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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 (taking 

three interference types into account) is performed based on the 

distance from the interferer’s transmitter 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 stations, 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 Frequencies, Deployment 

Distances. 

I.  INTRODUCTION 

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 investment 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 replaced. There were over 35 different railway 
analogue systems operating at the same time in Europe at the 
end of the last century. 

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. 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 projects led to the 
creation of GSM – Railway (GSM-R), which saw its full 
specifications finalised in 2000 [1]. GSM-R is a digital railway 
telecommunications system built upon the narrowband GSM 
standard, a Second Generation of Mobile Communications 
Systems (2G) technology, providing voice and data 
communication 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.  

Suppliers commit to provide GSM-R equipment only until 
2030, 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 [2]. 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 
[3]. 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. 

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 communications, 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 [4], the deployment of this system is mainly outside Europe, 
with implementations in India, Saudi Arabia, Canada, and Qatar. 

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, Figure 1. 
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Figure 1 – Frequency bands used by the three railway 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, and many interference cases 
have been reported [5]. The frequency band of LTE-R is not 
standardised yet, but it is expected that LTE-R will end up using 
the whole band used today by GSM-R when the transition is 
completed [6]. 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 can make use 
of both licensed and unlicensed bands [4]. The case of adjacent 
interference to the licensed band of BBRS is represented in 
Figure 1, but the adjacent interference case can be also applied 
when BBRS is using the 5 GHz unlicensed band, worldwide 
used by Wi-Fi. 

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 telecommunications systems 
as the reference one. 

In this work, one develops a model for interference 
estimation (taking three interference types into account) 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 Base Stations 
(BSs) / wayside Access Points (APs) under interference 
scenarios (deployment guidelines) and to analyse the capacity 
loss that already deployed railway telecommunications systems 
may be subject to. 

This paper is presented as follows: Section I – Introduction; 
Section II – Fundamental Concepts and State of the Art; Section 
III – Model Development and Implementation; Section IV – 
Analysis of Results; Section V – Conclusions. 

II. FUNDAMENTAL CONCEPTS AND STATE OF THE ART 

A. Fundamental Concepts 

 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. Transient 
noise signals are associated with signals generated by the poor 
contact between the pantograph and the catenary. Permanent 
noise is the type that one analyses here, being signals containing 
information transmitted by telecommunications systems. Some 
important interference types can be defined [7]: 

• Out-of-band Interference (OOBI): the interference 

generated by systems that use transmission 

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. 

• Blocking-based Interference (BBI): the interference 

generated by systems that impose high power 

interfering signals at the Radio Frequency Front-end 

(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 

receiver, due to insufficient selectivity of the filters 

present in the RFFE of the victim’s receiver.  

• Intermodulation-based Interference (IBI): the 

interference indirectly generated by emissions from 

interfering systems due to the non-linearities of the 

Low Noise Amplifiers (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 and generate Intermodulation Products (IMPs). 
An example of OOBI, BBI, and IBI is represented in Figure 

2. The reception band of the victim’s receiver and the 
transmission band of the interferer’s transmitter are also 
represented in Figure 2. 

 

Figure 2 – Interference types to be analysed (based on [7]). 

B. State of the Art 

Two methods are used in [8] 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 [9] 
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 interference caused by LTE 
BSs to GSM-R Mobile Terminals (MTs) is performed in [10], 
its conclusions being an extension of the study in [8], 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 between MFCNs and GSM-
R are mentioned in [5]. 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. Radio 
Frequency (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 by MFCNs to GSM-R, while analysing 
various frequency offsets between both victim and interferer 
systems. The effect of the introduction of RF filtering is also 
analysed in this thesis.  
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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 telecommunications system called 
Communications-based Train Control (CBTC), which, similar 
to BBRS, is based on Wi-Fi and uses frequencies in the 5 GHz 
band [11]. This work studies the interference 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 frequency band [12]. 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. 

III. MODEL DEVELOPMENT AND IMPLEMENTATION 

A. Model Overview 

The model configuration with its main inputs and outputs is 
represented in Figure 3. 

 

Figure 3 – Model configuration. 

In what concerns the model inputs, interferer parameters 
refer to the parameters of the interferer’s transmitter. Victim 
parameters refer to the parameters of the victim’s both 
transmitter and receiver. Infrastructure parameters refer to the 
heights of the infrastructures involved. Scenario parameters are 
related to corrections factors to apply to the propagation models. 
Additional to the inputs represented in Figure 3, 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 main four outputs are represented in Figure 3. The 
interference power, 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 (the distance in a straight line between the interferer’s 
transmitter and the victim’s receiver is named as interference 
distance) from which the interferer is not causing a non-
acceptable interference case anymore and the interference can 
be classified as acceptable. The maximum communication 
distance 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 aims to simulate cases where the railway 

telecommunications systems are already deployed and 
interfering sources are causing a capacity degradation. The 
interference-free region distance and the maximum 
communication distance are represented in Figure 4 via two 
exemplification cases. 

 

Figure 4 – Model outputs exemplification. 

B. Desired Signal Models 

The desired signal power at the input of the victim’s receiver  
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, because the full bandwidth is 
used for transmission the Effective Isotropic Radiated Power 
(EIRP) of the victim can be calculated as follows: 

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  Orthogonal Frequency 
Division Multiple Access (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 [7]: 

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: 

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. 

C. 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. The first parameter one has to account 
for is the noise power, also referred to as noise floor: 

𝑁 [dBm] = −174 + 10 log(∆𝑓 [Hz]
𝑣𝑖𝑐 ) + 𝐹 [dB] (3.5) 
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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, being 
given by [7]: 

∆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 and which can be defined as follows: 

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. 

The increase in the noise floor, commonly named as 
desensitisation of the victim’s receiver, can be calculated as 
follows [7]: 

𝐷 = 𝛽𝐼𝑁 + 1 (3.8) 
where: 

• 𝛽𝐼𝑁: interference-to-noise ratio. 

All the parameters introduced above are represented in 
Figure 5. The no interference case represents an ideal case, in 
practice never achievable. In the acceptable interference and 
non-acceptable interference cases, one represents an interfering 
signal leading to a desensitisation of the victim’s receiver lower 
and higher, respectively, than the interference margin accounted 
for in the system’s design. The non-acceptalbe interference case 
leads to a situation where the receiver sensitivity is no longer 
enough to offer the required Signal-to-noise Ratio (SNR), 
therefore being required a received power (desired signal power) 
higher than the sensitivity level. This higher power can be 
achieved by a lower maximum communication distance. If the 
desired signal power is not increased, a capacity loss occurs. 

 

Figure 5 –  Desensitisation of the victim’s receiver (based on [7]). 

The required power at the input of the victim’s receiver 
needed to overcome the non-acceptable interference case can be 
calculated as follows: 

𝑃𝑟𝑒𝑞 [dBm] = 𝑁 [dBm] + 𝜌𝑁𝐼 [dB] + 𝑀𝑆 [dB] + 𝐷 [dB] (3.9) 

where: 

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

D. Out-of-band Interference Models 

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 two more common ways to 
model out-of-band emissions are based on the Adjacent Channel 
Leakage Ratio (ACLR) and on the Spectrum Emission Mask 
(SEM) [7], both defining attenuations to be applied to the power 
contained within the transmission band of a system. 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 (3.10) 

where: 

• 𝑃𝑡
𝑖𝑛𝑡: transmission power of the interferer; 

• 𝐿𝑡
𝑖𝑛𝑡: transmitter losses of the interferer; 

• 𝐺𝑡
𝑖𝑛𝑡: transmitter antenna gain of the interferer. 

Using the SEM approach, the out-of-band emission mask 
power, given the SEM attenuation, can be calculated by [13]: 

𝑃𝑚𝑎𝑠𝑘 [dBm] = 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐴

𝑚𝑎𝑠𝑘 [dB/∆𝑓 [Hz]
𝑣𝑖𝑐 ]

(3.11) 

where: 

• 𝐴𝑚𝑎𝑠𝑘 : spectrum emission mask attenuation at the 
frequency offset being considered. 

The OOBI power at the receiver’s input can be calculated by 
using the out-of-band emission mask power in a simple link 
budget calculation [13]: 

𝐼𝑂𝑂𝐵𝐼 [dBm] = 𝑃𝑚𝑎𝑠𝑘 [dBm]−𝐿𝑝 [dB]
𝑖𝑛𝑡 + 𝐺𝑟 [dBi] − 𝐿𝑟 [dB] (3.12) 

where: 

• 𝐿𝑝
𝑖𝑛𝑡: path loss of the interfering signal. 

E. 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 BBI power can be 
calculated as follows for a generic victim system, being 
applicable to GSM-R and BBRS [13]: 

𝐼𝐵𝐵𝐼 [dBm]
(𝐺𝑆𝑀−𝑅, 𝐵𝐵𝑅𝑆)

= 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐿𝑝 [dB]

𝑖𝑛𝑡 +𝐺𝑟 [dBi]

−𝐿𝑟 [dB] − 𝐴𝑠𝑒𝑙 [dB] (3.13)
 

where: 

• selectivity attenuation; 

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 subcarriers being interfered can be calculated by [7]: 

𝐼𝐵𝐵𝐼 [dBm]
(𝐿𝑇𝐸−𝑅)

= 𝑃𝐸𝐼𝑅𝑃 [dBm]
𝑖𝑛𝑡 − 𝐿𝑝 [dB]

𝑖𝑛𝑡 +𝐺𝑟 [dBi]

−𝐿𝑟 [dB] − 𝐴𝑠𝑒𝑙 [dB] + 10 log (
𝑛𝑠𝑐

𝑎𝑙𝑜𝑐

𝑛𝑠𝑐
𝑡𝑜𝑡

) (3.14)
 

where: 

• 𝑛𝑠𝑐
𝑡𝑜𝑡:  number of subcarriers that compose the victim 

channel. 



5 

 

F. Intermodulation-based Interference Models 

To study IBI, one divides an interfering signal into equally 
spaced frequency components that one calls tones, as 
represented in Figure 6. In the case of narrowband interfering 
signals such as GSM, each signal corresponds to a single tone. 

 

Figure 6 – Division of the interfering signal into equally spaced tones 

(extracted from [14]). 

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

(3.15) 

where: 

• 𝑛𝑡𝑜𝑛𝑒𝑠: number of equally spaced interfering tones. 

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] (3.16)
 

One can calculate the power of the IMPs (generated by two 
tones) referred to the input of the LNA as follows [15]: 

𝐼𝐼𝑀𝑃 [dBm]
𝑖𝑛 = 3 𝑃𝑟𝑡𝑜𝑛𝑒 [dBm]

𝑖𝑛 − 2 𝑃𝐼𝐼𝑃3 [dBm] (3.17)

where: 

• 𝑃𝐼𝐼𝑃3: input third-order intercept point power. 

The frequency of each generated third-order IMP can be 
calculated by [13]: 

𝑓𝐼𝑀𝑃 = 2𝑓1 − 𝑓2 (3.18) 
𝑓𝐼𝑀𝑃 = 2𝑓2 − 𝑓1 (3.19) 

where: 

• 𝑓1: frequency of the first interfering tone; 

• 𝑓2: frequency of the second interfering tone. 

Knowing the number of third-order IMPs that lie within the 
Intermediate Frequency (IF) passband, 𝑛𝐼𝑀𝑃, one can calculate 
the IBI power (referred to the input of the LNA) as follows: 

𝐼𝐼𝐵𝐼 [mW] = ∑ 𝐼𝐼𝑀𝑃 [mW]
𝑖𝑛

𝑛𝐼𝑀𝑃

(3.20) 

G. Propagation Models 

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 an outdoor LoS 
scenario and an indoor one. Two propagation models are used: 

• Okumura-Hata model [16]; 

• Winner II model [17]. 

The Okumura-Hata is used for the analyses of GSM-R and 
LTE-R. The Winner II model is used for the analysis of BBRS. 

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 [18]. 

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). 

H. Throughput Models 

The throughput offered by each system depends on the 
Modulation and Coding Scheme (MCS) that the system is 
making use of. GSM-R makes use of GMSK as its modulation 
method, being considered that it can offer the voice service for 
an SNIR higher than 9 dB [8]. LTE-R and BBRS, on the other 
hand, make use of various MCSs. The objective is to use, at any 
instant, the MCS that offers the highest throughput. The 
throughput offered by LTE-R (single stream scenario) can be 
calculated as follows [19]: 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
2.34201

14.0051 + 𝑒−0.577897𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5,

for  QPSK  r = 1/3  (3.21)
 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
0.0476131

0.0926275 + 𝑒−0.29583𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5,

for  16 − QAM  r = 1/2 (3.22)
 

𝑅𝑏 [Mbps]
(𝐿𝑇𝐸−𝑅)

=
0.0264058

0.0220186 + 𝑒−0.24491𝜌𝑁𝐼 [dB]
× 𝑛𝑅𝐵

𝑎𝑙𝑜𝑐 × 0.5,

for  64 − QAM  r = 3/4 (3.23)
 

where: 

• 𝑛𝑅𝐵
𝑎𝑙𝑜𝑐 :  number of resource blocks allocated to the user. 

The throughput models for BBRS were deduced by 
extrapolation from Wi-Fi throughput curves (20 MHz channel 
single stream scenario) given in [20]: 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.6505

0.05409 + 𝑒−0.3865𝜌𝑁𝐼 [dB]
,

for  QPSK  r = 1/2 (3.24)
 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.1384

0.005836 + 𝑒−0.3887𝜌𝑁𝐼 [dB]
,

for  16 − QAM  r = 1/2 (3.25)
 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.0958

0.002745 + 𝑒−0.3302𝜌𝑁𝐼 [dB]
,

for  16 − QAM  r = 3/4 (3.26)
 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.01433

0.0002996 + 𝑒−0.3815𝜌𝑁𝐼 [dB]
,

for  64 − QAM  r = 2/3 (3.27)
 

𝑅𝑏 [Mbps]
(𝐵𝐵𝑅𝑆)

=
0.016465

0.0003045 + 𝑒−0.3437𝜌𝑁𝐼 [dB]
,

for  64 − QAM  r = 3/4 (3.28)
 

I. 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 7 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 capacity loss as represented in 
Figure 8. 
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Figure 7 – Flowchart of the MATLAB’s script used to                   

calculate 𝐼 and 𝑑𝑓𝑟𝑒𝑒−𝑟𝑒𝑔𝑖𝑜𝑛. 

 

Figure 8 – Flowchart of the MATLAB’s script used to                   

calculate 𝑑𝑚𝑎𝑥  and capacity loss. 

J. Model Assessment 

After having implemented the model in MATLAB an 
assessment of the results had to be done. Various tests were 
performed. The last test was to compare the results with the ones 
from the ECC Report 96 [8], which allows one to assess the 
overall implementation of the model. For this test one simulated 
a DL interference scenario of public UMTS interfering with 
GSM-R (2.8 MHz offset between carriers). 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 9 
together with the results from [8]. 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. 

 

Figure 9 – Comparison of simulation results with results from other 

authors (rural scenario). 

IV. ANALYSIS OF RESULTS 

A. Scenarios Description 

The scenarios chosen for the interference analysis are 
represented in Figure 10 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. One bases the GSM-R analysis on various frequency 
offsets between the channel used by the interferer and the victim. 
One analyses the 0.4 MHz, 1 MHz and 2 MHz offsets for the 
public GSM case and the 2.8 MHz, 3.4 MHz and 4.4 MHz 
offsets for the public UMTS case. 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. For the BBRS analysis, one 
analyses two Wi-Fi devices (an AP and a Mobile Device (MD)) 
interfering with its UL operation. One bases the BBRS analysis 
on various interfering channels (1st 20 MHz adjacent channel, 
2nd 20 MHz adjacent channel and 1st 40 MHz adjacent channel). 

 

Figure 10 – Scenarios chosen for the interference analysis. 

The values of the model input parameters are given in Table 
1 and Table 2. The values assumed for the interfering sources 
are based on [5] (public GSM/UMTS) and on [21] (Wi-Fi 
devices). 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 [6]. The RF filter 
attenuation 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 [22]). 

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 1 – Values of the interferer input parameters. 
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Table 2 – Values of the victim input parameters. 

 
 

B. GSM-R Analysis 

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 because IBI for the public GSM case 
does not depend on the three frequency offsets being analysed 
and because a certain combination of GSM carriers is needed) 
into account are given in Table 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. 

Table 3 – GSM-R’s free-region distances (sum of interference types). 

 

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. 

Table 4 – GSM-R’s maximum communication distance      

(acceptable interference case). 

 

For interference distances lower than the free-region 
distances given in Table 3, the maximum communication 
distance drops below the values in Table 4. 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 
maximum communication distance to drop below these fixed 
values. Figure 11 shows the maximum communication distance 
as a function of the interference distance for a rural scenario, for 
the public UMTS case, for the considered offsets, and for the 
case without filter. 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 11 
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 
maximum 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. 

 

Figure 11 – GSM-R’s maximum communication distance          

(wo/filter) (public UMTS in a rural scenario). 

The IBI power increases faster than the OOBI and BBI ones 
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. When the curves in Figure 11 start 
to come together, it is where IBI starts to dominate, because IBI 
is the type of interference that presents low variations between 
the three frequency offsets being analysed. One can see in Figure 
11 that this effect happens for interference distances lower than 
around 0.25 km for a rural scenario. For suburban and urban 
scenarios, the same happens for interference distances lower 
than around 0.10 km and 0.05 km, respectively.  

The use of a filter extinguishes the probability of IBI to 
dominate over OOBI and BBI as one can see in Figure 12 where 
the effect of the curves coming together disappears. Despite that, 
one has to sill account for OOBI. 

 

Figure 12 – GSM-R’s maximum communication distance          

(w/filter) (public UMTS in a rural scenario). 

For the public GSM case, 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 
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, 0.25 km and 0.16 km. For an urban scenario, considering 5 
km, these interference distances are, respectively, 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. No filter is considered 
for the GSM case because IBI is not taken into account. 
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C. LTE-R Analysis 

The free-region distances taking all the types of interference 
(in the public GSM case, only OOBI and BBI are considered)  
into account are given in Table 5, with the same three colours 
code used in the GSM-R’s analysis. 

Table 5 –  LTE-R’s free-region distances (sum of interference types). 

 

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. Figure 13 shows the maximum communication 
distance as a function of the interference distance (considering 
an SNIR of 25 dB) for a rural scenario, for the public UMTS 
case, and for the case without filter. The effect of using a filter 
is represented in Figure 14.  

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. 

 

Figure 13 –  LTE-R’s maximum communication distance        

(wo/filter) (public UMTS in a rural scenario). 

 

Figure 14 –  LTE-R’s maximum communication distance        

(w/filter) (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 6 for the two RBs allocation cases being 
analysed. Considering that with the 1 RB allocation case LTE-R 
aims to provide voice service (average required throughput of 22 
kbps) 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), one can see in Table 6 that not 
all the assumed deployment distances for GSM-R provide these 
same throughputs (even under an acceptable interference case). 

Table 6 –  Maximum throughput offered by LTE-R              

(acceptable interference case). 

 

Considering now a desensitisation higher than the 
interference margin, for the fixed communication distances 
given in Table 6, 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 for the 
case without filter is given in Figure 15. The effect of using a 
filter is represented in Figure 16. 

 

Figure 15 – LTE-R’s capacity loss dmax=13 km                         

(wo/filter) (public UMTS in a rural scenario). 

 

Figure 16 – LTE-R’s capacity loss dmax=13 km                         

(w/filter) (public UMTS in a rural scenario). 

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, 
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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. 

D. BBRS Analysis 

The free-region distances corresponding to the sum of the 
three types of interference are given in Table 7, 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. 

Table 7 – BBRS’ free-region distances (sum of interference types). 

 

To assess the reduction in the maximum communication 
distance caused by the interference source to be deployed at an 
interference distance lower than the free-region distances 
presented in Table 7 one has to calculate first which are the 
maximum communication distances (acceptable interference 
case) required for a certain throughput, given in Table 8. 

Table 8 – BBRS’ maximum communications distance         

(acceptable interference case). 

 

Figure 17 shows the maximum communication distance as a 
function of the interference distance for the outdoor AP case, 
and considering a required throughput of 12 Mbps, which is the 
highest requirement for UL among BBRS’ projects. The same 
figure but for the indoor AP case is represented in Figure 18. 
Figure 17 and Figure 18 show 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 interference distances at which the 
maximum communication distance is equal to 300 m. 

 

Figure 17 – BBRS’ maximum communication distance                     

for 12 Mbps requirement (outdoor AP). 

For the outdoor AP case, these interference distances are 
around 46 m, 12 m, and 65 m, for the 1st 20 MHz adjacent, 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 communication distance to drop below 300 m (for a 
12 Mbps requirement). 

 

Figure 18 – BBRS’ maximum communication distance                    

for 12 Mbps requirement (indoor AP). 

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, BBRS can provide a throughput of around 52 Mbps 
according to the simulations. 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 [4] apart from the 
12 Mbps one. The results of this analysis are presented in Table 
9 and Table 10 for outdoor and indoor scenarios, respectively. 
One concludes that an outdoor interferer 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). Indoor interferers should only represent a problem for 
throughput requirements higher than 26 Mbps. 

Table 9 – BBRS’ capacity loss (outdoor scenario). 

 

Table 10 – BBRS’ capacity loss (indoor scenario). 

 

V. CONCLUSIONS 

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 
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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 deployed 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. 

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. 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 intermodulation behaviour is reported. 

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. 

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 requirements 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 in this thesis suggest. 

For future works, MIMO effect need to be addressed in both 
LTE-R and BBRS cases. Also, different configurations for both 
the antenna of the victim and of the interferer need to be studied. 
The use of data based on real measurements rather than 
specifications of systems may also produce better results. The 
choice of LTE-R as the next railway telecommunications system 

can facilitate the transition to a 5G system. A point that 
aggregates even more value to this work. 
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