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ABSTRACT
One of the biggest projects aimed at integration of the infrastructure of the European Union is the implementation 
of the European Rail Traffic Management System on the railway network of the Member States. Its goal is to unify 
the railway traffic control system in European countries, increase safety as well as ensure the interoperability of 
rail transport. One of its main components is ERTMS/GSM-R subsystem. This article presents the structure of the 
GSM-R system as well as associated systems. Services offered by the system are discussed. The rules of planning 
radio networks including the propagation model are described. The final part of the paper contains an example of 
radio planning for GSM-R system for selected railway line covering computations as well as simulation tests. The 
simulation of the radio coverage was prepared with the usage of ICS Telecom software.
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1. Introduction
Nowadays in European Union there are more than 20 different 

train control systems. Every one of them sets some requirements 
toward rolling stock, track devices and equipment installed on a 
vehicle. ERTMS is intended to ensure interoperability between a 
railway network of European Union Member States and unification 
of the signalling through creation of one Pan-European standard, 
which aims to increase competitiveness of rail sector. Two primary 
subsystems of the ERTMS are:

• GSM-R (Global System for Mobiles – Railway),
• ETCS (European Train Control System).

The purpose of this article are issues related to the design of 
GSM-R. This system is railway version of public GSM system, 
which functionally is equivalent to version GSM 2+ expanding the 
range of provided services by another, suitable for rail usage. This 
system provides transmission of voice, text messages and data.

2. GSM-R architecture
An architecture of GSM-R system is similar to a standard GSM 

network. It contains Network Switching Subsystem NSS, Base Station 
Subsystem BSS, Operation and Maintenance Centre OMC, Mobile 
Station MS used by users. The main elements of GSM-R architecture 
are presented below.

Mobile-services Switching Center MSC responsible for call setup 
and control of the subscribers’ terminals located in geographical area 
assigned to responsible MSC.

Gateway Mobile-services Switching Centre GMSC allows 
voice calls between subscribers of GSM-R system and other 
telecommunication systems.

Home Location Register HLR is a database including information 
about subscribers registered in particular system, independently from 
their current location. Number of those registers depends on the 
capacity of the particular system. 
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Visitor Location Register VLR is a database containing actualized 
by date information about mobile stations, which are in area 
connected with particular VLR. This data is obtained from motherly 
subscribers’ HLRs, when switching to area related to individual VLR.

Serving GPRS Support Node SGSN and Gateway GPRS Support 
Node GGSN are optional components of the GSM-R network, 
included when a packet data transmission is included. 

Authentication Centre AuC is a database implementing safety 
services, such as keeping network safe from unauthorized access 
and preventing wiretapping of calls carried out inside of the 
system.

Equipment Identity Register EIR is a database used to identify 
of the mobile stations. This register is connected directly to 
associated MSC.

Group Call Register GCR is a database containing information 
about created subscribers groups. It is used in Voice Group Call 
Service VGCS and Voice Broadcast Service VBS  call setups. 

Short Message Service Center  SMSC optional component of 
GSM-R network, included when SMS service is included. SMSC 
is optional component, but all mobile stations must mandatory 
support SMS service. 

Billing Center is a server responsible for billing data of subscribers 
generation and storage.

Base Station Subsystem BSS mediates between Mobile Stations 
and Network Switching Subsystem. It contains of base station 
controllers and base transceiver stations.

Base Station Controller BSC is related to handling radio channels 
associated to particular cells and mediation in connection between 
base stations and MSC. It performs procedure of dynamic radio 
connection switching between base stations as they move. This 
procedure is called handover.

Base Transceiver Station BTS is responsible for realization of 
radio connection in associated cell. It is an interface between fixed 
infrastructure and mobile users. 

Transcoder/Rate Adaptor Unit TRAU is a transcoder unit located 
between BSC and MSC. It is changing standard information stream 
of GSM system, full rate equal to 13 kbit/s, to 64 kbit/s used by MSC, 
and vice versa, in opposite relation.

Operation and Maintenance Centre OMC is general equipment 
used for current supervision and management of all network elements 
in a way allowing identification of failures and network reconfiguration 
in case of failure detection.

Mobile Station MS is contact element of GSM-R network with 
its users. Mobile station includes radiotelephone and SIM card, 
which is mandatory for operation of the device. 

3. Elements of radio planning of 
cellular radio networks

3.1. Cell concept

A concept based on a cellular network, assumes division of 
the large area on smaller parts, called cells. A transceiver antenna 
is located in the center of a cell. In GSM-R network, due to use of 

the directional antennas, a shape of the cell is elliptical, lying along 
the railway line.

A size of the area operated by one cell depends on a type of the 
used antenna, a power provided and a height of its suspension. The 
area covered by a single cell depends strongly on required capacity 
of the system, this is why it is very important to appropriate 
dimension of the needs, before starting a radio planning process. 
It is possible to use less cells with a larger range for open areas, 
where the required capacity is lower. However, at rail stations, 
junctions and other places, where a network usage is higher, 
more cells should be planned, but their range can be smaller. It 
allows more frequent usage of the frequencies and more effective 
enhancement of the network capacity.

3.2. Dimensioning

Dimensioning is one of the key stage of GSM-R network 
designing. The aim of this process is to term amount of the traffic, 
which must be handled by network. Amount of the traffic can be 
specified as multiplication of the request per unit time and average 
time of the call. It should be emphasized, that those calculations 
must include voice calls and data transmission, requested by a 
train crew, trail maintenance personnel and shunting crews as 
well. A value of required traffic should be determined  regarding 
values of the busy hours. 

3.3. Selection of antennas

Antennas should be suspended at height exceeding close obstacles, 
if any. Heights of 25, 30, 35 and 40 m above ground are recommended. 
In GSM-R system, due to characteristic of the purpose, that is covering 
only railway areas, directional antennas, of the horizontal beam 
width of 30°, are used. 

One station generally incorporates 2 or 3 sector antennas, but 
in particular cases this number increases. Each one of the sector 
antennas is addressed in particular direction, which is called the 
azimuth. The azimuth is counted angularly, where north direction 
takes the value 0°, and an angle is counted accordingly to clock 
indication. For instance, antenna addressed directly on the east 
has the azimuth of 90°.

3.4. Propagation model

A propagation model is used for determine losses in free 
space. Over the years several propagation models where created. 
However, Okumura – Hata model is recommended for GSM-R 
radio planning. Base of this model are measurements carried out at 
outskirts of Tokyo. This model applies at early stages of radio cells 
planning, allowing determination of losses in free space in different 
environments.

This model has a few limits laid in [1]:
• Frequency range 150 – 1000 MHz and 1500 – 2000 MHz,
• Height of transceiver antenna 30 – 200 m, also this model 

doesn’t apply well when average height of buildings is close, 
or higher then height of antenna,

• Range 1 – 20 km.
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4. Radio coverage
A radio coverage is considered as the distribution of the 

electromagnetic field generated by transceiver antenna, on an area 
of the specific geographical conditions. In case of the GSM-R system 
radio coverage is considered from the point of 0 dBi isotropic antenna, 
placed on train roof, 4 meters above ground. System specifications [2] 
define minimal field strength as coverage probability of 95% based on 
a coverage level of 41.5  dBμV/m  (-95 dBm) on lines with ETCS levels 
2/3 for speeds lower than or equal to 220km/h. This is coverage level 
wanted in this project. 

On tangent lines and railway line sections preceding area covered 
by ERTMS/ETCS level 2, it is mandatory to provide coverage level 
which allowing to log in GSM-R system, at the maximum authorized 
speed.

4.1. Maps and area covered by project

For GSM-R radio planning it is recommended to use maps of 
the resolution of 10 m, or less. Maps should present area greater 
than 20 km radius around analyzed railway line. At maps should 
be specified type of the terrain. Document [3] specifies the types of 
terrain such as: water, transportation routes, bridges, crop failures, 
open agricultural areas, mixed/forest areas, orchards, deciduous 
forests, coniferous forests, suburban areas, urban areas with low 
buildings, high buildings, urban areas with high buildings and 
industrial areas.

From the geographical point of view during the radio planning 
process whole infrastructure located on the area covered by the 
project should be included. This infrastructure can simplify GSM-R 
system’s implementation, such as for instance nearby presence of 
the supply network. However it is more important to determine 
unfavorable factors, such as high buildings or elevations, potentially 
affecting the signal. Inventory of these factors on maps is essential 
and has direct impact on project realization.

4.2. Redundancy

Due to the role of the GSM-R system in rail traffic management, 
it should assure respective level of reliability. Therefore it is essential 
to provide adequate level of the redundancy. One of the possible 
solutions is to plan the network in a way that areas of the adjoining 
cells are overlapped. Then in the situation when one of the station, 
or even the half of them, stopped working, the line would still be 
covered by GSM-R signal, and the traffic will still be managed 
normally.

4.3. Frequency planning

Considering that designers have limited range of the disposal, 
it is impossible to provide different, unique working frequencies 
for each one of the cells. Designer has to assure that cells which 
use the same frequency are not only not overlapped but even 
in the widest distance from each other. Moreover it is possible 
for the single base station to transmit signals on more than one 

carrier frequency. Between these frequencies there should be kept 
appropriate frequency spacing, otherwise it can cause the presence 
of inter-channel interferences. 

5. Radio planning

5.1. Selection of railway line section

For GSM-R system project has been selected railway line E75 This 
section counts 83 kilometers and it was foreseen to implementation 
in document [4]. It is an element of Rail Baltica, railway line being an 
element of I Pan-European transport corridor, which is connecting 
Warsaw, Kaunas, Riga, Tallinn and Helsinki. This line is priority 
project of EU (European Union), because it is supposed to the one 
and only railway connection of Baltic countries with other EU 
member states. After planned modernization trains are supposed to 
run with 160 km/h.

5.2. Antennas

For this project the antennas made by Kathrein, type 80010643 
ware selected. They got large gain of 20.4 dBi [5]. It is assumed that 
they will be suspended at 35 meters above ground level.

5.3. Budget link

Based on a budget link it is assumed, that minimal receiving 
signal level for determination of the propagation losses would be 
-93 dBm. This value is due to minimal signal level equal to -95 
dBm and 2 dB as handover margin. Detailed calculation can be 
found in [6].

5.4. Propagation modeling 

A propagation modeling was executed in ICS Telecom software. 
All data was brought to software and Okumura – Hata model was 
selected. Along railway line section between stations Warszawa 
Rembertów and Małkinia base stations has been placed. Parameters 
where set to every station and radio coverage simulations where 
made.   

As a result of simulation experiments at railway line section 
included in project, two, redundant layers of the base stations, where 
each one of them contains seven base stations. Most of them are two-
sector, except BTS_2_1, which is three-sector, and BTS_2_7 which is 
single-sector.

On the basis of the GSM-R coverage maps and a statistic 
generated in the software, it can be inferred that the entire railway 
line is covered by a signal of the assumed level. 

In order to obtain percent coverage statistic of GSM-R along 
railway line, from list of layers has been selected only rail layer. 
After analysis, program has shown that 100% rail layer area, has 
been covered by by GSM-R signal of assumed strength. 
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Fig. 1. Radio coverage of GSM-R system at selected railway line 
section. Signal generated by two layers of base stations 
working at the same time. Displaying radio coverage at -93 
dBm threshold [own study]

Fig. 2. Statist ic showing level of coverage of GSM-R signal at level 
-93 dBm over area of project [own study]

5.5. Frequency alocation

Aft er the simulation of the radio coverage frequency allocation 
was done. Frequency planning has been made with ICS Telecom 
soft ware. Assumed 600 kHz of the separation within a cell and 
400 kHz between neighboring cells. It was assumed to use 2 TRX 
modules for each sector, for this reason, amount of canals for each 
sector is two.

Table. 1. Frequency allocation [own study]

6. Tele-transmission network 
project

Aft er placement of the base stations along railway stations simple 
tele-transmission project has been made. In the project, distribution 
of the cable between containers located at every base station has 
planned. Project has been executed in transmission loop, containing 
main and protective cable. Project was made for the use of SDH 
technology.

Fig. 3. Block scheme of designed tele-transmission network [own 
study]

7. Conclusion
Th e article presents an architecture and the services of the 

GSM-R system. Aft erwards there are presented planning elements 
of radio mobile networks with specifi c requirements of the GSM-R 
system. Th e key point of the article is the radio planning design, 
which was done using software from ICS Telecom and the 
transmission network design along the railway line section.

As part of the radio planning design determination of the 
number and localization of the base stations was conducted, 
the height of the suspension and the azimuths of the individual 
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antennas, frequency allocation was made as well. The radio 
planning simulations enabling implementation of the design were 
made with use of the ICS Telecom software. The design was made 
with preservation of the GSM-R network elements redundancy, 
enabling the significant reliability increase of the whole system. 
The executed radio planning design provides required level of the 
GSM-R system radio coverage on the selected railway line section.

The GSM-R system is an important component of the ERTMS 
and its planned, mass implementation on polish railway lines 
can significantly contribute to increase of the safety and ensure 
interoperability of Pan-European railway network. A key aspect 
of the GSM-R implementation is proper execution of the radio 
planning, which has a key influence on coverage of GSM-R system 
over the railway line. It should be pointed out, that inadequate 
execution of the radio planning and the design of the transmission 
network can entail large costs when already built infrastructure 
would need a lot of adjustments.

Bibliography
[1] MANNINEN M., LAMPIAINEN J.: Radio Interface System 

Planning for GSM/GPRS/UMTS. New York: Kluwer Academic 
Publishers, 2002.

[2] International Union of Railways, Project EIRENE, System 
Requirements Specification v 16, 2016.

[3] PKP Polskie Linie Kolejowe S.A., Opis Przedmiotu Zamówienia 
dla zadań: na wykonanie projektów, pozyskanie decyzji admin-
istracyjnych oraz wykonanie planowania radiowego dla podsys-
temów radiowych systemu ERTMS/GSM-R realizowanych 
w ramach projektu POIiŚ 7.1-36.2 „Budowa infrastruktury sys-
temu GSM-R na liniach kolejowych zgodnych z harmonogram-
em NPW ERTMS, FAZA I - PRACE PRZYGOTOWAWCZE.

[4] Ministerstwo Infrastruktury i Rozwoju, Narodowy Plan 
Wdrażania Europejskiego Systemu Zarządzania Ruchem Kole-
jowym w Polsce, Warszawa 2007.

[5] KATHREIN, Base Station Antennas and Antenna Line Prod-
ucts CATALOGUE, 2016.

[6] GRUBA Ł.: Praca inżynierska, Projekt wdrożenia system GSM-
R na wybranym odcinku linii kolejowej, Politechnika Warszaws-
ka, Wydział Transportu, Zakład Telekomunikacji w Transporcie, 
Warszawa 2017.


