal of the Taylor series. 

The Taylor series takes CWs as inputs. Although one assumes equally spaced tones with a certain 

bandwidth, one does now a second approximation by assuming that each tone is a CW. A two-tone test 

is usually used to evaluate the intermodulation behaviour, that is, the LNA generates third-order IMPs 

by mixing two tones, in this case, two CWs. The sum of two CWs with equal amplitude is therefore 

considered as input (phases are considered to be zero for simplicity of the calculations): 

𝑥𝑖𝑛 [V](𝑡) = 𝑈 [V] cos(2𝜋𝑓1𝑡) + 𝑈 [𝑉] cos(2𝜋𝑓2𝑡) (3.21) 

where: 

• 𝑈: amplitude of the continuous waves; 

• 𝑓1: frequency of the first interfering tone; 

• 𝑓2: frequency of the second interfering tone. 

One considers only the expansion of the Taylor series till the third order, because the resulting signals 

will be smaller for higher exponents. Additionally, one is only interested in IMPs that fall near the trans-

mission band, the others being filtered out by the IF filter. Under these assumptions, the signal at the 

output of the LNA is given by [Vere18]: 
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𝑥𝑜𝑢𝑡 [V](𝑡) ≃ (𝑎1𝑈[V] +
9

4
𝑎3[𝑉−2]𝑈[V]

3) cos(2𝜋𝑓1𝑡) + (𝑎1𝑈[V] +
9

4
𝑎3[𝑉−2]𝑈[V]

3) cos(2𝜋𝑓2𝑡) + 

+ (
3

4
𝑎3[𝑉−2]𝑈[V]

3) cos(2𝜋(2𝑓1−𝑓2)𝑡) + (
3

4
𝑎3[𝑉−2]𝑈[V]

3) cos(2𝜋(2𝑓2−𝑓1)𝑡) (3.22) 

The frequency of each generated third-order IMP can be, therefore, calculated by: 

𝑓𝐼𝑀𝑃 = 2𝑓1 − 𝑓2 (3.23) 

𝑓𝐼𝑀𝑃 = 2𝑓2 − 𝑓1 (3.24) 

The third step is to calculate the power of third-order IMPs referred to the input of the LNA. For that, one 

could use (3.22), but the coefficients of the LNA are usually not known. One takes a different approach, 

based on IP3, a figure of merit of the LNAs, which represents the point where a certain power at the 

input of the LNA causes the tones and the third-order IMPs to have the same output power as repre-

sented in Figure 3.7. The Input Third-Order Intercept Point (IIP3) and the Output Third-order Intercept 

Point (OIP3) are, respectively, the input and output powers corresponding to this point. The OIP3 is, in 

practice, never reached, because the LNA will saturate/overload before that (in the saturation/overload 

state the gain of the LNA is reduced and the LNA starts compressing all the signals including the desired 

ones) as represented in Figure 3.7. A question could be raised concerning the non-linearity of the LNA, 

which comes from the fact that the region commonly considered as the linear region (in which the device 

is supposed to operate) is in fact not really linear [Vere18]. 

 

Figure 3.7 – Third-order intercept point concept (adapted from [Vere18]). 

One can observe in Figure 3.7 the relationship between the input power and output power of both tones 

(represented as fundamentals) and the third-order IMPs: the fundamentals have a slope of 1 while the 

third-order IMPs have a slope of 3, which is the reason why one can define IP3. By using the relationship 

between the slopes, one can calculate the power of the IMPs (generated by two tones) referred to the 

input of the LNA as follows [Vere18], [ITUR07]: 

𝐼𝐼𝑀𝑃 [dBm]
𝑖𝑛 = 3 𝑃𝑟𝑡𝑜𝑛𝑒 [dBm]

𝑖𝑛 − 2 𝑃𝐼𝐼𝑃3 [dBm] (3.25) 

where: 

• 𝑃𝐼𝐼𝑃3: input third-order intercept point power. 
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One calculates the power referred to the input of LNA not only because one does not have access to 

the gain of the LNA but also because OOBI and BBI powers are calculated taking the receiver’s input 

as reference. For this approach, one uses the IIP3 in (3.25), where the IIP3 value can be obtained via 

datasheets of LNAs. Knowing the number of third-order IMPs that lie within the IF passband, 𝑛𝐼𝑀𝑃, one 

can calculate the IBI power (referred to the input of the LNA) as follows: 

𝐼𝐼𝐵𝐼 [mW] = ∑ 𝐼𝐼𝑀𝑃 [mW]
𝑖𝑛

𝑛𝐼𝑀𝑃

(3.26) 

3.2.6 Propagation Models 

To calculate the path loss of both the desired and interfering signals one needs to define propagation 

models. The choice of the propagation models depends on the scenarios that one intends to analyse. 

For the analyses of GSM-R and LTE-R, rural, suburban, and urban scenarios are assumed. In this case, 

the same scenario is considered for both the desired and interfering signals. For the analysis of BBRS 

different scenarios are considered for the desired and interfering signals: for the desired BBRS signal, 

an outdoor Line of Sight (LoS) scenario is assumed, which is according to the low propagation distances 

at stake, while for the signal interfering with BBRS one considers two scenarios. The first scenario is the 

same as the one used for the desired signal, and the second one is an indoor scenario aiming to cover 

common cases where Wi-Fi devices (interference sources considered for BBRS analysis) are being 

used inside a building that is close to a rail track. Three propagation models are used: 

• Free-space model [Corr18]; 

• Okumura-Hata model [Corr18]; 

• Winner II model [KMHZ07]. 

The free-space model gives the path loss assuming LoS between the transmitter and the receiver, and 

that the earth’s surface does not affect signal propagation. The free-space model is very useful for the 

sake of performance comparison with other models, defining path loss as follows [Corr18]: 

𝐿𝑝 [dB]
(𝐹𝑆)

= 32.44 + 20 log(𝑑 [km]) + 20 log(𝑓𝑐 [MHz] ) (3.27) 

where: 

• 𝑑: propagation distance. 

The Okumura-Hata model covers rural, suburban and urban scenarios, and is being widely used to 

study signal propagation in HSRs. It is valid for systems working in frequencies ranging from 150 MHz 

to 1500 MHz and for distances ranging from 1 km to 20 km. A parameter and a correction factor need 

to be applied to the general expression of this model, depending on the scenario that one intends to 

cover, because the general expression is based on an urban flat scenario. The general expression of 

the Okumura-Hata model can be defined as follows [Corr18]: 

𝐿𝑝 [dB]
(𝑂𝐻)

= 69.55 + 26.16 log(𝑓𝑐 [MHz] ) − 13.82 log(ℎ𝑏𝑠 [m]) + 

+[44.90 − 6.55 log(ℎ𝑏𝑠 [m])] log(𝑑 [km]) − 𝐻𝑚𝑢 [dB](ℎ𝑚𝑠 [m], 𝑓𝑐 [MHz] ) − ∑ 𝑐𝑓 [dB] (3.28) 
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where: 

• ℎ𝑏𝑠: height of the base station; 

• ℎ𝑚𝑠: height of the mobile station; 

• 𝐻𝑚𝑢: Okumura-Hata model parameter; 

• 𝑐𝑓: Okumura-Hata model correction factor. 

The Okumura-Hata model parameter is defined as follows: 

𝐻𝑚𝑢 [dB] = {

[1.10 log(𝑓𝑐 [MHz] ) − 0.70]ℎ𝑚𝑠 [m] − [1.56 log(𝑓𝑐 [MHz] ) − 0.80],   rural and suburban

8.29 log2(1.54 ℎ𝑚𝑠 [m]) − 1.10,                                                               𝑓𝑐 ≤ 200 MHz urban

3.20 log2(11.75 ℎ𝑚𝑠 [m]) − 4.97,                                                            𝑓𝑐 ≥ 400 MHz urban

(3.29) 

The correction factor to apply to the general Okumura-Hata model expression can be calculated by (in 

case of an urban scenario there is no need to apply any correction factor): 

𝑐𝑓 [dB] = {

4.78 log2(𝑓𝑐 [MHz] ) − 18.33 log(𝑓𝑐 [MHz] ) + 40.9,                   rural

2.00 log2 (
𝑓𝑐 [MHz] 

28
) + 5.40,                                                   suburban

(3.30) 

The Okumura-Hata model is valid for distances higher than 1 km, but one needs to cover also interfering 

sources close deployed to the rail track, hence, an extension to the Okumura-Hata model, the two-slope 

extension, is used [Rahn08]. This approach is based on the free-space model and it is used to better 

predict the signal behaviour for distances lower than 1 km taking a stronger LoS contribution into ac-

count, being defined as follows: 

𝐿𝑝 [dB]
(𝑂𝐻 𝑛𝑒𝑎𝑟−𝑠𝑖𝑡𝑒)

= 𝐿𝑝 [dB]
(𝑂𝐻)

(𝑑𝑏𝑝 [km]
(𝑂𝐻)

) + 

+ [
𝐿𝑝 [dB]

(𝑂𝐻)
(𝑑𝑏𝑝 [km]

(𝑂𝐻)
) − 𝐿𝑝 [dB]

(𝐹𝑆) (0.001)

log (𝑑
𝑏𝑝 [km]
(𝑂𝐻)

) − log(0.001)
] [log(𝑑 [km]) − log (𝑑𝑏𝑝 [km]

(𝑂𝐻)
)] (3.31) 

where: 

• 𝑑𝑏𝑝: breakpoint distance (distance at which the Okumura-Hata model becomes valid (1 km)). 

The Winner II model can be applied to any wireless system with frequencies ranging from 2 GHz to 

6 GHz with up to 100 MHz bandwidth, the “D2 – Moving Networks” scenario being suitable for railway 

communications, which assumes outdoor LoS conditions, being valid for distances up to 10 km and train 

speeds up to 350 km/h (taking the large Doppler variability that signals are subjected to into account). 

The general expression of the Winner II model can be defined as follows [KMHZ07]: 

𝐿𝑝 [dB]
(𝑊𝐼𝐼)

= 𝐾𝑎 log(𝑑 [m]) + 𝐾𝑏 + 𝐾𝑐 log(ℎ𝑏𝑠 [m]) + 𝐾𝑑 log (
𝑓𝑐 [GHz]

5
) (3.32) 

where: 

• 𝐾𝑎,𝑏,𝑐,𝑑: Winner II model parameters, given in Table 3.1. 

The Winner II model parameters depend on the propagation distance. The breakpoint distance makes 

the distinction between which parameters to use, being calculated as follows, [KMHZ07]: 
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𝑑𝑏𝑝 [m]
(𝑊𝐼𝐼)

=
4 ℎ𝑏𝑠 [m] ℎ𝑚𝑠 [m] 𝑓𝑐 [MHz]

300
(3.33) 

 

Table 3.1 – Winner II model parameters (extracted from [KMHZ07]). 

Condition 𝑲𝒂 𝑲𝒃 𝑲𝒄 𝑲𝒅 

(10 m < 𝑑 < 𝑑𝑏𝑝 
𝑊𝐼𝐼) 21.5 44.2 0 20 

(𝑑𝑏𝑝 
𝑊𝐼𝐼 < 𝑑 < 10 km) 40 10.5 − 18.5 log ℎ𝑚𝑠 [m] −18.5 1.5 

 

To cover the already mentioned indoor scenario, one sums an extra indoor attenuation of 17 dB to the 

Winner II model expressions, which can be assumed when buildings are considered as traditional (not 

thermally-efficient), [ITUR19]. 

3.2.7 Throughput Models  

This section presents the equations that establish the relationship between throughput and SNIR. The 

throughput offered by each system depends on the Modulation and Coding Scheme (MCS) that the 

system is making use of. GSM-R, as already stated, makes use of GMSK as its modulation method, 

being considered that it can offer the voice service for an SNIR higher than 9 dB [CEPT07]. LTE-R and 

BBRS, on the other hand, make use of various MCSs. 

Different MCSs offer different throughputs for the same SNIR. The objective is to use, at any instant, 

the MCS that offers the highest throughput (for a certain SNIR), which can be achieved with AMC. It is, 

therefore, necessary to define equations that establish the relationship between SNIR and throughput 

for each MCS. The following analysis will take models for LTE and Wi-Fi (which are LTE-R and BBRS 

counterparts) into account. 

LTE-R, contrary to BBRS, uses OFDMA as already mentioned, hence, a user can be allocated with a 

different number of subcarriers at any time. The throughput depends on the number of allocated sub-

carriers and this factor has to be accounted for in LTE’s throughput models. The higher the number of 

allocated subcarriers, the higher number of RBs, and, consequently, the offered throughput (for the 

same SNIR). 

The equations used here for establishing the relationship between throughput and SNIR for LTE-R were 

derived by Third Generation Partnership Project (3GPP) based on real throughput performance tests 

[3GPP11]. The tests were performed using 2x2 MIMO in DL and 50 RBs allocated to the user. Three 

expressions were deduced taking QPSK, 16-QAM, and 64-QAM into account. In order to account for 

single stream scenarios (which is the one considered in this thesis for the interference analysis) instead 

of MIMO, one adds a factor of 0.5 to the expressions. 
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The throughput offered by LTE-R can be calculated as follows: 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
2.34201

14.0051 + 𝑒−0.577897𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5, for  QPSK  r = 1/3 (3.34) 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
0.0476131

0.0926275 + 𝑒−0.29583𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5, for  16 − QAM  r = 1/2 (3.35) 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
0.0264058

0.0220186 + 𝑒−0.24491𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5, for  64 − QAM  r = 3/4 (3.36) 

where: 

• 𝑛𝑅𝐵
𝑎𝑙𝑜𝑐: number of resource blocks allocated to the user. 

The curves obtained with LTE’s throughput equations for the case of a single stream scenario and 

25 RBs in use, are represented in Figure 3.8. It is possible to see that the highest throughput is offered 

by different MCSs with the variation of the SNIR. This is where the use of AMC comes in, allowing to 

always extract the maximum throughput possible. AMC is represented with a dotted line in Figure 3.8. 

 

a) LTE (25 RBs allocated, single stream). b) Wi-Fi (20 MHz signal, single stream). 

Figure 3.8 – Throughput offered by each MCS of each system. 

The throughput models for BBRS, unlike LTE-R’s, were not extracted but deduced by extrapolation from 

throughput curves specific for Wi-Fi given in [BJHS03]; the same approach is used also in [Delg18]. An 

example of the throughput offered by a real Wi-Fi system (20 MHz channel without MIMO) in a Rayleigh 

propagation channel is given in [BJHS03]. One extrapolates several points for several MCSs and fitting 

is performed through MATLAB to the same equation that served as the starting point for the models 

deducted by 3GPP for LTE. The equations presented below take therefore a 20 MHz signal and a Sin-

gle-input and Single-output (SISO) scenario (which is the one considered in this thesis for the interfer-

ence analysis) into account. Expressions are deducted for five MCSs. 

The throughput offered by BBRS can be calculated as follows: 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.6505

0.05409 + 𝑒−0.3865𝜌𝑁𝐼 [dB]
, for  QPSK  r = 1/2 (3.37) 
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𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.1384

0.005836 + 𝑒−0.3887𝜌𝑁𝐼 [dB]
, for  16 − QAM  r = 1/2 (3.38) 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.0958

0.002745 + 𝑒−0.3302𝜌𝑁𝐼 [dB]
, for  16 − QAM  r = 3/4 (3.39) 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.01433

0.0002996 + 𝑒−0.3815𝜌𝑁𝐼 [dB]
, for  64 − QAM  r = 2/3 (3.40) 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.016465

0.0003045 + 𝑒−0.3437𝜌𝑁𝐼 [dB]
, for  64 − QAM  r = 3/4 (3.41) 

The curves obtained with the Wi-Fi’s throughput equations for the case of a single stream scenario are 

represented in Figure 3.8. As in LTE’s case, the throughput offered through AMC for the BBRS case is 

represented in Figure 3.8 with a dotted line. 

3.3 Model Implementation 

In this section, one indicates how all previous equations were implemented together in MATLAB to 

calculate each one of the model outputs. The flowchart represented in Figure 3.9 helps in understanding 

how the interference power and the interference-free region distance are calculated. These interference 

estimation results are then used to calculate both the maximum communication distance and the ca-

pacity loss as represented in Figure 3.10. 

 

Figure 3.9 – Flowchart of the MATLAB’s script used to calculate 𝐼 and 𝑑𝑓𝑟𝑒𝑒−𝑟𝑒𝑔𝑖𝑜𝑛. 

First, the path loss of the interfering signal is computed for a vector of interference distances using the 

propagation models. Then, one calculates the interference powers corresponding to each interference 

type being studied (OOBI, BBI and IBI), again, for that same vector of interference distances, using 

OOBI, BBI and IBI models. One has to note that before the IBI power calculation, the intermodulation of 

the interfering signal is performed and the third-order IMPs that fall within the IF passband of the victim’s 

receiver are counted. After that, all the interference powers are linearly summed (for each interference 

distance). Then, the total desensitisation is calculated using the interference criterion models and it is 

compared with the interference margin to obtain the interference-free region distance. Having computed 
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the total desensitisation, both the maximum communication distance and the capacity loss are calcu-

lated. An additional input to those shown in Figure 3.1 needs to be provided for the calculation of each 

one of these two outputs. For the maximum communication distance calculation, a fixed throughput is 

asked for input (in case of LTE-R or BBRS). For the capacity loss calculation, a fixed maximum com-

munication distance is asked for input. 

For the maximum communication distance calculation, first, the path loss of the desired signal is calcu-

lated for a vector of distances using the propagation models. Then, using the desired signal models, the 

desired signal power is calculated (for that same vector of distances). The next step is to calculate the 

required SNIR corresponding to the throughput that is asked for input. For that, the throughput models 

are used in case the system in study is either LTE-R or BBRS; otherwise, an SNIR of 9 dB is assumed 

for GSM-R. The total desensitisation (for each interference distance), calculated using the flowchart 

represented in Figure 3.9, is then compared with the interference margin. If the desensitisation is lower 

than the interference margin, a maximum communication distance that provides a power equal to the 

receiver sensitivity at the input of the victim’s receiver is enough; otherwise, a power higher than the 

receiver sensitivity is required and, consequently, a lower maximum communication distance. 

 

a) 𝑑𝑚𝑎𝑥.      b) Capacity loss. 

Figure 3.10 – Flowchart of the MATLAB’s script used to calculate 𝑑𝑚𝑎𝑥  and capacity loss. 
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For the capacity loss calculation, the desired signal power is only calculated for a single maximum com-

munication distance that is asked for input, and the throughput models are used for throughput calcula-

tions instead of SNIR calculations. If the total desensitisation is lower than the interference margin, then 

that interference distance being analysed leads to an acceptable interference case and there is no ca-

pacity loss; otherwise, the throughput and the corresponding capacity loss are calculated. 

3.4 Model Assessment 

After having implemented the model in MATLAB an assessment of the results had to be done. The 

various tests that one performed for the assessment of the model are presented in Table 3.2. 

Table 3.2 – Model assessment tests. 

Test ID Description 

1 To verify if the inputs are being correctly assigned to the variables. 

2 To compare the path loss given by the different propagation models. 

3 To check if the generated third-order IMPs are according to calculator ones.  

4 To check if the third-order IMPs are being correctly counted. 

5 To compare the interference powers of OOBI, BBI and IBI. 

6 To compare the results with results from other authors. 

 

One can see in Figure 3.11 that both the Okumura-Hata model and the Winner II model produce coher-

ent results for the scenarios being considered. One can see that the breakpoint distance of the Oku-

mura-Hata model is represented at a distance of 1 km, because the two slope approximation is being 

used. The breakpoint distance of the Winner II model is represented at a distance of around 1.7 km and 

is according to the frequency and heights being used for the assessment of this propagation model. 

 

a) Okumura-Hata model (900 MHz).  b) Winner II model (5 GHz). 

Figure 3.11 – Propagation models. 
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To check if the intermodulation is being correctly performed one simulated two cases: a simple one (with 

few tones) and a more complex one. For the simple case, one assumed 3 equally spaced interfering 

tones located at 51 MHz, 52 MHz, and 53 MHz, and the victim’s channel (reception band of the victim) 

as having 2 MHz (from 48 MHz to 50 MHz). The results are represented in Figure 3.12 and are accord-

ing to calculated ones where 6 IMPs are generated, 2 of them fall within the victim’s channel. 

 

a) Location of third-order IMPs.   b) Number of third-order IMPs. 

Figure 3.12 – Generation of third-order IMPs by three interfering tones. 

For the complex case, one assumed an interfering signal with 5 MHz bandwidth composed of 25 equally 

spaced tones. The red crosses represent the tones triggering the intermodulation and one can see in 

Figure 3.13 that the bandwidth of the resulting signal is approximately three times the bandwidth of the 

interfering signal, which is according to the theory of third-order IMPs. 

 

Figure 3.13 – Generation of third-order IMPs by a wideband signal. 

The fifth test was to compare the interference powers referring to the different interference types. It is 

expected that the interference powers that are given by OOBI and BBI models increase in the same 

proportion. The IBI power is expected to increase faster than OOBI and BBI powers due to the charac-

teristics of third-order IMPs. For this test one simulated a DL interference scenario of public UMTS 

interfering with GSM-R (2.8 MHz offset between carriers). The behaviours mentioned above were veri-

fied as represented in Figure 3.14. According to [SuMi15], interference problems due to IMPs are rec-

orded when the public BS of UMTS is located 250 m or less from the rail track. One can see in  
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Figure 3.14 that for this simulation IBI starts to be the dominant interference type at an interference 

distance of around 200 m, a very close result. One can see also that the interference-free region dis-

tances, marked by red points, are being correctly computed for each interference type, in this case for 

a 3 dB interference margin, because an INR of 0 dB corresponds to a desensitisation of 3 dB. 

 

Figure 3.14 – Interference powers for the simulated interference scenario (rural scenario). 

The last test was to compare the results with the ones from the ECC Report 96 [CEPT07], which allows 

one to assess the overall implementation of the model. The same DL interference scenario described 

above is analysed in [CEPT07]. The input parameters used in [CEPT07] are given in Annex A. Two 

interference distances are computed in [CEPT07] for two fixed maximum communication distances, and 

only OOBI is considered. One simulated a case considering OOBI power only and a case considering 

the sum of OOBI, BBI and IBI powers, which are represented in Figure 3.15 together with the results 

from [CEPT07]. The slight differences in the results are because in ECC Report 96 the author uses 

different propagation models (Okumura-Hata model quasi-open areas is used for the desired signal 

propagation and the free-space model is used for the interfering signal propagation) from the ones used 

here. One can conclude that the model produces coherent results. The assessment of the capacity loss 

results by comparison with results from other authors is not shown here because one could not find 

works that perform those calculations for either LTE-R or BBRS. 

 

Figure 3.15 – Comparison of simulation results with results from other authors (rural scenario).
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  Chapter 4 

Analysis of Results 

4 Analysis of Results 

In this chapter one starts by presenting the scenarios chosen for the interference analysis and the input 

values that one assumes to simulate those scenarios. Then, the results of the interference analysis for 

the three railway telecommunications systems (GSM-R, LTE-R, and BBRS) are presented.
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4.1 Scenarios Description 

In this section, one presents the scenarios and the values of the model input parameters for the inter-

ference analysis. An example of a real spectral analysis collected near a rail track, provided by Thales, 

is presented in Figure 4.1, showing interference to the DL operation of GSM-R, covering the 919 MHz 

to 927 MHz range, with the y-axis corresponding to the time domain. This range includes the entire DL 

frequency band of GSM-R (921 MHz to 925 MHz) as well as the first 2 MHz of the DL E-GSM 900 band 

(925 MHz to 927 MHz). One can see, in green, that a public GSM BS is using the channel centre at 

926.2 MHz, and that, in certain time instants, in yellow and marked by a red rectangle, some energy of 

the transmission is being leaked across the entire R-GSM band. The goal is to define the scenarios (for 

the GSM-R analysis) around this case in order to cover not only it but also other ones related to it. 

Although a similar example of a real interference problem is not presented here for both LTE-R and 

BBRS, the scenarios for their analyses are chosen based on the worst-case scenario.  

 

Figure 4.1 – Example of a real spectral analysis (public GSM BS interfering with GSM-R DL). 

The scenarios chosen for the interference analysis are represented in Figure 4.2 from both frequency 

and physical perspectives. For the GSM-R analysis, one considers a public BS of either public GSM or 

UMTS interfering with its DL operation. According to [CEPT10b], the interference generated by public 

LTE is not worse than the interference caused by public UMTS to GSM-R, because the SEMs are quite 

similar. Due to the wideband nature of both systems, one extends the results of public UMTS to public 

LTE. One bases the GSM-R analysis on various frequency offsets between the channel used by the 

interferer and the victim, which are chosen based on the interference scenario represented in Figure 

4.1. One analyses the 0.4 MHz, 1 MHz and 2 MHz offsets for the public GSM case: the 0.4 MHz is 

chosen to account for the worst-case scenario remembering that a 200 kHz guard band exists between 

the two frequency bands; the 1 MHz and 2 MHz offsets are chosen to cover a frequency offset lower 

and higher, respectively, than the offset represented in Figure 4.1. The offsets for the public UMTS case 

are chosen to represent the same separation between the edge of the interfering channel and the centre 

of the GSM-R channel that the 0.4 MHz, 1MHz and 2 MHz offsets represent for the public GSM case. 
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For the LTE-R analysis, one analyses also the public GSM and the public UMTS interfering with its DL 

operation, being not based on various offsets but rather on the number of RBs allocated to the user. 

Taking the available bandwidth considered for LTE-R into account, a user can be allocated from 1 RB 

to 25 RBs, these two extremes being precisely the considered scenarios. In the 1 RB case, one analyses 

interference into the nearest RB in frequency to the E-GSM 900 band to account for the worst-case 

scenario, the first channel of the E-GSM 900 band of either public GSM or public UMTS being consid-

ered. It is considered that the LTE-R BS is transmitting over the full available bandwidth in both cases 

of RB allocation, that is, the transmission power is equally divided per the 25 RBs. 

For the BBRS analysis, one analyses two Wi-Fi devices (an AP and a Mobile Device (MD)) interfering 

with its UL operation (because BBRS presents higher UL throughput requirements compared to DL) 

[BBRS17]. For an UL interference scenario, the interfering signals interfere with the reception of the 

desired signals on the wayside APs of BBRS. One bases the BBRS analysis on various adjacent inter-

fering channels (1st 20 MHz adjacent channel, 2nd 20 MHz adjacent channel and 1st 40 MHz adjacent 

channel) because in the 5 GHz band the Wi-Fi channels are non-overlapping channels and, therefore, 

they are adjacent to each other. 

As already mentioned, for the GSM-R and LTE-R analyses, rural, suburban, and rural scenarios are 

analysed (considering the same scenario for both the desired and interfering signals). For the BBRS 

analysis, a rural LoS scenario is assumed for the desired signal propagation, and both an outdoor (rural 

LoS) and indoor scenarios are analysed for the interfering signal propagation. 

   

  

   

a) Frequency scenarios.   b) Physical scenarios. 

Figure 4.2 – Scenarios chosen for the interference analysis. 

Train 

LTE-R MT 

Public GSM/UMTS BS 
(Rural, Suburban, Urban) 
 

𝑑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

Wi-Fi AP/MD 
  

𝑑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

BBRS Wayside AP 

UL scenario 

DL scenario 

DL scenario 

   (Outdoor) 

  

(Indoor) 

  

Train 

GSM-R MT 

𝑑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

Public GSM/UMTS BS 
(Rural, Suburban, Urban) 
 



 

56 

The values of the model input parameters are given in Table 4.1 and Table 4.2. The values assumed 

for the interfering sources are based on [CEPT11] (public GSM/UMTS) and on [CEPT19b] (Wi-Fi de-

vices). The values assumed for GSM-R and BBRS are provided by Thales, taking real deployments into 

account, while the values for LTE-R were based on [ETSI19]. The IIP3 is based on [Elli16], and the SEM 

and selectivity attenuation values are given in Annex B and Annex C, respectively. The RF filter attenu-

ation value is assumed to be 0 dB, but one also simulates a case where an external duplex filter is used 

(30 dB of RF filter attenuation and 30 dB of additional selectivity attenuation are considered in this case 

[MICN15]). Only one interference source is considered at a time, that is, the joint effect of two interfering 

sources is not considered. The worst-case scenario of antenna alignment is considered, that is, the 

antenna of the interfering source is considered to be pointing to the antenna of the victim. 

Table 4.1 – Values of the interferer input parameters for the interference analysis. 

Parameter 
Public GSM 

BS 

Public UMTS 

BS 

Wi-Fi devices 

AP MD 

Channel bandwidth (∆𝑓𝑖𝑛𝑡) [MHz] 0.2 5 20, 40 

Centre frequency (𝑓𝑐
𝑖𝑛𝑡) [MHz] 

925.2 (0.4 MHz) 

925.8 (1 MHz) 

926.8 (2 MHz) 

927.6 (2.8 MHz) 

928.2 (3.4 MHz) 

929.2 (4.4 MHz) 

5865 (1st 20 MHz) 

5845 (2nd 20 MHz) 

5855 (1st 40 MHz) 

Transmission power (𝑃𝑡
𝑖𝑛𝑡) [dBm] 43 20 13 

Transmitter losses (𝐿𝑡
𝑖𝑛𝑡)[dB] 3 2 

Transmitter antenna gain (𝐺𝑡
𝑖𝑛𝑡) [dBi] 15 5 3 

Height of the base station (ℎ𝑏𝑠) [m] 30 
1.5 (Outdoor) 

5 (Indoor) 

 

Table 4.2 – Values of the victim input parameters for the interference analysis. 

Parameter GSM-R LTE-R BBRS 

Channel bandwidth (∆𝑓𝑣𝑖𝑐) [MHz] 0.2 0.180 (1 RB), 4.5 (25 RBs) 20 

Centre frequency (𝑓𝑐
𝑣𝑖𝑐) [MHz] 924.8 924.55 (1 RB), 922.4 (25 RBs) 5885 

Transmission power (𝑃𝑡
𝑣𝑖𝑐) [dBm] 46 22 

Transmitter losses (𝐿𝑡
𝑣𝑖𝑐) [dB] 7.15 5 2.4 

Transmitter antenna gain (𝐺𝑡
𝑣𝑖𝑐) [dBi] 21 18 14 

Receiver antenna gain (𝐺𝑟) [dBi] 2 18 

Receiver losses (𝐿𝑟) [dB] 2.27 2 

Noise figure (𝐹) [dB] 8 

System margin (𝑀𝑠) [dB] 7 

Interference margin (𝑀𝐼) [dB] 3 

Input third-order intercept point (𝑃𝐼𝐼𝑃3) [dBm] -10 

Height of the base station (ℎ𝑏𝑠) [m] 20 5 

Height of the mobile station (ℎ𝑚𝑠) [m] 5 
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In the following sections, one presents the results of the interference analysis for the previously defined 

scenarios and for the defined input values. The results are based on the outputs represented in Figure 

3.1 which are taken as metrics for this analysis. First, the interference power at the input of the victim’s 

receiver and the free-region distances are computed for each type of interference individually. Then, 

taking the sum of all types of interference into account, the maximum communication distances in the 

acceptable interference and non-acceptable interference cases are presented. In the LTE-R and BBRS 

analyses, the capacity loss (for a fixed maximum communication distance) is also addressed. 

4.2 GSM-R Analysis 

Figure 4.3 shows the OOBI power as a function of the interference distance at the input of the GSM-R’s 

onboard receiver for a rural scenario, for both public UMTS and public GSM cases, and for the consid-

ered frequency offsets: the dashed black line corresponds to the noise floor of the GSM-R receiver, 

approximately equal to -113 dBm, and the points in red to the situation where the OOBI power is equal 

to the noise floor. The OOBI power for suburban and urban scenarios is given in Annex D. 

When analysing OOBI, one can make the comparison between frequency offsets that represent the 

same frequency separation between the edge of the interfering UMTS/GSM channel and the centre of 

the interfered GSM-R channel. A 2.8 MHz offset between the centre frequency of UMTS and GSM-R 

channels corresponds to a 0.3 MHz of frequency separation between the edge of the UMTS channel to 

the centre of the GSM-R channel. The 0.4 MHz offset for the public GSM case also corresponds to a 

0.3 MHz of frequency separation. The same match can be applied between the other considered offsets. 

 

a) Public UMTS.     b) Public GSM. 

Figure 4.3 – OOBI power at the input of the GSM-R’s receiver (rural scenario). 

Making this match between frequency offsets considered for public UMTS and public GSM cases, and 

only by taking a look at the SEM attenuation values, one can conclude that OOBI due to UMTS emis-

sions is more demanding than OOBI due to GSM ones. The same conclusion can be extracted from 

Figure 4.3, where, for the same interference distance, the OOBI power due to UMTS emissions is higher 
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(considering the match between frequency offsets). Because the slope of the curves is equal for all 

frequency offsets, this comparison can be easily performed by comparing the OOBI free-region dis-

tances (the interference distances corresponding to a desensitisation equal to the interference margin), 

which are approximately given by the x-coordinate of the red points in Figure 4.3 (in this case for a rural 

scenario), since a desensitisation of 3 dB (interference margin) is approximately equal to an INR of 0 dB. 

The OOBI free-region distances are given in Table 4.3, three colours being used to make data easier to 

read: red is used for distances higher than 1 km, yellow for distances between 300 m and 1 km, and 

green for distances lower than 300 m. The choice of these ranges is based on the fact that an interferer 

deployed at a distance higher than 300 m from a rail track is a common scenario and can still represent 

a problem to railway communications. Although OOBI due to UMTS emissions leads to higher free-

region distances, the differences between UMTS and GSM distances are only in the order of 600 m for 

a rural scenario, 200 m for a suburban one and less than 100 m for an urban one. Taking the order of 

the OOBI free-region distances that one is dealing with into account, one can conclude that OOBI due 

to UMTS emissions, although more demanding, is not much worse than OOBI due to GSM ones. 

By analysing the values in Table 4.3, one can see also that only for an urban scenario (due to the higher 

propagation losses characteristic of this scenario) the OOBI free-region distances drop to values lower 

than 300 m (for some offsets). For rural and suburban scenarios, these distances can be as high as 

6.5 km and 1.9 km, respectively, which shows the high range of this interference type. 

Another point that is worthwhile analysing is the relative decrease in the OOBI free-region distances 

between frequency offsets (considering the same interfering source). For the public UMTS case, the 

relative decreases (considering the three scenarios) are around 47% between the 2.8 MHz and 3.4 MHz 

offsets, and 25% between the 3.4 MHz and 4.4 MHz ones, while for the public GSM case, the relative 

decreases are around 51% between the 0.4 MHz and 1 MHz offsets, and 32% between the 1 MHz and 

2 MHz ones. Both results for public UMTS and GSM cases reflect the less strict SEM attenuations for 

higher frequency offsets and the need to try to avoid the lower frequency offsets. 

Table 4.3 – GSM-R’s free-region distances for OOBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑶𝑶𝑩𝑰 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

0.4 MHz 
offset 

1 MHz 
offset 

2 MHz 
offset 

Rural 6.460 3.587 2.770 5.773 3.002 2.165 

Suburban 1.918 1.065 0.762 1.714 0.852 0.541 

Urban 0.736 0.368 0.272 0.645 0.299 0.203 

 

Figure 4.4 shows the BBI power as a function of the interference distance at the input of the GSM-R’s 

onboard receiver for a rural scenario, for both public UMTS and GSM cases, and for the considered 

frequency offsets. The BBI power for suburban and urban scenarios is given in Annex E. The BBI free-

region distances are presented in Table 4.4. The same match between GSM and UMTS frequency 

offsets cannot be performed in the BBI analysis because it is not based on emissions into the GSM-R’s 
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channel but rather on the ability of the receiver to block the interfering signals, which, in this case, are 

different (wideband UMTS vs. narrowband GSM). 

The BBI free-region distances for the public UMTS case are almost all lower than 300 m, while for the 

GSM case, they are also almost all lower than 300 m but only for the 1 MHz and 2 MHz offsets; the 

distances for the 0.4 MHz offset (which can be as high as 6.5 km for a rural scenario, 1.9 km for a 

suburban one, and 700 m for an urban one) show the difficulty of the GSM-R receiver to block narrow-

band signals in nearby frequencies not only because the total energy of the transmission is comprised 

in a few set of frequencies but also due to insufficient selectivity of the GSM-R’s receiver. Because 

UMTS is a wideband signal, the energy of the transmission is spread over a wider range of frequencies 

and can, therefore, be easily blocked by the GSM-R receiver, which is shown by the lower BBI free-

region distances. 

 

a) Public UMTS.     b) Public GSM. 

Figure 4.4 – BBI power at the input of the GSM-R’s receiver (rural scenario). 

When comparing the BBI free-region distances, Table 4.4, with the OOBI free-region ones, Table 4.3, 

because both types of interference are based on link budget equations, one can conclude that, except 

for the 0.4 MHz offset (for the public GSM case), BBI gives rise to much lower powers than OOBI (for 

the same interference distance). This shows that BBI will not be the dominant type of interference for 

any interference distance, except for the 0.4 MHz offset, for which BBI’s contribution is high. 

Table 4.4 – GSM-R’s free-region distances for BBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑩𝑩𝑰 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

0.4 MHz 
offset 

1 MHz 
offset 

2 MHz 
offset 

Rural 0.424 0.288 0.253 6.477 0.843 0.253 

Suburban 0.096 0.072 0.065 1.923 0.162 0.065 

Urban 0.047 0.037 0.034 0.738 0.073 0.034 

 

To study the IBI, one has to perform first the intermodulation of the interfering signals. For the public 
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UMTS case, one considers a single wideband signal that generates third-order IMPs by the self-inter-

modulation of multiple tones as already explained. The results of the intermodulation of the UMTS signal 

are represented in Figure 4.5. The UMTS signal is assumed to be divided into 25 equally spaced tones,  

which is made under the approximation that the UMTS signal is 5 MHz wide and consequently that each 

tone has a bandwidth of 200 kHz, which is equal to the channel bandwidth of GSM-R. The 5 MHz band-

width is an approximation for the bandwidth of the UMTS signal to take the leaked energy into account 

as a source of third-order IMPs too. According to the simulation and represented in Figure 4.5, 600 third-

order IMPs are generated, 12, 10, and 8 of them fall within the GSM-R’s channel if the offset is 2.8 MHz, 

3.4 MHz, and 4.4 MHz, respectively. 

 

Figure 4.5 – Number of generated third-order IMPs within GSM-R’s channel (single UMTS signal). 

The IBI power as a function of the interference distance at the input of the GSM-R’s onboard receiver 

for a rural scenario, for the public UMTS case, and for the considered frequency offsets is represented 

in Figure 4.6, together with a case where the use of an external duplex filter is simulated, which aims to 

provide RF filter attenuation that helps to attenuate IBI. The IBI power for suburban and urban scenarios 

is given in Annex F. 

The variation in IBI power caused by the difference of 2 third-order IMPs between frequency offsets is 

highlighted by the zoom-in insert in Figure 4.6. The IBI free-region distances for the public UMTS case 

are presented in Table 4.5. The relative decreases in the IBI free-region distances between the 2.8 MHz 

and the 3.4 MHz offsets and between the 3.4 MHz and the 4.4 MHz offsets are lower than 10%, which 

shows that IBI, when referred to a single wideband signal, is not much dependent on the offset but more 

on the power of the interfering signal. 

Although the IBI free-region distances in Table 4.5, for the public UMTS case, are all lower than 1 km, 

one can see in Figure 4.6 that for the case without filter, for a rural scenario, the IBI power reaches the 

value of around 50 dBm (although one has to be aware that the receiver is expected to be already 

overloaded at this point), which is higher than the value reached by the OOBI power, represented in 

Figure 4.3, which reaches only a power of around -30 dBm. The IBI power increases faster than the 

OOBI one with the decrease of the interference distance due to the nature of third-order IMPs and so 

one expects an interference distance at which the IBI starts to be the dominant type of interference when 

no filter is considered, which will be further analysed. For the case with filter, the IBI power reaches only 
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a value of -30 dBm and OOBI is expected to dominate over both BBI and IBI for all the interference 

distances. The use of a filter removes the possibility of IBI to dominate. 

 

a) Without filter.    b) With filter. 

Figure 4.6 – IBI power at the input of the GSM-R’s receiver (public UMTS in a rural scenario). 

Comparing the IBI free-region distances in Table 4.5, for the public UMTS case, one obtains relative 

decreases of around 93% when transitioning from the case without filter to the case with one. This result 

shows again the huge impact of filtering the signals before the amplification stage. 

Table 4.5 – GSM-R’s free-region distances for IBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑰𝑩𝑰 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

(wo/filter) (w/filter) 

(wo/filter) (w/filter) 2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

Rural 0.944 0.914 0.880 0.026 0.025 0.024 2.326 0.127 

Suburban 0.176 0.172 0.167 0.012 0.011 0.011 0.598 0.039 

Urban 0.079 0.077 0.075 0.008 0.008 0.008 0.221 0.022 

 

A single narrowband GSM signal (which is the one considered for the interference analysis) is not ex-

pected to produce IMPs but a practical GSM deployment uses normally more than one GSM carrier, 

either per sector or by the use of an omnidirectional arrangement [CEPT07]. To study IBI for the public 

GSM case, one considers the intermodulation of two equally spaced narrowband GSM signals and that 

one of the two resulting third-order IMPs falls within the victim’s channel. It should be clear that in this 

case the interference does not depend on the offsets that one is analysing for public GSM. Two GSM 

carriers far away in frequency from the R-GSM frequency band can still generate a third-order IMP that 

theoretically falls into a GSM-R channel. The IBI free-region distances for the public GSM case are also 

given in Table 4.5, being more than two times higher compared to UMTS ones, which is a consequence 

of having two GSM carriers transmitted at full power. Even with the use of a filter, one gets a distance 

of around 127 m, which is still a high interference distance considering the behaviour of third-order IMPs. 

Because IBI for the public GSM case does not depend on the three frequency offsets being analysed 
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and because a certain combination of GSM carriers is needed, IBI is not taken into account in the fol-

lowing calculations for the public GSM case (only OOBI and BBI are accounted for). 

The free-region distances taking the sum of the previous three types of interference (in the public GSM 

case only OOBI and BBI are considered) into account are given in Table 4.6. These free-region dis-

tances are almost equal to the ones given in Table 4.3 (except for the 0.4 MHz offset for the public GSM 

case) because OOBI is the dominant type of interference for high interference distances (IBI is negligible 

for high interference distances). Also, the free-region distances (referring to the sum of the interference 

types) for a case when the interfering source is 40 m high instead of 30 m are given in Annex G. One 

obtains relative increases of the free-region distances of around 18%, which shows that an interfering 

source of 30 m high should be probably already above the majority of the obstacles. 

Table 4.6 – GSM-R’s free-region distances for the sum of interference types. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑻𝑶𝑻𝑨𝑳 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

0.4 MHz 
offset 

1 MHz 
offset 

2 MHz 
offset 

Rural 6.460 3.588 2.772 7.488 3.015 2.168 

Suburban 1.919 1.065 0.763 2.224 0.857 0.542 

Urban 0.736 0.368 0.272 0.875 0.300 0.204 

 

The analysis performed until this point considers only the interfering signal. To assess the reduction in 

the maximum communication distance caused by the interfering signal one has to compute first the 

maximum communication distances (considering a target SNIR of 9 dB for GSM-R to be able to offer 

voice service) in the acceptable interference case, that is, when the desensitisation of the GSM-R’s 

receiver is lower than the interference margin, which are presented in Table 4.7. 

Table 4.7 – GSM-R’s maximum communication distance (acceptable interference case). 

Scenario 
Signal-to-noise Ratio 

(𝝆𝑵 [𝐝𝐁]) 

Maximum communication distance  

(𝒅𝒎𝒂𝒙 [𝐤𝐦]) 

Rural 9 50.546 

Suburban 9 15.602 

Urban 9 6.449 

 

For interference distances lower than the free-region distances given in Table 4.6, the maximum com-

munication distance drops below the values in Table 4.7. Because GSM-R deployments usually follow 

a constant maximum communication distance depending on the scenario (taken as 13 km for rural, 8 km 

for suburban and 5 km for urban), it is interesting to see which interference distances cause the maxi-

mum communication distance to drop below these fixed values. Figure 4.7 shows the maximum com-

munication distance as a function of the interference distance for a rural scenario, for the public UMTS 

case, for the considered offsets, and for both cases without and with filter. The maximum communication 
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distance as a function of the interference distance for the public UMTS case but for suburban and urban 

scenarios is given in Annex H. 

For a rural scenario and for the case without filter, the maximum communication distance drops to values 

lower than 13 km for interference distances lower than around 1.31 km, 0.57 km and 0.41 km for the 

2.8 MHz, 3.4 MHz and 4.4 MHz offsets, respectively, as one can see in Figure 4.7 through the zoom-in 

insert. For a suburban scenario and for the case without filter, the maximum communication distance 

drops to values lower than 8 km for interference distances lower than around 0.73 km, 0.32 km and 

0.23 km, for the same frequency offsets. For an urban scenario and for the case without filter, the max-

imum communication distance drops to values lower than 5 km for interference distances lower than 

around 0.46 km, 0.23 km and 0.17 km, again, for the same frequency offsets. 

It is interesting to see in Figure 4.7 the interference distance from which IBI dominates (for the case 

without filter). When the curves in Figure 4.7 start to come together, it is where IBI starts to dominate 

because, as one can see in Figure 4.6, the IBI is the type of interference that presents low variations 

between the three frequency offsets being analysed. One can see in Figure 4.7 that this effect happens 

for interference distances lower than around 0.25 km for a rural scenario. For suburban and urban sce-

narios, the same happens for interference distances lower than around 0.10 km and 0.05 km, respec-

tively. The use of a filter extinguishes the probability of IBI to dominate over OOBI as one can see in 

Figure 4.7 where the effect of the curves coming together disappears. Despite that, one has to sill ac-

count for OOBI. A filter is then, in the GSM-R case, only effective against an interfering source close 

deployed to the rail track. For higher interference distances, a filter does not provide any advantages 

because OOBI dominates and OOBI can only be attenuated by the interferer’s side. 

 

a) Without filter.    b) With filter. 

Figure 4.7 – GSM-R’s maximum communication distance (public UMTS in a rural scenario). 

The maximum communication distance as a function of the interference distance, for the public GSM 

case, and for the considered frequency offsets, is given Annex H. One can see that for a rural scenario 

the maximum communication distance drops to values lower than 13 km for interference distances lower 

than 1.51 km, 0.40 km and 0.22 km, for the 0.4 MHz, 1 MHz and 2 MHz offsets, respectively. For a 

suburban scenario, considering 8 km, these interference distances are, respectively, around 0.90 km, 
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0.25 km and 0.16 km. For an urban scenario, considering 5 km, these interference distances are, re-

spectively, around 0.55 km, 0.19 km and 0.13 km. It is important to remember that one is not considering 

IBI in these calculations and that its effect can be even worse than for the UMTS’s case. 

Summing up, a UMTS/GSM BS can interfere with GSM-R if deployed at a distance from the rail track 

lower than around 7 km for a rural scenario, 2 km for a suburban one and 800 m for an urban one. 

Considering the distances followed by GSM-R deployments, the adjacent BSs of GSM-R may need only 

to be deployed closer to each other than usual when an interfering BS is at a distance from the rail track 

lower than around 1.5 km for a rural scenario and 500 m for an urban one, the recommended deploy-

ment guidelines in this thesis being useful in these cases. A filter should be used only in cases where 

an interfering UMTS BS is deployed at a distance from the rail track closer than 250 m for a rural sce-

nario and 50 m for an urban one, being extremely effective in these conditions. The utility of a filter 

against an interfering GSM BS depends on the carriers being used by it, being highly recommended in 

cases where the third-order intermodulation behaviour is reported. To space the channels apart is a 

viable option against interference, but only when no third-order intermodulation behaviour is reported. 

4.3 LTE-R Analysis 

LTE-R can assign various RBs to the user depending on user requirements. As already mentioned, the 

LTE-R analysis is based on the number of allocated RBs to the user, that is, considering different band-

widths for the computation of the SNIR rather than frequency offsets. Figure 4.8 shows the OOBI power 

as a function of the interference distance at the input of the LTE-R’s onboard receiver for a rural sce-

nario, for both public UMTS and public GSM cases, and for both extreme cases of RBs allocation. The 

OOBI power for suburban and urban scenarios is given in Annex D. Because the SNIR is computed 

independently for the two bandwidths being considered, each bandwidth has its own noise floor of ref-

erence represented in Figure 4.8 (represented by a dashed black line). 

 

a) Public UMTS.     b) Public GSM. 

Figure 4.8 – OOBI power at the input of the LTE-R’s receiver (rural scenario). 
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According to (3.5) and (3.6), the noise floor corresponding to 1 RB is equal to –113.4 dBm (aggregation 

of 12 subcarriers) and to 25 RBs is equal to –99.5 dBm (aggregation of 300 subcarriers). The OOBI 

free-region distances are approximately given by the x-coordinate of the red points in Figure 4.8 (in this 

case for a rural scenario) as explained in the GSM-R analysis. The OOBI free-regions are given in Table 

4.8, with the same three colours code used in the GSM-R’s analysis. One can see, again, that OOBI 

due to public UMTS emissions is more demanding than when it is produced by public GSM (for equal 

RB allocation). One can see also that, for the public UMTS case, the 25 RBs scenario results in OOBI 

free-region distances around 51% lower than the 1 RB ones. The same relative decrease is obtained 

for the public GSM case but only by around 32%. 

Table 4.8 – LTE-R’s free-region distances for OOBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑶𝑶𝑩𝑰 [𝐤𝐦] 

Scenario 
Public UMTS Public GSM 

1 RB 
allocated 

25 RBs 
allocated 

1 RB  
allocated 

25 RBs  
allocated 

Rural 5.404 2.820 3.056 2.204 

Suburban 1.605 0.782 0.874 0.555 

Urban 0.597 0.278 0.305 0.208 

 

Because OOBI depends on frequency offsets, one can conclude that the last RB of the R-GSM band 

(the RB being considered for this analysis) is the RB more affected and the worst-case scenario in what 

concerns this interference type. Additionally, only two free-region distances in Table 4.8 are lower than 

300 m, which shows again the high range of OOBI when caused by UMTS or GSM emissions. 

Figure 4.9 shows the BBI power at the input of the LTE-R’s onboard receiver for a rural scenario, for 

both public UMTS and public GSM cases, and for both RBs allocation cases. For LTE-R, the BBI power 

is assumed to be equally split into each of the RBs of the full bandwidth being considered, which is 

represented in Figure 4.9, where independently of the number of allocated RBs, the BBI free-region 

distances are equal. The BBI power for suburban and urban scenarios is given in Annex E. 

 

a) Public UMTS.     b) Public GSM. 

Figure 4.9 – BBI power at the input of the LTE-R’s receiver (rural scenario). 
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The BBI free-region distances are presented in Table 4.9 where a case that simulates the use of a filter 

is also presented. As already mentioned, the filter aims to provide RF attenuation (to attenuate IBI) and 

to improve the selectivity attenuation (to attenuate BBI). Comparing the BBI free-region distances (for 

the case without filter) with the ones for OOBI in Table 4.8, one can see that the BBI free-region dis-

tances are higher than OOBI ones. This means that the lack of selectivity of the LTE-R receiver is the 

key factor and BBI dominates over OOBI for all the interference distances for the case without filter. The 

filter can reduce the BBI free-region distances by a value higher than 85% and make OOBI to dominate 

over BBI for all interference distances, as one can conclude by looking at the BBI free-regions distances 

for this case (they are now lower compared to OOBI ones). 

Table 4.9 – LTE-R’s free-region distances for BBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑩𝑩𝑰 [𝐤𝐦] 

Scenario 
Public UMTS Public GSM 

(wo/filter) (w/filter) (wo/filter) (w/filter) 

Rural 8.275 1.164 11.702 1.647 

Suburban 2.458 0.228 3.476 0.370 

Urban 0.985 0.098 1.396 0.148 

 

The study of IBI must be preceded by the intermodulation of the interfering signals as in GSM-R analysis. 

First, for a UMTS interfering signal, one assumes that it is divided into 25 equally spaced tones (200 kHz 

each tone), as in GSM-R analysis, which is close to the lowest bandwidth being considered of 1 RB 

(180 kHz). The results of the intermodulation of the UMTS signal are represented in Figure 4.10, where 

one can see that 600 third-order IMPs are generated, 11 of them fall within the victim’s channel if one is 

considering the last RB of the band allocated the user and 132 of them fall within the victim’s channel if 

one is considering all the available bandwidth allocated to the user. 

 

Figure 4.10 – Number of generated third-order IMPs within LTE-R’s channel (single UMTS signal). 

Figure 4.11 shows the IBI power at the input of the LTE-R’s onboard receiver for a rural scenario, for 

the public UMTS case, for both RBs allocation cases, and for both cases without and with filter. As in 
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the GSM-R case, due to the high EIRP considered for the interfering sources, one can see that, for the 

public UMTS case, the IBI power can reach higher values than the BBI power (for the case without filter). 

One expects, therefore, an interference distance at which this interference type dominates over BBI (for 

the case without filter). Using a filter can make, in the LTE-R case, the IBI power to reach only values 

of around -30 dBm and prevent not only BBI to dominate over OOBI but also IBI to dominate over OOBI 

and BBI. The IBI power for suburban and urban scenarios is given in Annex F. 

 

a) Without filter.    b) With filter. 

Figure 4.11 – IBI power at the input of the LTE-R’s receiver (public UMTS in a rural scenario). 

For the public UMTS case, although the third-order IMPs are expected to cover the entire R-GSM band 

(as one can check in Figure 3.13, where an example of a UMTS signal centred at 927.6 MHz is gener-

ating third-order IMPs), the interference to each subcarrier is not expected to be equal, because there 

are more third-order IMPs falling near to the E-GSM 900 band. The RBs farther away from the E-900 

GSM band are less affected. Still, one considers that the overall performance of the channel, in the case 

of 25 RBs allocated to the user, is affected by the 132 third-order IMPs that fall within it. 

The IBI free-region distances for the public UMTS case are given in Table 4.10. The IBI free-region 

distances for the 25 RBs case are lower than for the 1 RB case, but not much, by around 10%. This 

result is a consequence of having more third-order IMPs falling into the last RBs of the R-GSM band.  

Table 4.10 – LTE-R’s free-region distances for IBI. 

𝒅𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆
𝑰𝑩𝑰 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

(wo/filter) (w/filter) (wo/filter) (w/filter) 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

1 RB 
allocated 

Rural 0.979 0.861 0.026 0.023 2.392 0.135 

Suburban 0.182 0.165 0.012 0.011 0.622 0.041 

Urban 0.081 0.075 0.008 0.007 0.229 0.023 

 

For the public GSM case, one studies IBI in the same manner as in the GSM-R analysis. Because one 

is considering that only one IMP falls within the victim’s channel, the interference can only be calculated 
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to a single RB and not to all the 25 RBs. This is precisely the case presented in Table 4.10 where the 

IBI free-region distances for the GSM case are given. The IBI free-region distances for public GSM are 

more than three times higher than UMTS ones for some of the scenarios being analysed. A filter can 

reduce the IBI free-region distances by more than 90%, which shows again the impact of filtering the 

interfering signals before the receiver’s amplification stage. Due to the same reasons as explained in 

GSM-R’s section, IBI caused by public GSM is not taken into account in the following calculations. 

The free-region distances taking all the types of interference into account (in the public GSM case, only 

OOBI and BBI are considered) are given in Table 4.11. One can observe that for the case without filter 

they are almost equal to the BBI free-region distances and that for the case with filter they are almost 

equal to the OOBI free-region distances, which is according to the analysis above. 

Table 4.11 – LTE-R’s free-region distances for the sum of interference types. 

𝒅𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆
𝑻𝑶𝑻𝑨𝑳 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

(wo/filter) (w/filter) (wo/filter) (w/filter) 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

Rural 8.762 8.328 5.411 2.855 11.731 11.712 3.150 2.404 

Suburban 2.603 2.474 1.607 0.795 3.484 3.479 0.912 0.626 

Urban 1.045 0.992 0.598 0.282 1.399 1.397 0.317 0.230 

 

The free-region distances (for the sum of interference types) for an additional case of an interfering 

source 40 m high instead of 30 m are given in Annex G. Relative increases lower than 20% are obtained. 

Independently of the number of allocated RBs, the highest throughput offered by LTE, is achieved for 

an SNIR of approximately 25 dB, the value where the highest MCS of LTE starts to saturate, as one can 

see in Figure 3.8. Figure 4.12 shows the maximum communication distance as a function of the inter-

ference distance (considering an SNIR of 25 dB) for a rural scenario, for the public UMTS case, and for 

both cases without and with filter. The maximum communication distance for the acceptable interference 

case, considering this value of SNIR, is also represented in Figure 4.12 by a dashed black line. The 

same figures for the public UMTS case but for suburban and urban scenarios are given in Annex H. 

One of the main advantages of using the R-GSM band for the deployment of LTE-R is the possibility of 

reusing the masts of the GSM-R BSs (because of the frequency), which represents a huge cost saving. 

For an SNIR of 25 dB, the maximum communication distances for the acceptable interference case are 

around 8 km, 2.5 km and 1 km, for rural, suburban, and urban scenarios, respectively. This means that 

the deployment distances assumed for GSM-R (13 km for rural, 8 km for suburban and 5 km for urban) 

do not allow to extract the maximum performance of LTE-R. Lower deployment distances are needed. 

Additionally, one has to still account for the interfering sources causing the maximum communication 

distance to drop. 

An interesting point to see in Figure 4.12 is the interference distance from which IBI dominates over BBI 

(for the case without filter). This happens when the curves start coming together as in the GSM-R case. 
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One can see in Figure 4.12 that this happens for interference distances lower than 0.15 km for a rural 

scenario, while for suburban and urban scenarios these interference distances are around 0.05 km, and 

0.03 km, respectively. The inclusion of a filter attenuates the effect of both BBI and IBI and makes OOBI 

to dominate for all the interference distances. As one can see in Figure 4.12 the curves are now well 

separated for both low and high interference distances as in OOBI analysis. The maximum communi-

cation distance as a function of the interference distance for the public GSM case, is given Annex H. 

 

a) Without filter.    b) With filter. 

Figure 4.12 – LTE-R’s maximum communication distance (public UMTS in a rural scenario). 

The throughput offered by LTE-R (acceptable interference case), when simulating the case of a reuse 

of the masts of GSM-R, is given in Table 4.12 for the two RBs allocation cases being analysed. Consid-

ering that with the 1 RB allocation case LTE-R aims to provide voice service (average required through-

put of 22 kbps as presented in Table 2.6) and considering that with the 25 RBs allocation case LTE-R 

aims to provide video and other broadband services (average required throughput of 4 Mbps as pre-

sented in Table 2.6), one can see in Table 4.12 that not all the assumed deployment distances for GSM-

R provide these same throughputs (even under an acceptable interference case). A maximum commu-

nication distance of 13 km for a rural scenario is enough for LTE-R to offer both services but maximum 

communication distances of 8 km for a suburban scenario and of 5 km for an urban scenario are only 

enough for LTE-R to offer voice service. 

Table 4.12 – Maximum throughput offered by LTE-R (acceptable interference case). 

Communication distance 
(𝒅𝒎𝒂𝒙 [𝐤𝐦]) 

Signal-to-noise Ratio  

(𝝆𝑵 [𝐝𝐁]) 

Modulation 
and Coding 

Scheme 

Maximum throughput 

 (𝑹𝒃 [𝐌𝐛𝐩𝐬]) 

13 (Rural) 16.4 64-QAM, r=3/4 
0.328 (1 RB) 

8.201 (25 RB) 

8 (Suburban) 5.5 QPSK, r=1/3 
0.083 (1 RB) 

2.084 (25 RBs) 

5 (Urban) -1.1 QPSK, r=1/3 
0.074 (1 RB) 

1.845 (25 RBs) 
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Considering now a desensitisation higher than the interference margin, for the fixed communication 

distances given in Table 4.12, a capacity loss occurs. The capacity loss as a function of the interference 

distance for a rural scenario, for the public UMTS case, for both cases of RBs allocation, and considering 

both cases without and with filter is given in Figure 4.13. The capacity loss as a function of the interfer-

ence distance for the remaining scenarios for the UMTS case, as well as, for the public GSM case, is 

given in Annex I. It is interesting to calculate the interference distances that cause a capacity loss that 

corresponds to a throughput (after loss) of 22 kbps (for the 1 RB case) because, as one mentioned, the 

reuse of the masts of the GSM-R BSs should be only enough for LTE-R to provide voice service. For a 

rural scenario and considering the public UMTS case, these interference distances are 1.63 km and 

1 km, for the case without and with filter, respectively. For the public UMTS case in a suburban scenario, 

these interference distances reduce to 1 km and 0.51 km, respectively. For the public UMTS case in an 

urban scenario, these interference distances are 0.59 km and 0.33 km, respectively.  

For the public GSM case in a rural scenario, these distances are 2.18 km and 0.37 km, respectively, 

while in a suburban scenario, they are 1.34 km and 0.24 km, respectively, and for an urban scenario, 

they are 0.83 km and 0.18 km, respectively. One concludes, therefore, that there is a need for additional 

filtering in the LTE-R case, where not only IBI needs to be attenuated but also BBI. 

 

a) Without filter.     b) With filter. 

Figure 4.13 – LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=13 km (public UMTS in a rural scenario). 

Summing up, a GSM BS can interfere with LTE-R if deployed at a distance from the rail track lower than 

around 12 km for a rural scenario, 3.5 km for a suburban one and 1.5 km for an urban one. In the case 

of a UMTS BS, these distances reduce to around 9 km, 2.5 km and 1 km, respectively. The reuse of the 

masts of the GSM-R BSs is not sufficient to extract the maximum performance of LTE-R, the deployment 

guidelines in this thesis being useful to extract that same performance. The reuse of the masts may not 

be even sufficient for LTE-R to offer video and other broadband services, a bandwidth higher than 5 MHz 

being required. Assuming that the masts are reused for LTE-R to offer voice service, an interfering BS 

deployed at a distance from the rail track closer than 2.2 km for a rural scenario and 800 m for an urban 

one can make the throughput to drop below 22 kbps. The use of a filter is highly recommended when 

the interferer is deployed at a distance from the rail track closer than these latter distances and not only 

when the third-order intermodulation behaviour is recorded as in GSM-R case. 
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4.4 BBRS Analysis 

Figure 4.14 shows the OOBI power as a function of the interference distance at the input of the BBRS’ 

receiver for the outdoor AP case and for the considered interfering channels. The noise floor of the 

receiver, calculated using the already defined input parameters, is approximately equal to -93 dBm and 

it is represented in Figure 4.14 by a black dashed line, together with the points, in red, where the OOBI 

power is equal to the noise floor of the receiver; as in the previous two analyses, the OOBI free-region 

distances are approximately given by the x-coordinates of these red points. The OOBI power for the 

indoor AP case as well as for both the outdoor and indoor MD cases is given in Annex D. One can see 

in Figure 4.14, and also based on the SEM attenuation values, that the most demanding interference 

scenario happens when the interferer is using the 1st 40 MHz adjacent channel. Because in the simula-

tions, the difference of being interfered by an AP or by an MD is just the EIRP being considered, one 

can extend this conclusion to the MD case. 

 

Figure 4.14 – OOBI power at the input of the BBRS’ receiver (AP in an outdoor scenario). 

The OOBI free-region distances are given in Table 4.13, the three colours code being used as follows: 

red is used for distances higher than 100 m, yellow for distances between 20 m and 100 m, and green 

for distances lower than 20 m. It is interesting to compare these distances between offsets (fixed out-

door/indoor scenario) and between the outdoor/indoor scenarios (fixed offset). Comparing between off-

sets, one obtains relative decreases in these free-region distances of around 30% when transitioning 

from the 1st 40 MHz adjacent channel to the 1st 20 MHz adjacent channel and of around 73% when 

transitioning from the 1st 20 MHz adjacent channel to the 2nd 20 MHz adjacent channel. This shows that 

an interferer using the 2nd 20 MHz adjacent channel has much less interference range than an interferer 

using either one of the two 1st (20 MHz or 40 MHz) adjacent channels being considered. When compar-

ing the outdoor scenario with the indoor scenario, one obtains relative decreases in the OOBI free-

region distances higher than 80%, which shows the huge impact that the indoor attenuation has on the 

OOBI free-region distances. 

Because buildings are normally at a distance higher than 20 m from the rail tracks, free-region distances 

lower than 20 m can be considered as acceptable. The majority of OOBI free-region distances are higher 

than 20 m, which shows the high range of this interference type for the scenarios being considered. 
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Table 4.13 – BBRS’ free-region distances for OOBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑶𝑶𝑩𝑰 [𝐦] 

Scenario 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

Outdoor 518 143 691 197 54 303 

Indoor 83 23 128 32 8 49 

 

Figure 4.15 shows the BBI power as a function of the interference distance at the input of the BBRS’ 

receiver for the outdoor AP case and for the considered interfering channels. The BBI power for the 

indoor AP case as well as for both the outdoor and indoor MD cases is given in Annex E. One can see 

in Figure 4.15 that BBI is more demanding when the interferer is using the 1st 20 MHz adjacent channel. 

In this case, the energy of the transmission is spread over fewer frequencies than when the interferer is 

using the 1st 40 MHz adjacent channel. The 1st 20 MHz adjacent channel is also well close in frequency 

to the victim’s channel than the 2nd 20 MHz adjacent one. 

 

Figure 4.15 – BBI power at the input of the BBRS’ receiver (AP in an outdoor scenario). 

The BBI free-region distances are given in Table 4.14. One can see that all the BBI free-region distances 

are lower than OOBI’s ones (comparing the same scenario and interfering source). One can conclude, 

because both interference types are based on link budget equations, that OOBI dominates over BBI for 

all the interference distances. 

Table 4.14 – BBRS’ free-region distances for BBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑩𝑩𝑰 [𝐦] 

Scenario 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

Outdoor 245 49 83 93 18 32 

Indoor 39 7 13 15 3 5 
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To study IBI, one needs to perform first the intermodulation of the interfering signals to check if, from a 

theoretical point of view, there is the possibility of third-order IMPs to fall within the victim’s channel. Two 

different intermodulation calculations are performed based on the interfering signals being considered 

and the results are represented in Figure 4.16. The 20 MHz and the 40 MHz interfering signals are 

assumed to be divided into 64 and 128 equally spaced tones, respectively, which is according to the 

802.1n standard. One can see in Figure 4.16 that, according to the simulations, a 20 MHz interfering 

signal generates 4032 third-order IMPs, 1024 of them fall within the victim’s channel in case the inter-

ferer is using the 1st 20 MHz adjacent channel. In case the interferer is using the 2nd 20 MHz adjacent 

channel then there is no possibility of third-order IMPs to fall within the victim’s channel. A 40 MHz 

interfering signal generates 16256 third-order IMPs, 3072 of them fall within the victim’s channel. 

 

a) 20 MHz interfering signal.  b) 40 MHz interfering signal. 

Figure 4.16 – Number of generated third-order IMPs within BBRS’ channel. 

Figure 4.17 shows the IBI power at the input of the BBRS’ receiver for the outdoor AP case and for the 

considered interfering channels. The IBI power for the indoor AP case as well as for both the outdoor 

and indoor MD cases is given in Annex F. Only the results for the two 1st adjacent channels (20 MHz 

and 40 MHz) cases are represented in Figure 4.17 because the results of the intermodulation in Figure 

4.16 are such that for the 2nd 20 MHz adjacent channel case, none third-order IMPs fall within the victim’s 

channel. One can see in Figure 4.17 that a 20 MHz interfering signal produces a higher IBI power for 

the same interference distance but at the same time that the results are not much different. 

 

Figure 4.17 – IBI power at the input of the BBRS’ receiver (AP in an outdoor scenario). 
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The IBI free-region distances are given in Table 4.15. All the free-region distances in Table 4.15 are well 

lower than 20 m. The fact that the IBI free-region distances are lower than OOBI and BBI ones does not 

prevent IBI to dominate for some interference distances, as one concluded in GSM-R and LTE-R anal-

yses. As already mentioned, due to the characteristics of third-order IMPs, the IBI power increases faster 

with the decrease of the interference distance than OOBI and BBI powers. Because of that, one has to 

still check is there is any possibility of IBI to dominate for low interference distances. One can see in 

Figure 4.17 that an IBI power of around -30 dBm is reached for the outdoor AP case. An OOBI power 

of around -30 dBm is also obtained in Figure 4.14 for the same scenario (one is comparing with OOBI 

because, as one mentioned, OOBI dominates over BBI for all interference distances). This means that 

IBI does not dominate over OOBI independently of the interference distance. This also means that one 

does not need to use a filter to attenuate IBI. For the indoor MD case, the IBI power does not even reach 

values close to the noise floor of the BBRS’ receiver. 

Table 4.15 – BBRS’ free-region distances for IBI. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑰𝑩𝑰 [𝐦] 

Scenario 

AP MD 

1st adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

Outdoor 12 10 5 4 

Indoor 2 2 - - 

 

The free-region distances corresponding to the sum of the three types of interference are given in Table 

4.16. One can conclude that the most demanding interference scenario is when the interferer is using 

the 1st 40 MHz adjacent channel which is according to the fact that OOBI is the dominant type of inter-

ference for all the interference distances. 

Table 4.16 – BBRS’ free-region distances for the sum of interference types. 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑻𝑶𝑻𝑨𝑳 [𝐦] 

Scenario 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

Outdoor 564 149 692 215 57 304 

Indoor 91 24 129 34 9 49 

 

The wayside APs of BBRS make use of sectorial antennas and one is considering the gain of the main 

lobe of this antenna in the simulations to account for the worst-case scenario. One can calculate the 

free-region distances, referring to the sum of the three interference types, using a gain of 5 dBi instead 

of 18 dBi to simulate the case of interfering signals entering the antenna of the wayside APs of BBRS 

by a side lobe. The free-region distances referring to this case are given in Annex G and one can see 

relative reductions of around 75% when comparing to the case considering the main lobe gain. This 
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result shows that even scenarios that result in free-region distances as high as 100 m for the main lobe 

gain case may in practice not lead to interference problems. 

All the above results are independent of the desired signal power and only take the interfering signal 

into account. To assess the reduction in the maximum communication distance caused by the interfer-

ence source to be deployed at an interference distance lower than the free-region distances presented 

in Table 4.16 one has to calculate first which are the maximum communication distance (acceptable 

interference case) required for a certain throughput, given in Table 4.17. The MCS and the SNR corre-

sponding to that required throughput are also given in Table 4.17. 

Table 4.17 – BBRS’ maximum communications distance (acceptable interference case). 

Throughput 

 (𝑹𝒃 [𝐌𝐛𝐩𝐬]) 

Modulation and 
Coding 
Scheme 

Signal-to-noise Ratio 
(𝝆𝑵 [𝐝𝐁]) 

Maximum 

communication distance 
(𝒅𝒎𝒂𝒙 [𝐦]) 

4 QPSK, r=1/2 5.8 3568 

6 QPSK, r=1/2 7.5 3218 

12 16-QAM, r=1/2 13.3 2310 

24 16-QAM, r=3/4 20.3 1265 

48 64-QAM, r=3/4  29.6 466 

 

Figure 4.18 shows the maximum communication distance as a function of the interference distance for 

both outdoor and indoor AP cases, and considering a required throughput of 12 Mbps, which, according 

to [BBRS17], is the highest requirement for UL among BBRS’ projects. The maximum communication 

distance as a function of the interference distance (for that same throughput requirement) but for both 

outdoor and indoor MD cases is given in Annex H. The dashed line in Figure 4.18 represents the maxi-

mum communication distance (acceptable interference case) for a 12 Mbps requirement. 

 

a) Outdoor.     b) Indoor. 

Figure 4.18 – BBRS’ maximum communication distance for 12 Mbps requirement (AP). 

Figure 4.18 shows the interference distances from which the maximum communication distance needs 

to be lower than 300 m (the typical distance in BBRS deployments). It is interesting to compare the 
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interference distances at which the maximum communication distance is equal to 300 m. For the out-

door AP case, these interference distances are around 46 m, 12 m, and 65 m, for the 1st 20 MHz adja-

cent, 2nd 20 MHz adjacent, and 1st 40 MHz adjacent interfering channels, respectively. For the outdoor 

MD case, these same interference distances are around 17 m, 5 m, and 25 m, respectively. For both 

indoor AP and MD cases, these interference distances are equal or lower than 11 m. These results 

show that indoor interferes (independently of the channel used) should not cause the maximum com-

munication distance to drop below 300 m (for a 12 Mbps requirement). 

In what concerns capacity loss calculations, considering a fixed maximum communication distance of 

300 m, and taking a maximum desensitisation equal to the interference margin into account (acceptable 

interference case), BBRS can provide a throughput of around 52 Mbps according to the simulations. 

Figure 4.19 shows the BBRS’ capacity loss as a function of the interference distance for both outdoor 

and indoor AP cases. The capacity loss as a function of the interference distance for both outdoor and 

indoor MD cases is given in Annex I. 

 

a) Outdoor.     b) Indoor. 

Figure 4.19 – BBRS’ capacity loss for 𝑑𝑚𝑎𝑥=300 m (AP). 

To analyse the capacity loss, one selects three different values (10%, 50%, and 90%) and calculates 

the interference distance that results in these values of capacity loss. These three values are chosen to 

cover the remaining throughput requirements of BBRS [BBRS17] apart from the 12 Mbps one. Capacity 

losses of 10%, 50%, and 90% correspond approximately to throughputs (after loss) of 47 Mbps (close 

to 48 Mbps), 26 Mbps (close to 24 Mbps), and 5 Mbps (close to 4 Mbps and 6 Mbps), respectively. The 

results of this analysis are presented in Table 4.18 and Table 4.19 for outdoor and indoor scenarios, 

respectively. By looking at Table 4.18 one concludes that an outdoor AP can cause a 90% capacity loss 

and give rise, therefore, to a throughput (after loss) of around 5 Mbps (except when using the 2nd 20 MHz 

adjacent channel). Also according to the simulations, if an outdoor MD is at an interference distance 

lower than 12 m it should be able to cause a 90% capacity loss. Although one has to be aware that a 

MD can get this closer to BBRS wayside APs, only rare cases of antenna alignment should in practice 

give rise to a capacity loss of this order. 
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Table 4.18 – BBRS’ capacity loss 𝑑𝑚𝑎𝑥=300 m (outdoor scenario). 

𝒅𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆 [𝐦] 

Capacity 
loss  
[%] 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

10 275 73 389 105 27 148 

50 108 28 153 41 11 58 

90 23 6 32 8 2 12 

 

According to the results in Table 4.19, an indoor AP can cause a capacity loss as high as 50% and give 

rise, therefore, to a throughput (after loss) of around 26 Mbps (close to 24 Mbps). Also according to the 

results in Table 4.19, an indoor MD should only be able to cause a capacity loss as high as 10% and 

only in the case it is using the 1st 40 MHz adjacent channel. Concluding, throughputs (after loss) of 

around 26 Mbps are assured in what regards indoor interferers. Indoor interferers should only represent 

a problem for throughput requirements higher than 26 Mbps. 

Table 4.19 – BBRS’ capacity loss 𝑑𝑚𝑎𝑥=300 m (indoor scenario). 

𝒅𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆 [𝐦] 

Capacity 
loss  
[%] 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

10 44 11 63 17 4 24 

50 17 4 24 6 1 9 

90 3 - 5 1 - 2 

 

Summing up, a Wi-Fi AP can interfere with BBRS if deployed outdoors at a distance from a wayside AP 

lower than around 700 m and 130 m if indoors. In the case of a Wi-Fi MD, these distances reduce to 

300 m and 50 m, respectively. Considering the distances followed by BBRS deployments and a 12 Mbps 

throughput requirement, the adjacent wayside APs of BBRS may need only to be deployed closer than 

usual to each other when an outdoor Wi-Fi device is at a distance from a wayside AP lower than 65 m 

for an AP and 25 m for an MD, the recommended deployment guidelines in this thesis being useful in 

these cases. Indoor Wi-Fi devices should not represent a problem in general for throughput require-

ments lower than 12 Mbps. There is no need to use a filter on the BBRS receiver and in the cases where 

there is no possibility of using lower distances between adjacent wayside APs, to deflect the antenna of 

the wayside AP being interfered and to use an alternate BBRS channel are viable solutions, as the 

results presented in this thesis suggest. 
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  Chapter 5 

Conclusions 

5 Conclusions 

This chapter summarises the main conclusions of this work. The structure of the work developed is 

described. The main results are mentioned and the points to be addressed in future works are sug-

gested.
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The goal of this thesis was to analyse the compatibility between railway telecommunications systems 

(GSM-R, LTE-R and BBRS) and other systems external to railway usage that use adjacent frequencies. 

To achieve this goal, a model for interference estimation and evaluation of interference-free regions 

along rail tracks was developed. Two cases were analysed: railway telecommunications systems to be 

deployed and railway telecommunications systems already deployed. In the first case, the interference 

estimation is used for a proper deployment of railway BSs / wayside APs under interference scenarios. 

In the second case, the interference estimation is used to calculate the capacity loss that already de-

ployed railway telecommunications systems may be subjected to. The model was implemented in 

MATLAB. Several scenarios were selected for this analysis and a set of simulations were performed. 

The thesis starts with Chapter 1, where the historical evolution, the current scenario, and future per-

spectives concerning the railway telecommunications systems are presented. The three railway tele-

communications systems analysed in this thesis are introduced. The problem under study together with 

the most probable sources of interference are presented. The objectives of this thesis are defined. The 

structure of the thesis with a brief description of each chapter is provided. 

In Chapter 2, the fundamental concepts required to understand the work are introduced. First, the radio 

interface and network architecture of each one of the three railway telecommunications systems are 

presented. Then, the various services and applications of railway communications together with their 

requirements are stated. Various scenarios and structures that can be encounter in the railway environ-

ment and that can influence the signal propagation are presented. The performance parameters to be 

taken as metrics for the interference analysis are introduced. A subsection is dedicated to introducing 

the types of interference that one is going to study (OOBI, BBI, and IBI). The state of the art is presented 

where relevant works to the topic dealt are mentioned and their main differences to this work are stated. 

In Chapter 3, the model developed to analyse the problem under study is fully described. The chapter 

starts by providing a high-level overview of the model where the main inputs and outputs are presented. 

On the input side, one defines interferer parameters, victim parameters, infrastructure parameters and 

scenario parameters. The interferer parameters refer to parameters of the interferer’s transmitter. The 

victim parameters refer to parameters of both the victim’s transmitter and receiver. The infrastructure 

parameters and the scenario parameters are related to, respectively, the heights of the infrastructure 

involved and to the corrections factors to apply to the propagation models used. On the output side, one 

defines interference power, interference-free region distance, maximum communication distance and 

capacity loss. The first two are related to interference estimation calculations. The latter two outputs 

relate to, respectively, the distance for a proper deployment of railway BSs / wayside APs and to the 

decrease in throughput that railway telecommunications systems already deployed may be subject to. 

After the model being overviewed, the various equations that compose the model are presented. Seven 

sub-models are defined: desired signal models, interference criterion models, out-of-band interference 

models, blocking-based interference models, intermodulation-based interference models, propagation 

models and throughput models. The desired-signal models define equations to calculate the desired 

signal power at the input of the victim’s receiver. The interference criterion models define equations 

related to the classification of acceptable and non-acceptable interference cases. The three mentioned 
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interference models are used to calculate the interference power (referred to each interference type) at 

the input of the victim’s receiver. The propagation models are chosen based on the scenarios that one 

selects for the interference analysis and are used to calculate the path loss of both desired and interfer-

ing signals. The throughput models define equations that relate throughput and SNIR. After having de-

fined all the equations, the steps needed to implement the model in MATLAB are explained and an 

assessment of that same implementation is performing by comparing the results with results from other 

authors for a set of well-known inputs. The results of the simulation prove the correct implementation of 

the model, where the obtained small deviations in the results are justified by the use of different propa-

gation models from those used in this work. 

At the beginning of Chapter 4, the scenarios chosen for the interference analysis are described. For the 

GSM-R and LTE-R analyses, one analyses both a public GSM and UMTS BSs as being the interfering 

sources. For the BBRS analysis, one analyses both a Wi-Fi AP and a Wi-Fi MD as being the interfering 

sources. The interfering sources are selected based on the frequencies used by each system. Also, one 

defines the interference scenarios from both frequency and physical perspectives.  

From a frequency perspective and for the GSM-R analysis, one selects three different frequency offsets 

between the centre of the GSM-R channel (being interfered) and the centre of the public GSM/UMTS 

channel (causing the interference). The chosen offsets between public GSM and GSM-R channels are 

0.4 MHz, 1 MHz and 2 MHz. The chosen offsets between public UMTS and GSM-R channels are 

2.8 MHz, 3.4 MHz and 4.4 MHz. The 0.4 MHz (public GSM) and 2.8 MHz (public UMTS) offsets are 

chosen to study the worst-case scenario and the other two to assess the effect of spacing the channels 

apart. For the LTE-R analysis, the closest channels of public GSM/UMTS to the R-GSM band are as-

sumed for this analysis (worst-case scenario) and, because of the use of OFDMA by LTE-R, one con-

siders interference to two extreme cases of RB allocation (1 RB and 25 RBs). For the BBRS analysis, 

one chooses to focus on three cases of adjacent interference: the 1st 20 MHz adjacent channel, the 

2nd 20 MHz adjacent channel, and the 1st 40 MHz adjacent channel as being used by the considered 

Wi-Fi devices (AP and MD). 

From a physical perspective, for both GSM-R and LTE-R analyses, one focuses on a DL interference 

scenario (a public GSM/UMTS BS interfering with the reception of the desired signal on a railway MT) 

according to the reported cases of interference. For the BBRS analysis, one focuses on an UL interfer-

ence scenario (a Wi-Fi AP/MD interfering with the reception of the desired signal on a wayside AP of 

BBRS) according to the higher throughput requirements that BBRS presents in UL. Also from a physical 

perspective, one defines the scenarios considered for signal propagation. For both the GSM-R and LTE-

R analyses, one considers three different scenarios: rural, suburban, and urban. The same scenario is 

considered for both the desired and interfering signals propagation. For the BBRS analysis, one consid-

ers a rural LoS scenario for the desired signal propagation according to the usual low distances in play, 

and both an outdoor (rural LoS) and indoor scenarios for the interfering signal propagation.  

The worst-case of antenna alignment between the interferer and victim antenna is analysed. For the 

GSM-R and LTE-R analyses, a case that simulates the use of an external duplex filter is considered. 

The filter not only provides RF filter attenuation (IBI) but also additional selectivity attenuation (BBI). 
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Starting with the GSM-R’s results, one concludes that OOBI is more demanding for the public UMTS 

case than for the public GSM case (comparing between offsets that represent the same frequency sep-

aration between the edge of the interfering channel and the centre of the GSM-R channel). The differ-

ences in the OOBI free-region distances between the two cases are, nevertheless, low (around 600 m 

for a rural scenario, 200 m for a suburban one, and less than 100 m for an urban one) considering that 

they can be as high as 6.5 km for a rural scenario, 1.9 km for a suburban one and 700 m for an urban 

one. An interesting point is the relative reductions in the OOBI free-region distances between frequency 

offsets. One obtains relative reductions from 47% to 51% when transitioning from the 0.4 MHz/2.8 MHz 

pair to the 1 MHz/3.4 MHz pair and from 25% to 32% when transitioning from this last pair to the 

2 MHz/4.4 MHz pair. This shows the advantage to at least trying to avoid the 0.4 MHz/2.8 MHz pair by 

either using a different GSM-R channel or by asking the public operator to shift frequencies. 

The obtained BBI free-regions are almost all lower than 300 m (for both cases) where the only exception 

is the 0.4 MHz offset (public GSM case) where one obtains BBI free-region distances in the same order 

as OOBI ones. This implies that, except for the 0.4 MHz offset, BBI has almost no contribution. 

In what concerns IBI, when caused by a wideband signal like UMTS, it is not much dependent on the 

offsets being analysed (where one obtains just a 10% relative decrease in the IBI free-region distances 

when spacing apart the UMTS and GSM-R channels). This means that spacing the channels apart might 

not attenuate IBI unless the spacing is high enough so that no third-order IMPs fall within the victim’s 

channel. The simulation for the public UMTS case shows that IBI dominates over OOBI for interference 

distances lower than 0.25 km, 0.10 km, and 0.05 km, for rural, suburban, and urban scenarios, respec-

tively. For interference distances higher than these, OOBI dominates as mentioned above. The use of 

a filter excludes any probability of IBI to dominate. The simulations for the public GSM case result in IBI 

free-region distances more than two times higher than UMTS ones which shows that although not so 

probable due to the need for a certain combination of carriers, it can be much more severe.  

Summing up and taking into account the sum of the three types of interference (in public GSM case only 

OOBI and BBI are taken into account due to the lower probability of IBI to occur), a UMTS/GSM BS can 

interfere with GSM-R if deployed at a distance from the rail track lower than around 7 km for a rural 

scenario, 2 km for a suburban one and 800 m for an urban one. Considering the distances followed by 

GSM-R deployments, the adjacent BSs of GSM-R may need only to be deployed closer to each other 

than usual when an interfering BS is at a distance from the rail track lower than around 1.5 km for a rural 

scenario and 500 m for an urban one, the recommended deployment guidelines in this thesis being 

useful in these cases. The highest frequency offsets being analysed reduce these latter interference 

distances to values lower than around 400 m for a rural scenario and 170 m for an urban one. A filter 

should be used only in cases where an interfering UMTS BS is deployed at a distance from the rail track 

closer than 250 m for a rural scenario and 50 m for an urban one, being extremely effective in these 

conditions. The utility of a filter against an interfering GSM BS depends on the carriers being used by it, 

being highly recommended in cases where the third-order intermodulation behaviour is reported. To 

space the channels apart is a viable option against interference, but only when no third-order intermod-

ulation behaviour is reported. 
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For LTE-R, one obtains higher OOBI free-region distances for the 1 RB case than for the 25 RBs case. 

For the 1 RB case they can be as high as 5.4 km, 1.6 km, and 0.6 km, for rural, suburban, and urban 

scenarios, respectively. Considering the 25 RBs case, the OOBI free-region distances decrease around 

51% for the UMTS case and around 32% for the GSM case. 

In what concerns BBI, the interference power is assumed to be equally divided by all RBs so this inter-

ference type is independent of the number of allocated RBs. One obtains BBI free-region distances as 

high as 11.7 km for a rural scenario, 3.5 km for a suburban one and 1.4 km for an urban one. One 

concludes that BBI dominates over OOBI. The use of a filter can reduce these distances by a value 

higher than 85% and make BBI to have almost no contribution. 

For IBI, the results for LTE-R are very similar to GSM-R ones. The simulations for the public UMTS case 

allow one to conclude that IBI dominates over BBI for interference distances lower than 0.15 km, 

0.05 km, and 0.03 km, for rural, suburban and urban scenarios, respectively. For interference distances 

higher than these, BBI dominates as mentioned above. The inclusion of a filter can prevent not only BBI 

to dominate over OOBI as concluded above but also to prevent IBI to dominate over BBI. It is therefore 

highly recommended the use of a filter. 

Summing up and taking into account the sum of the three types of interference (in public GSM case only 

OOBI and BBI are taken into account due to the lower probability of IBI to occur), a GSM BS can interfere 

with LTE-R if deployed at a distance from the rail track lower than around 12 km for a rural scenario, 

3.5 km for a suburban one and 1.5 km for an urban one. In the case of a UMTS BS, these distances 

reduce to around 9 km, 2.5 km and 1 km, respectively. The reuse of the masts of the GSM-R BSs is not 

sufficient to extract the maximum performance of LTE-R even under acceptable interference cases, the 

deployment guidelines in this thesis being useful to extract that same performance. The reuse of the 

masts may not be even sufficient for LTE-R to offer video and other broadband services in suburban 

and urban scenarios, a bandwidth higher than 5 MHz being required. To offer the voice service, the 

reuse of the masts of GSM-R BSs is viable but only under acceptable interference cases. Assuming that 

the masts are reused for LTE-R to offer the voice service, an interfering BS deployed at a distance from 

the rail track closer than 2.2 km for a rural scenario and 800 m for an urban one can make the throughput 

at the handover point to drop below 22 kbps. The use of a filter is highly recommended when the inter-

ferer is deployed at a distance from the rail track closer than these latter distances and not only when 

third-order intermodulation behaviour is recorded as in GSM-R case, where the latter distances are 

reduced to values lower than 1 km for a rural scenario and 0.33 km for an urban scenario. 

For BBRS, the highest OOBI free-region distances are obtained for the 1st 40 MHz adjacent channel 

case, where they can be as high as 700 m for an outdoor scenario and 130 m for an indoor one. When 

the interferer is using the 1st 20 MHz adjacent channel, the OOBI free-region distances decrease 35% 

relative to this previous case. From the 1st 20 MHz adjacent channel to the 2nd one, a relative decrease 

of around 73% is obtained. This shows the much lower impact that an interferer using the 2nd adjacent 

channel has. Also, one obtains relative reductions of around 75% from the outdoor to the indoor scenario 

which shows the high impact that indoor attenuation has. In what concerns BBI, all the free-region dis-

tances obtained are well lower than OOBI ones, so OOBI dominates over BBI. 
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In what concerns IBI, one concludes that only for two 1st adjacent channels (20 MHz and 40 MHz) cases 

there is a possibility of third-order to fall within the BBRS’ channel. Even in these two cases, the IBI 

power is lower than the OOBI one, no matter the interference distance. This means that OOBI dominates 

also over IBI and that there is not a need for a filter to be used on the BBRS’ receiver. 

The wayside APs of BBRS make use of sectorial antennas and so the interfering signals might not enter 

the antenna by its main lobe. Considering a gain of 5 dBi (instead of 18 dBi) to simulate this case, one 

obtains relative reductions in the total free-region distances of around 75%, which shows the huge im-

pact that deflecting the BBRS antenna can have in alleviating the interference effects. 

Summing up and taking into account the sum of the three types of interference, a Wi-Fi AP can interfere 

with BBRS if deployed outdoors at a distance from a wayside AP lower than around 700 m and 130 m 

if indoors. In the case of a Wi-Fi MD, these distances reduce to 300 m and 50 m, respectively. Consid-

ering the distances followed by BBRS deployments and a 12 Mbps throughput requirement, the adjacent 

wayside APs of BBRS may need only to be deployed closer than usual to each other when an outdoor 

Wi-Fi device is at a distance from a wayside AP lower than 65 m for an AP and 25 m for an MD, the 

recommended deployment guidelines in this thesis being useful in these cases. Indoor Wi-Fi devices 

should not represent a problem in general for throughput requirements lower than 12 Mbps. According 

to the capacity loss calculations, a Wi-Fi AP can limit the throughput (at the handover point) to around 

5 Mbps. An indoor Wi-Fi AP can only limit at most the throughput (at the handover point) to around 

26 Mbps. This shows that indoor interferers should only represent a problem for throughputs require-

ments higher than 26 Mbps. There is no need to use a filter on the BBRS receiver and in the cases 

where there is no possibility of using lower distances between adjacent wayside APs, to deflect the 

antenna of the wayside AP being interfered and to use an alternate BBRS channel are viable solutions, 

as the results presented in this thesis suggest. 

For future works, one recommends several points to be covered. MIMO can reduce the interference 

effects in both LTE-R and BBRS cases, where it is usually employed, and its effect needs to be ad-

dressed. Also, different configurations for both the antenna of the victim and of the interfering source 

need to be studied. The Okumura-Hata model is used in this work for the desired signal propagation in 

GSM-R and LTE-R analyses, but, mainly for suburban and urban scenarios, it may lead to higher path 

losses than the real ones. A propagation model suitable for HSR that takes into account these two 

scenarios (based on real measurement) may produce better results. The use of data based on real 

measurements rather than specifications of systems may also produce better results. Finally, one would 

like to mention that a system based on 5G can be the future of railway communications and that the 

choice of LTE-R as the next railway telecommunications system can facilitate this transition because 

5G is backward compatible with 4G. A point that aggregates even more value to this work. 
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Annex A 

Model Assessment                 

Input Values 

Annex A. Model Assessment Inputs 

This annex gives the input values that are used in [CEPT07] for the analysis of interference from UMTS 

to the DL operation of GSM-R. These values are used in this thesis for the assessment of the model.
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Table C.1 and Table C.2 give the input values used for the model assessment. Only two values in these 

tables are not used in [CEPT07]. Those are the IIP3 and the selectivity attenuation. This is because in 

[CEPT07] only OOBI is considered. Because one is simulating the case of the sum of OOBI, BBI, and 

IBI, one has to define values for these two input parameters. A value of -10 dBm is assumed for the 

IIP3. According to [Elli16], the IIP3 of a typical receiver varies between -30 dBm and 10 dBm. The 

selectivity attenuation value is calculated based on the same estimation method as in [CEPT11], where 

the corresponding wideband blocking power level (for wideband interfering systems) is derived from the 

narrowband blocking power level. 

 

Table A.1 – Model assessment input values for the interferer system (public UMTS). 

Parameter 

Public 
UMTS 

BS 

Channel bandwidth (∆𝑓𝑖𝑛𝑡) [MHz] 5 

Centre frequency (𝑓𝑐
𝑖𝑛𝑡) [MHz] 927.6 

Transmission power (𝑃𝑡
𝑖𝑛𝑡) [dBm] 43 

Transmitter losses (𝐿𝑡
𝑖𝑛𝑡)[dB] 3 

Transmitter antenna gain (𝐺𝑡
𝑖𝑛𝑡) [dBi] 15 

Height of the base station (ℎ𝑏𝑠) [m] 45 

Spectrum emission mask attenuation (𝐴𝑚𝑎𝑠𝑘) [dB] 50.04 

 

Table A.2 – Model assessment input values for the victim system (GSM-R). 

Parameter GSM-R 

Channel bandwidth (∆𝑓𝑣𝑖𝑐) [MHz] 0.2 

Centre frequency (𝑓𝑐
𝑣𝑖𝑐) [MHz] 924.8 

Transmission power (𝑃𝑡
𝑣𝑖𝑐) [dBm] 45 

Transmitter losses (𝐿𝑡
𝑣𝑖𝑐) [dB] 3 

Transmitter antenna gain (𝐺𝑡
𝑣𝑖𝑐) [dBi] 18 

Receiver antenna gain (𝐺𝑟) [dBi] 2 

Receiver losses (𝐿𝑟) [dB] 3 

Noise figure (𝐹) [dB] 7 

System margin (𝑀𝑠) [dB] 8 

Interference Margin (𝑀𝐼) [dB] 0 

Input third-order intercept point (𝑃𝐼𝐼𝑃3) [dBm] -10 

Height of the base station (ℎ𝑏𝑠) [m] 45 

Height of the mobile station (ℎ𝑚𝑠) [m] 4.5 

Selectivity attenuation (𝐴𝑠𝑒𝑙) [dB] 85.71 
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Annex B 

Spectrum Emission Mask      

Attenuation Values 

Annex B. Spectrum Emission Mask Attenuation Val-
ues 

This annex gives the input values of the SEM attenuation input parameter. The assumptions made are 

explained and the references from where these values are taken from are given.
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The input values of the SEM attenuation parameter are given in Table D.1. All the values in Table D.1 

are derived from the SEMs given in the specifications of the systems. The SEM that applies to a BS of 

public GSM can be found in [ETSI17]. The SEM for a BS of public UMTS is given in [ETSI15]. The SEM 

for Wi-Fi (802.11n), considering both 20 MHz and 40 MHz channels can be found in [ITUR14]. As al-

ready mentioned, one picks the SEM attenuation value corresponding to the centre frequency of the 

reception band of the victim. The attenuation values given in Table D.1 are already converted to the 

channel’s bandwidth of the victim. 

 

Table B.1 – Spectrum emission mask attenuation values for the considered interference scenarios. 

Parameter 
Public GSM 

BS 

Public UMTS 

BS 

Wi-Fi 

devices 

Access 

point 

Mobile 

device 

Spectrum emission mask 

attenuation (𝐴𝑚𝑎𝑠𝑘)  

[dB/victim′s  

channel bandwidth] 

51.76 dB/(200 kHz) 

(0.4 MHz offset 

[GSM-R]) 

61.76 dB/(200 kHz) 

(1 MHz offset 

[GSM-R]) 

66.76 dB/(200 kHz) 

(2 MHz offset 

[GSM-R]) 

 

62.22 dB/(180 kHz) 

(0.6 MHz offset 

[LTE-R]) 

53.24 dB/(4.5 MHz) 

(2.8 MHz offset 

[LTE-R]) 

 

50.04 dB/(200 kHz) 

(2.8 MHz offset 

[GSM-R]) 

59.04 dB/(200 kHz) 

(3.4 MHz offset 

[GSM-R]) 

62.99 dB/(200 kHz) 

(4.4 MHz offset 

[GSM-R]) 

 

53.50 dB/(180 kHz) 

(3 MHz offset 

[LTE-R]) 

49.47 dB/(4.5 MHz) 

(5.2 MHz offset 

[LTE-R]) 

 

28 dB/(20 MHz) 

(20 MHz offset - 

1st 20 MHz 

adjacent channel 

[BBRS]) 

 

40 dB/(20 MHz) 

(40 MHz offset – 

2nd 20 MHz         
adjacent channel 

[BBRS]) 

 

24 dB/(20 MHz) 

(30 MHz offset – 

1st 40 MHz 

adjacent channel 

[BBRS]) 
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Annex C 

Selectivity                               

Attenuation Values 

Annex C. Selectivity Attenuation Values 

This annex gives the input values of the selectivity attenuation input parameter. The assumptions made 

are explained and the references from where these values are taken from are given.
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The input values of the selectivity attenuation parameter are given in Table D.2. These values, contrary 

to the SEM attenuation ones which are derived from the specifications of the systems, are highly de-

pendent on the equipment being used. With this said, the values presented here, although also extracted 

from documents that provide specifications of the systems, can only be taken as a reference value. The 

selectivity values for GSM-R are obtained in different ways depending on the interfering system being 

considered. For a public GSM BS as interfering source, the values are extracted from [ETSI17]. The 

selectivity value for the 0.4 MHz offset is referent to ACS and the value for the 1 MHz and 2 MHz are 

derived from the blocking power levels. For a public UMTS as interfering source, the values are deduced 

using the same estimation method as in [CEPT11], where the corresponding wideband blocking power 

level is derived from the narrowband blocking ones. The selectivity values for LTE-R are extracted from 

[CEPT10c]. The selectivity value corresponding to the first 20 MHz adjacent channel are derived from 

[Zhan05]. The other two values for BBRS are assumed based on this latter selectivity value. 

 

Table C.1 – Selectivity attenuation values for the considered interference scenarios. 

Parameter GSM-R LTE-R BBRS 

Selectivity attenuation 
(𝐴𝑠𝑒𝑙) [dB] 

50 dB 

(0.4 MHz offset) 

[Public GSM] 

80 dB 

(1 MHz offset) 

[Public GSM] 

90 dB 

(2 MHz offset) 

[Public GSM] 

 

85.71 dB 

(2.8 MHz offset 

[Public UMTS]) 

88.92 dB 

(3.4 MHz offset) 

[Public UMTS] 

90 dB 

(4.4 MHz offset) 

[Public UMTS] 

 

27.7 dB  

[Public GSM] 

 

33 dB 

[Public UMTS] 

 

35 dB 

[1st 20 MHz 

adjacent channel) 

 

50 dB 

[2nd 20 MHz 

adjacent channel] 

 

45 dB 

[1st 40 MHz 

adjacent channel] 
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 Annex D 

Out-of-band                            

Interference Power 

Annex D. Out-of-band Interference Power 

OOBI power as a function of the interference distance at the input of the victim’s receiver for the sce-

narios being considered.
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D.1 GSM-R 

 

 

a) Public UMTS.     b) Public GSM. 

Figure D.1 – OOBI power at the input of the GSM-R’s receiver (suburban scenario). 

 

 

 

a) Public UMTS.     b) Public GSM. 

Figure D.2 – OOBI power at the input of the GSM-R’s receiver (urban scenario). 
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D.2 LTE-R 

 

 

a) Public UMTS.     b) Public GSM. 

Figure D.3 – OOBI power at the input of the LTE-R’s receiver (suburban scenario). 

 

 

 

a) Public UMTS.     b) Public GSM. 

Figure D.4 – OOBI power at the input of the LTE-R’s receiver (urban scenario). 
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D.3 BBRS 

 

Figure D.5 – OOBI power at the input of the BBRS’ receiver (MD in an outdoor scenario). 

 

 

Figure D.6 – OOBI power at the input of the BBRS’ receiver (AP in an indoor scenario). 

 

 

Figure D.7 – OOBI power at the input of the BBRS’ receiver (MD in an indoor scenario).
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 Annex E 

Blocking-based                       

Interference Power 

Annex E. Blocking-based Interference Power 

BBI power as a function of the interference distance at the input of the victim’s receiver for the scenarios 

being considered.
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E.1 GSM-R 

 

 

a) Public UMTS.     b) Public GSM. 

Figure E.1 – BBI power at the input of the GSM-R’s receiver (suburban scenario). 

 

 

 

a) Public UMTS.     b) Public GSM. 

Figure E.2 – BBI power at the input of the GSM-R’s receiver (urban scenario). 
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E.2 LTE-R 

 

 

a) Public UMTS.     b) Public GSM. 

Figure E.3 – BBI power at the input of the LTE-R’s receiver (suburban scenario). 

 

 

 

a) Public UMTS.     b) Public GSM. 

Figure E.4 – BBI power at the input of the LTE-R’s receiver (urban scenario). 
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E.3 BBRS 

 

Figure E.5 – BBI power at the input of the BBRS’ receiver (MD in an outdoor scenario). 

 

  

Figure E.6 – BBI power at the input of the BBRS’ receiver (AP in an indoor scenario). 

 

 

Figure E.7 – BBI power at the input of the BBRS’ receiver (MD in an indoor scenario). 
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 Annex F 

Intermodulation-based           

Interference Power 

Annex F. Intermodulation-based Interference Power 

IBI power as a function of the interference distance at the input of the victim’s receiver for the scenarios 

being considered.
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F.1 GSM-R 

 

 

a) Without filter.    b) With filter. 

Figure F.1 – IBI power at the input of the GSM-R’s receiver (public UMTS in a suburban scenario). 

 

 

 

a) Without filter.    b) With filter. 

Figure F.2 – IBI power at the input of the GSM-R’s receiver (public UMTS in an urban scenario). 
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F.2 LTE-R 

 

 

a) Without filter.     b) With filter. 

Figure F.3 – IBI power at the input of the LTE-R’s receiver (public UMTS in a suburban scenario). 

 

 

 

a) Without filter.     b) With filter. 

Figure F.4 – IBI power at the input of the LTE-R’s receiver (public UMTS in an urban scenario). 
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F.3 BBRS 

 

Figure F.5 – IBI power at the input of the BBRS’ receiver (MD in an outdoor scenario). 

 

 

Figure F.6 – IBI power at the input of the BBRS’ receiver (AP in an indoor scenario). 

 

 

Figure F.7 – IBI power at the input of the BBRS’ receiver (MD in an indoor scenario). 
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 Annex G 

Interference-free                   

Region Distance 

Annex G. Interference-free Region Distance 

Interference-free region distances for supplementary scenarios taking the sum of interference types into 

account.
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G.1 GSM-R 

Table G.1 – GSM-R’s free-region distances for the sum of interference types (ℎ𝑏𝑠
𝑖𝑛𝑡

=40 m). 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑻𝑶𝑻𝑨𝑳 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

2.8 MHz 
offset 

3.4 MHz 
offset 

4.4 MHz 
offset 

0.4 MHz 
offset 

1 MHz 
offset 

2 MHz 
offset 

Rural 7.581 4.152 3.188 8.817 3.475 2.479 

Suburban 2.187 1.198 0.890 2.544 1.002 0.627 

Urban 0.837 0.414 0.304 0.999 0.336 0.226 

G.2 LTE-R 

Table G.2 – LTE-R’s free-region distances for the sum of interference types (ℎ𝑏𝑠
𝑖𝑛𝑡

=40 m). 

𝒅𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆
𝑻𝑶𝑻𝑨𝑳 [𝐤𝐦] 

Scenario 

Public UMTS Public GSM 

(wo/filter) (w/filter) (wo/filter) (w/filter) 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

1 RB 
allocated 

25 RBs 
allocated 

Rural 10.354 9.831 6.321 3.284 13.961 13.936 3.634 2.754 

Suburban 2.986 2.836 1.824 0.929 4.029 4.021 1.049 0.726 

Urban 1.174 1.114 0.676 0.314 1.581 1.579 0.354 0.256 

G.3 BBRS 

Table G.3 – BBRS’ free-region distances for the sum of interference types (𝐺𝑟=5 dBi). 

𝒅𝒇𝒓𝒆𝒆−𝒓𝒆𝒈𝒊𝒐𝒏
𝑻𝑶𝑻𝑨𝑳 [𝐦] 

Scenario 

AP MD 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

1st adjacent 
channel 

(20 MHz) 

2nd adjacent 
channel 

(20 MHz) 

1st adjacent 
channel 

(40 MHz) 

Outdoor 140 37 198 53 14 75 

Indoor 22 6 32 8 2 12 
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 Annex H 

Maximum Communication  

Distance  

Annex H. Maximum Communication Distance 

Maximum communication distance as a function of the interference distance for the scenarios being 

considered.
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H.1 GSM-R 

 

 

a) Without filter.     b) With filter. 

Figure H.1 – GSM-R’s maximum communication distance (public UMTS in a suburban scenario). 

 

 

 

a) Without filter.     b) With filter. 

Figure H.2 – GSM-R’s maximum communication distance (public UMTS in an urban scenario). 
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Figure H.3 – GSM-R’s maximum communication distance (public GSM in a rural scenario). 

 

 

Figure H.4 – GSM-R’s maximum communication distance (public GSM in a suburban scenario). 

 

 

Figure H.5 – GSM-R’s maximum communication distance (public GSM in an urban scenario). 
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H.2 LTE-R 

 

 

a) Without filter.     b) With filter. 

Figure H.6 – LTE-R’s maximum communication distance (public UMTS in a suburban scenario). 

 

 

 

a) Without filter.     b) With filter. 

Figure H.7 – LTE-R’s maximum communication distance (public UMTS in an urban scenario). 
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a) Without filter.    b) With filter. 

Figure H.8 – LTE-R’s maximum communication distance (public GSM in a rural scenario). 

 

 

 

a) Without filter.     b) With filter. 

Figure H.9 – LTE-R’s maximum communication distance (public GSM in a suburban scenario). 
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a) Without filter.    b) With filter. 

Figure H.10 – LTE-R’s maximum communication distance (public GSM in an urban scenario). 

 

 

H.3 BBRS 

 

 

a) Outdoor.     b) Indoor. 

Figure H.11 – BBRS’ maximum communication distance for 12 Mbps requirement (MD). 
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 Annex I 

Capacity Loss 

Annex I. Capacity Loss 

Capacity loss as a function of the interference distance for the scenarios being considered.
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I.1 LTE-R 

 

 

a) Without filter.    b) With filter. 

Figure I.1 –  LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=8 km (public UMTS in a suburban scenario). 

 

 

 

a) Without filter.    b) With filter. 

Figure I.2 –  LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=5 km (public UMTS in an urban scenario). 
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a) Without filter.    b) With filter. 

Figure I.3 –  LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=13 km (public GSM in a rural scenario). 

 

 

 

a) Without filter.    b) With filter. 

Figure I.4 –  LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=8 km (public GSM in a suburban scenario). 

 



 

114 

 

a) Without filter.    b) With filter. 

Figure I.5 –  LTE-R’s capacity loss 𝑑𝑚𝑎𝑥=5 km (public GSM in an urban scenario). 

 

 

I.2 BBRS 

 

a) Outdoor.     b) Indoor. 

Figure I.6 – BBRS’ capacity loss 𝑑𝑚𝑎𝑥=300 m (MD). 
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