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Abstract — The main objective of this thesis was to analyse the 
performance of antennas for different railway communication 
systems and the influence of the surrounding environment on them. 
The work consisted on the analysis of antennas for the current 
railway communication system in use, GSM-R, working at 900 
MHz, the next communication system to be implemented on 
railways, LTE-R, for 2.6 GHz, and for a system particularly 
implemented on metro environments at 5.9 GHz, BBRS. One has 
developed a model based on the CST software, which considers 
antennas parameters and the physical limitations of the 
surrounding environment. The results were analysed through the 
radiation pattern, the half-power beam width, reflection coefficient 
and the first side lobe level. One has studied the influence of a train 
rooftop with curve characteristics, which shows a reduction of the 
maximum gain and an increase of the half-power beamwidth. At 
last, one has performed the analysis on the presence of obstructions 
on the train rooftop. For GSM-R, one has established a “safety” 
distance to mount the terminals of 1.5 and 2 m, respectively, in the 
presence of obstructions with 25 and 45 cm of height. In LTE-R, a 
safety distance of 1 and 1.5 m, considering the same obstructions 
heights. The study performed for BBRS does not show relevant 
problems with the use of spatial diversity due to interferences on 
the train structure, and the finest position to mount the terminal is 
the highest location on the train’s front with a depth of 100 mm. 

Keywords - Railway Communications, Antennas Positioning, 
GSM-R, LTE-R, BBRS. 

I.  INTRODUCTION 
In the last few decades, a massive development in Mobile 

Communications has been witnessed, and it does not show any 
sign of slowing down. Once seen as a luxury, today there is no 
arguing that Mobile Communications are fundamental on every 
developed society, not only for personal use but also for 
businesses and companies. 

It all started during the 1980s with the appearance of the 1st 
Generation (1G) of mobile wireless communication systems, 
based only on analogue cellular technology for basic mobile 
voice interactions. In the early 1990s, the 2nd Generation (2G) 
was introduced with fundamental concepts that remain on 
today’s mobile communication systems: capacity and coverage. 
The first digital mobile communication system was designated as 
the Global System for Mobile communications (GSM), and it 
was one of the most popular systems providing voice and data 

services for a more significant number of users, primary through 
circuit-switched technology usage, then by packet-switching. 
Packet transmission happened to be an essential progress along 
with the development of General Packet Radio Services (GPRS) 
and the radio interface enhancements, called GSM Evolution 
(EDGE). This evolution brought much attention from operators 
and telecommunication organisations due to, not only the 
evidenced potential but also the radio interface and network 
complexity.  

To answer the needs to standardise mobile communications 
networks, including radio access networks, core transport 
networks, terminals and services features, the 3rd Generation 
Partnership Project (3GPP) was created. In 2000, the 3rd 
Generation (3G) of mobile communication systems was 
introduced to keep up with user’s demands since the Internet has 
started to expand exponentially. In Europe, the Universal Mobile 
Telecommunication System (UMTS) was presented as the best 
system to lead the 3G transition. 

With the evolution of services, there was an increasing 
necessity for higher transmission rates, for example, to watch HD 
videos or to download apps, hence, in the late 2000s, the Long 
Term Evolution (LTE) emerges as a 4th Generation (4G) system 
respecting all 3GPP specifications presented in Releases 7, 8 and 
9. LTE specifications show that this system is capable of 
achieving maximum downlink (DL) peak rates of 300 Mbps and 
uplink (UL) ones 75 Mbps, thanks to some upgrades on the radio 
interface and network core performance, like Multiple Input 
Multiple Output (MIMO) antenna technology, interference 
control and self-organising networks. This improvements 
allowed lower latency and opened to the world new possibilities 
like real-time applications (interactive gaming, virtual reality, 
etc). 

Without any surprise the next step will be the 5th Generation 
(5G), which is currently under development, aiming to even 
higher data rates (peak data rate of 10 Gbps), better coverage, 
supporting more Device-to-Device (D2D) and Machine-to-
Machine (M2M) communications. With 5G, the path is towards 
a better deployment of Internet of Things (IoT) with lower 
latency time (<1 ms) and less energy consumption. It will be 
possible to have a new approach for all type of problems that are 
based on Mobile Communications, a proper example being 
communications on the railway environment, where it is 



fundamental to have permanent communications between 
moving trains and control stations at all time. 

All this development was well-predicted in 1992, when the 
UIC – Union Internationale du Chemin-de-Fer launched a 
European project called EIRENE – European Integrated Radio 
Enhanced Network [1]. This project was created to answer to 
some demands, such as the interoperability for railway 
communication systems. Therefore, EIRENE should be able to 
have all the specifications of mobile communications 
requirements for the European railways, which would provide 
uninterrupted train-services between countries. In 1996, the 
project entitled MORANE – Mobile radio for Railway Networks 
was also created in Europe to respond to the obligation of having 
a valid link that would respect GSM standards and EIRENE 
specifications, which were attended by ETSI (European 
Telecommunications Standards Institute) experts. Thanks to 
EIRENE and MORANE projects, it was possible to take the next 
step, the development of the European Rail Traffic Management 
System (ERTMS), which is the combination of the Global 
System for Mobile Communications – Railways (GSM- R) and 
the European Train Control System (ECTS). 

The thesis’ main goal was to analyse the performance of 
antennas on trains and understand the impact of the different 
available positions to install the antennas depending on the 
surrounding environment, in order to optimise and improve 
services for railway operations and passengers experience. For 
that, one has chosen a suitable simulation software, the Computer 
Simulation Technology (CST) Microwave Studio, [2] and [3]. 
With this tool, it was possible to import similar 3D model of train 
antennas of different mobile communication systems and to 
perform a full analysis of the antenna’s parameters. 

The paper is organised as follows: Section I – Introduction; 
Section II - State of the art; Section III – Models and simulator 
description; Section IV – Results analysis; Section V – 
Conclusions. 

II. STATE OF THE ART 
An overview of relevant research is provided regarding the 

subject of the thesis, where one presents the work developed in 
the area of analysis of antennas’ signalling for railway 
communications. Despite the numerous aspects mentioned 
previously in this chapter, the thesis’s main focus is the signal 
parameters of antennas and its behaviour to understand the 
optimal location for antennas on trains. 

[4] presents a thorough analysis of the antennas’ installation 
on the rooftop of trains due to the physical size constraints of 
trains’ rooftops. The study is provided by Siemens Mobility 
aiming to the Railway Safety and Standards Board (RSSB) with 
the purpose of finding the best location for antennas on trains. It 
is considered a priority ranking of Operation Safety, Operational 
important, Operation useful and Passenger use, the first one being 
the highest priority. Besides that, it also considers the antennas 
as a group of several communication systems divided into three 
groups (Group A: GSM-R voice, Group B: GSM-R CSD (Circuit 
Switch Data) or GPRS, and group C: GSM-Public and UMTS 
900). Besides that, it also considers the effects of radio 
propagation due to the several types of possible obstructions on 
the rooftops (e.g. air conditioning units, sunken roofs, 

longitudinal strengthening bars, curved roofs and pantographs) 
The results show the necessary spacing between antennas and 
isolation between transceivers to avoid problems among several 
systems (e.g. GSM-R, GPS, Wi-Fi 2.45 GHz/ 5 GHz, GSM-P 
1800, etc.). 

The study of antennas locations may be seen as a general 
problem for any vehicle. In [5], the author investigated the 
influence of conducting environments on the performance of an 
antenna. The work is based on a 3D car model with the help of 
CST. Firstly, a finite flat square plane was considered to 
understand the influence of corners and edges on the antenna 
radiation pattern, which is minimal over a specific size for a 
working frequency of 2 GHz. Secondly, a similar analysis was 
made for a flat structure with circular edges. It was concluded 
that the radiation pattern is more intense due to caustics effects. 
Then a more realistic approach was studied with a curved 
structure similar to a car’s rooftop, where the influence of the 
distance between the plane and the antenna was examined. 
Lastly, in order to have accurate results, a full car structure was 
included in the simulations for a frequency of 2 GHz. 

Another thorough study regarding different deployments of 
antennas is done in [6]. The purpose is to create a reliable 
vehicular communication system for trucks with specific 
conditions of mining environments. It evaluates antennas 
performance, firstly, using CST, and, secondly, through 
measurements. The report is evaluated for a microstrip patch 
antenna working for two distinctive frequencies (5.9 GHz and 2.4 
GHz) and for a l/4 dipole in 5.9 GHz. Two configurations for the 
optimal deployment of antennas are determined: using an 
omnidirectional antenna with similar properties of the tested 
dipole at a central position under the chassis, but there is some 
probability to damage the antenna due to the ground morphology; 
alternatively, two patch antennas could be considered for each 
lower flank of the truck. 

III. MODELS AND SIMULATOR DESCRIPTION 

A. Model description 
This section shows a high-level perspective of the approach 

taken for the analysis of antennas’ performance and the 
corresponding model. In Figure 1, one displays the model 
overview, where the path to reach results is shown to have better 
performance from antennas through the improvement of the 
antennas’ locations on trains. 

 
Figure 1. Model architecture.  



First of all, the model considers several input factors 
regarding the antennas’ technical aspects, as well as the 
surrounding environment that may affect the expected behaviour 
of the radiation pattern. For this thesis, the major antennas’ input 
parameters are the working bandwidth, which depends on the 
system (GSM-R, LTE-R, BBRS, etc.), keeping in mind that there 
are dual-band antennas, the gain and the polarisation type. 
Besides these electrical properties, also has to consider the 
mechanical properties, more precisely, the dimensions. 
Regarding the scenario parameters, one needs to have a well-
defined surrounding environment where the antennas will be 
mounted. According to [5], it is considered as a good 
approximation to analyse the surrounding environment up to 20λ 
of distance from the antenna, which means that for GSM-R with 
a minimum working frequency of 876 MHz (λ≅0.34 m), the 
maximum distance between the antenna and the surrounding 
critical scenario that will directly influence the antennas’ 
performance corresponds approximately to 6.8 m.  

After having all the input parameters well-defined, the 
proposed model consists of exploiting the CST features to 
understand which are the more significant interferences 
regarding specific antennas’ locations. For that, one has created 
a representative 3D model of the trains’ rooftop and its side 
borders, with particular attention to structures with extra height, 
having the regular train height as the reference. 

Finally, CST provides the necessary outputs to do a rigorous 
study through the 3D or 2D views of radiation patterns, the Half-
Power Beam Width (HPBW), the S11 reflection coefficients, as 
well as the Side Lobe Level (SLL) properties. 

B. The CST simulation tool 
Nowadays, there are vast options to approach 

electromagnetic problems based on the development and 
application of computational methods. It is possible to divide the 
computational electromagnetic methods into two big groups: the 
numeric methods and analytical methods for high frequencies. 
For this thesis, the best option is the former, which allows an 
exhaustive analyses of electromagnetic fields behaviour. The 
Method of Moments (MoM) is based on the resolution of 
integrals in the frequency domain, but it has some efficiency 
problems compared with volume discretisation methods, which 
is the particular case of Finite Integration Technique (FIT). FIT 
is a technique that is established through a full-wave model, 
which is the best approach to analyse antennas’ parameters, like 
the radiation pattern, gain, S-parameters, etc. This technique is 
applied in CST Microwave Studio [2], being a time-domain 
process similar to the Finite Difference Time Domain (FDTD). 
It is a reliable discretisation arrangement of Maxwell equations 
from their integral form to a discrete reformulation, providing the 
proper settings to simulate real electromagnetic problems. 

Regarding some important farfield properties of CST, a clear 
understanding of a few options to analyse the antennas’ 
performance is required: Directivity, Gain (IEEE) and the 
Realised Gain. Firstly, it is required to understand that the 
radiated power of an antenna is directly related to its far-field 
region of through: 

𝑈(𝜃, 𝜑)[)] ≅
+

,-[.]
/0𝐸2	4(𝜃,𝜑)[5/7]0

,
+ 0𝐸𝜑	9(𝜃, 𝜑)[5/7]0

,: (1) 

where: 

• 𝜂: intrinsic impedance (120𝜋	[Ω] for free-space); 
• 𝜃: Angle between the positive half of Z-axis and the 

observation point; 
• 𝜑: Angle between the positive half of X-axis and the 

observation point projected on XOY plane; 

• 𝐸2	4(𝜃,𝜑) : Electric field for a vertical dipole at q 
direction; 

• 𝐸𝜑	9(𝜃,𝜑) : Electric field for a horizontal dipole at j 
direction. 

The directivity is easily interpreted as “the ratio between the 
radiation intensity in a given direction from the antenna to the 
radiation intensity averaged over all directions” [3]: 

 𝐷(𝜃, 𝜑)[CDE] = 	10𝑙𝑜𝑔+J K4𝜋 ∙
N(2,O)[P]

QRST[P]
U	 (2) 

where: 

• 𝑃WXY: Total radiated power. 

The Gain (IEEE) is also a ratio, but this time between a 
specific radiated power direction and the input or accepted 
power of the antenna. For an antenna perfectly matched without 
any kind of conduction or dielectric losses, the Gain (IEEE) 
should have exactly the same value of its directivity, being: 

 𝐺(𝜃, 𝜑)[CDE] = 10𝑙𝑜𝑔+J K4𝜋 ∙
N(2,O)[P]

Q[\[P]
U (3) 

where: 

• 𝑃]^: Input or accepted power. 

Another possibility is to evaluate the realised gain, which 
includes impedance mismatches (reflection losses) within the 
information of the “S-Parameters Balance” graph. Through (3), 
the expression of the realised gain may be expressed as: 

 𝐺W_X`]a_Y [CDE] = 	𝐺(𝜃,𝜑)[CDE] ∙ (1 − 𝐵
,)	, 0 ≤ 𝐵 ≤ 1 (4) 

where: 

• 𝐵: S-parameter balance given by the square root of the 
summed power leaving the structure through all ports. 
The balance should be one for structures that do not have 
any losses and closed (without open or lossy boundary 
conditions). 

For this work, the scenario nearby the antenna on the rooftop 
does not change over time, as is the case of an antenna in a 
standard mobile phone. For this reason, it is not necessary to take 
impedance and polarisation losses into account. If an antenna is 
well-matched when mounted on the trains’ rooftop, the 
impedance losses will remain the same, hence the Gain (IEEE) 
is the parameter chosen to study the antennas’ performance. 

C. Surrounding environments 

Towards a realistic approach to the simulation environment, 
it is mandatory to recognise the limitations and potential 
problems regarding antenna’s radiation pattern. Nowadays, 
there are a vast number of different train models, which makes 
it not possible to specify the details about each type of carriage 



and which are the most prominent problems for transmitting or 
receiving data in the antennas’ perspective. Nevertheless, it is 
possible to summarise them through a more carefully analysis 
and gather different models with joint problems [3]. 

First of all, it should be mentioned the fact that many carriage 
types may reasonably be approximated as a very smooth roof 
with a few curvature degrees between sides. For this specify 
cases, it is expected from the antennas to have an almost ideal 
performance with an omnidirectional behaviour in the horizontal 
plane, without any obstruction between terminals. 

The slight rooftop curvature due to aerodynamics reasons does 
not bring significant concerns, but when this curvature is too 
exaggerated, it will have a direct effect on antenna performance. 
The most significant conclusion to be drawn from this type of 
roofs is the fact that if an antenna is placed farther from the 
centre line (higher part of the roof), it will have a worse 
performance due to roof obstructions. Regarding the antenna 
installation on the centre line, an interesting performance may 
be expected than the flat roof setting for the lower angles in the 
directions where the roof is sloped down [3]. 

Currently, the well-being and comfort of passengers is a priority, 
which explains the existence of heating, ventilating and air-
conditioning (HVAC) units on trains’ rooftop. These units 
have structures with 0.3 m or more above the roof level, being a 
frequent type of barrier to antennas. The presence of these units 
has a significant impact on antennas’ performance, which is 
studied later on. 

Other types of structures frequently seen on trains are the 
longitudinal strengthening bars. For this particular case, two 
distinctive approaches must be considered. The standard method 
is to install the antenna on a plane supported for several 
strengthening bars, and so its functioning will be very similar to 
what is theoretically expected. On the other hand, if the antenna 
is positioned between bars, its performance may suffer some 
changes that will also be related to the working frequency. For 
obvious reasons, the higher the working frequency is, the higher 
the influence of these bars will be. 

There are several types of carriages, and the physical 
obstructions explained above are the most frequent. Still, it does 
not mean that others may not have a greater impact on the 
antenna radiation pattern, like the example of sunken roofs or 
the presence of pantographs, which provides energy to the 
trains. However, in cases like this, it is common-sense that 
antennas should not be placed near or on these structures. It is 
not necessary to make a complex study to realise that sunken 
roofs obstruct the LoS between terminals, leading to an extra 
attenuation of several dBs, which is not reasonable from the 
antenna’s performance optimisation point of view. For the 
pantograph case, it is also easily understandable that it is not 
suitable to position an antenna near to this structures, since, in 
addition to the extra attenuation due to the structure itself, it will 
disturb the normal functioning of antennas thanks to the 
electromagnetic interference provided by the energy transfer 
within the train and the higher wires. 

D. Monopoles’ performance 

To understand the behaviour of the main antennas’ 
parameters under study, one has chosen a l/4 resonant monopole 

due to the rooftop trains’ morphology, and because a monopole 
operating above an infinite ground plane is equivalent to a 
conventional l/2 resonant dipole, [7]. This decision that may be 
considered as a suitable approach to reality, since monopoles are 
typically installed inside an aerodynamic structure entitled by 
blades. In several situations, blades are nothing more than a 
monopole encapsulated in a shell, to have better aerodynamic 
characteristics [8]. One considered a 900 MHz working 
frequency for GSM-R, 2.6 GHz for LTE-R and 5.9 GHz for 
BBRS. The theoretical directivity value of a l/4 monopole is 
twice the one of a l/2 dipole, 5.16 dBi. The radiation pattern of 
one of three systems can be seen at Figure 2. The directivity is 
equal to the gain (IEEE), which implies that there are no losses 
from the accepted power of the structure. 

 
Figure 2. 3D farfield view of a l/4 monopole working at 

5.9 GHz.  

The reflection coefficient S11 of each working frequency was 
also verified. It is considered as fair values the ones that are 
below -10 dB, meaning that, in the worst case scenario, 10% of 
the power provided to the antenna is reflected. For the chosen 
frequencies, it is possible to see that S11 is, approximately, - 20 
dB, which means only 1% of the power delivered to the antenna 
is reflected, and for this reason, the antennas are well-matched. 

It is essential to reduce the problem boundaries to guarantee 
a proper results' accuracy (mesh density) for an acceptable 
simulation time, hence the maximum distance of the 
surrounding train environment that has a strong influence on the 
antenna performance is analysed. 

A performance analysis, at 900 MHz, is completed with a 
gradual flat ground growth concerning its wavelength, to have a 
direct correlation with all the frequencies that are under study. 
The square ground is composed of PEC material, and was 
studied with the length dimensions of 1.5l, 5l, 15l, 25l and 
40l. Simulations were executed with 15 cells per wavelength 
near and 8 cells per wavelength far from the model and with 
additional local mesh groups. Regarding the boundaries 
properties, similar to the previous case, all borders were fixed at 
“open (add space)”, excepted the Zmin, which was set as an open 
border, with the purpose of minimising the number of meshcells. 
This issue needs to be extremely well-defined, since it may have 
a big influence on all the results that are made after these 
considerations. 

One has studied a lateral perspective with φ = 0º. It must be 
recognised that this problem has geometrical similarities, 



therefore, studying this angle is the exact same as studying φ at 
90º, 180º or 270º, and then the same analysis is performed, but 
with j pointing to one of the ground vertexes, φ = 45º. The 
problem geometry suggests that the antenna performance will be 
identical for every direction of j contemplating the other 
vertexes (135º, 225º and 315º). 

By comparing the values, it is verified that with the increase 
of the ground area, the gain also increases, as well as the main 
lobe direction, q, which tends to approach the reference value. 
HPBW starts with a very high value, almost suggesting an 
omnidirectional behaviour if it was not the existence of side 
lobes. However, when the ground area increases, HPBW begins 
to decrease creating a primary lobe with more directional 
properties. Table 1 presents the most relevant information 
regarding the root-mean-square errors (RMSEs) of both 
perspectives analysed (j = 0º and j = 45º), as well as the number 
of meshcells and respective simulation time of each ground area. 
It is clear that for a larger ground area average errors are smaller, 
and, as expected, there are a direct relation between the 
simulation time and the number of meshcells, which is a crucial 
aspect to consider when one has to decide on the best 
compromise among these parameters. Taking in consideration 
each perspective, the most reasonable decision to make is to 
accept some reduction in accuracy, in favour of less computation 
effort. A decent compromise between simulation time and 
problem accuracy seems to be with a ground area of 15l x 15l. 

Table 1. RMSE for different ground areas of a l/4 monopole 
and their simulation times. 

Ground 
RMSE  

(j = 0º)[dB] 
RMSE  

(j= 45º)[dB] 
Nº of mesh 

cells 
Simulation 

time 
𝟏. 𝟓l𝐱𝟏.𝟓l 3.92 3.95 77,372 1m 51s 
𝟓l× 𝟓l 2.91 2.35 388,700 8m 7s 
𝟏𝟓l× 𝟏𝟓l 1.64 1.68 2,658,800 1h 0m 36s 
𝟐𝟓l× 𝟐𝟓l 1.49 1.32 6,957,500 2h 52m 1s 
𝟒𝟎l× 𝟒𝟎l 1.50 1.02 17,248,988 9h 6m 20s 

 

IV. RESULTS’ ANALYSIS 

A. Reference scenario 

The on-board radios are the mobile stations present in trains 
that allow wireless communications. Typically, every train 
possesses a rooftop antenna in each extremity that is connected 
with low loss cables to the on-board radios. Generally, the train 
rooftop is a rectangular metallic structure with a specific width 
and length at a certain height from the ground. For this work the 
following trains’ dimensions were considered: height of 4 m, 
carriage length of 18 m and width of 3.5 m [9]. 

Since the BS must be installed periodically along the track, 
the reference scenario may be simplified to a straight railway 
track with the BSs positioning at equal distance interval and 
parallel to the railway, however, the main focus of antennas’ 
analysis are the two different perspectives between the train 
rooftop antenna and the BSs, Figure 3.  

 
Figure 3. Both perspectives of an antenna on the top of a train. 

The elevation plane provides the information about the 
elevation angle (θ) between the train antenna and the BS. This 
means that with q=0º the train antenna is passing by the BS 
antenna and for q=90º both antennas have the same height due 
to the region topology. With the azimuth plane, it is possible to 
comprehend the relation between the antenna’s direction 
through the angle φ, for example when φ = 	0°	 ⋎ 	φ = ±180° 
the BS is located exactly at the right or left side of the train, and 
when φ = 	90° the BS antenna is located at the same direction 
of the movement of the train. With these two parameters, it is 
given the opportunity to identify the most significant 
performance parameters as the main lobe direction. In the 
particular case of GSM-R, one has to the possibility of, not only, 
having a link between the most adjacent BS and the train 
antenna, but also, having the train antenna receiving signals 
from distant BSs due to the higher range of lower frequencies. 

B. Curved ground 
Firstly, to analyse how the antenna performance may change 

when the ground is modified from flat to curved, a simplistic 3D 
model was created, in CST, considering a segment of real 
dimensions of a standard train. To reduce the problem 
dimensions and the simulation time, the structure was reduced 
to a width of 3.5 m, a length of 4 m and a height of 0.6 m. 

The first simulation concerned the 900 MHz working 
frequency. In Table 2, one compares the antenna performance 
between the flat and curved grounds. As explained before, the 
flat ground performance is equal at j=0º and j=90º due to 
geometrical reasons, which does not happen for the curved 
surface. One observes a clear decrease of 2.77 dB for the side 
view (j=0º), along with a large HPBW value, due to the roof 
curvature morphology that provides a dispersion of the 
electromagnetic waves. This effect may not be considered a 
problem, but rather an advantage, depending on system 
requirements. The HPBW has more than twice the value of the 
flat ground case, meaning that the values of q between 49.5º and 
96.5º have a gain higher than 0.93 dBi. Therefore, one detects a 
compromise concerning the gain and the main lobe width. With 
an inclusion of curvature in the monopole ground, its gain 
magnitude drops in favour of losing the strong omnidirectional 
characteristics. For j=90º the ground is flat, hence, the gap 
between the performance of these tested surfaces is much less 
significant. To have a better understanding of what was 
explained before, the 2D monopole performance with flat and 
curved ground concerning the angles of q and j is presented, 
respectively, in Figure 4 and Figure 5. 



Table 2. Comparison between flat and curved ground 
performance at 900 MHz. 

Ground Gain[dBi] Direction (q [º]) HPBW[º] SLL [dB] 

Flat j=0º 6.70 73 17.6 -3.5 

 
Curved 

j=0º 3.93 73 47.0 -18.4 

j=90º 5.46 71 24.0 -2.8 
 

 
Figure 4. Farfield performance of a flat ground for a l/4 

monopole at 900 MHz. 

 
Figure 5. Farfield performance of a curved ground for a l/4 

monopole at 900 MHz. 

For the exact same scenario, but using different monopole 
dimensions to study the effects on LTE-R working at 2.6 GHz. 
The gap between the gains, regarding the case of j=0º, starts to 
decrease, however the antenna’s radiation pattern remains 
affected by these structure. The main lobe direction increases 6º 
more than in the flat case, providing a better reception for lower 
angle situations. From the system viewpoint, this is not a 
particularly critical event, since for j=0º or j=180º the BS is 
very close to the train and an exciting result would be having 
good gain values for 15º <q< 80º, an issue that is not a priority, 
because for these distance there are a low attenuation and 
interference, leading to a steady signal between terminals, as 
already mentioned before. More important is the performance 
for j=90º (front-view) or j =270º (back-view) and θ ∈
	[60°	; 90°[, since that, in most of the cases, the angles between 
the on-board terminal and the on-track terminal, regarding this 
thesis formulation, are in φ ∈ 	[60°; 120°] , and for φ ∈
	[240°; 300°]  it is considered small variations regarding the 
travel direction of the train. For j = 90º, the same compromise 
explained before for the 900 MHz exists between a stronger 
linear omnidirectional characteristic for the flat ground instead 
of the curved ground where the main lobe gain is weaker but 
with a larger HPBW. In other words, for the flat ground, a gain 
higher than 3.63 dBi is provided for an interval of θ ∈
	[64.2°; 81.9°] and with the curved ground one gets a gain larger 
than 2.3 dBi for θ ∈	 [50.9°; 79.2°]. 

For the last system under study, BBRS, the antenna 
behaviour is similar to the performance shown in LTE-R, as 
expected. The working frequencies are increasing, and the 

wavelengths are decreasing, hence the problem boundaries are 
likewise decreasing, not covering the extremities where the 
curvature is more evident. Nevertheless, with the wavelength 
reduction, the sensitivity to the ground curvature is much higher. 
It must be mentioned the fact that, the explanation done before 
regarding the most important angles starts to be a bit different 
when the working frequency increases due to higher propagation 
losses, which leads to smaller cells (more BSs) and some 
changes regarding the problem geometry. Usually, for 
frequencies such as 5.9 GHz the BSs are positioned with lower 
masts, reducing interference problems. Therefore, geometrically 
speaking, the most important angles under study are similar to 
the other systems, since the distance between BSs is reduced , as 
well as their height. 

C. Realistic environment 
In this section, a thorough analysis is done to determine the 

effect on antennas’ performance from the presence of an obstacle 
in a nearby region. As noted before, usually, these obstacles are 
HVAC units with a significant size that will lead to a direct 
impact on antennas. There are numerous types of HVAC units 
with different dimensions, however, it was considered reasonable 
to take a maximum height of 45 cm and, to perceive how the 
antennas’ performance responds in the presence of a less relevant 
obstacle, a minimum height of 25 cm. Regarding the width and 
length of these units it is considered the dimensions of 1.4 m and 
1.5 m, respectively. The parameters to be modified in this 
analysis were the obstacle height regarding the antenna 
installation plane and the longitudinal length between the antenna 
and the obstacle, as presented in Figure 6. Regarding the problem 
formulation, one has analysed three different perspectives in the 
azimuth plane: j=0º (lateral view), j=90º (HVAC obstruction) 
and j=270º (without any obstruction type). 

 
Figure 6. Physical parameters to consider in the simulations. 

1) GSM-R 

For the first study, CST was ran 12 times within 6 different 
distances between the antenna and the HVAC (0.5, 1, 1.5, 2 , 2.5, 
3 and 3.5 m) for 2 HVAC heights (25 and 45 cm). One also ran a 
simulation without the presence of any structure at the top of the 
train to use as a reference performance. The results of these 
simulations are available in Annex E.1, where one presents the 
2D monopole performance for each set of specifications. 

For j=0º, the antenna performance does not deviate much 
from the reference scenario. A maximum gain of 6.76 dBi when 
the HVAC has the highest height, and it is in the nearest position 
to the antenna, that one observes a maximum disparity of 1.18 
dBi from the reference (5.58 dBi). For the HVAC with 25 cm of 



height, the maximum gain is also for the nearest position between 
the antenna and this structure, and then the gain has a slight 
reduction. After 2 m of distance, the gain reaches an approximate 
steady value below the reference. Despite the small variation of 
the gain, the existence of values higher than the reference, near 
to the HVAC, are due to reflections effects on the structure. Still 
for the same perspective, lateral view, it is equally important to 
analyse the elevation direction of the main lobe with the presence 
of obstructions, via the analysis of angle q. For j=0º, the main 
lobe elevation has a maximum variation of 6º, which is not 
significant, since the closest BSs usually are located at j=90º 
(train’s front) and j=270º (train’s back). However, for some 
cases GSM-R antennas may connect with other parallel BSs at 
greater distances due to the railways deployment, and for these 
cases a variation of 6º at larger distance may be critical. 

The direction where the HVAC unit is located is for j=90º. 
For this reason, it is the perspective where there are more critical 
variations in the output parameters to be investigated, which must 
be analysed more thoroughly. Regarding the antenna’s gain, 
Figure 7, in the closest region to the HVAC unit, the antenna 
shows a vast distortion and a drastic reduction in the primary lobe 
gain. The highest obstruction, for the HVAC with 45 cm of 
height, leads to a gain of -3.24 dBi, with a difference of -9.76 dBi 
compared to the 6.52 dBi of the reference scenario. In a general 
way, the HVAC with 25 cm has a lower impact on the antenna 
gain, Figure 7. Nevertheless, in its worst-case scenario, for a 
distance of 0.5 m, it exhibits a negative gain of -0.29 dBi, which 
means a difference of -6.81 dBi to the reference. The simulations 
with a distance of 2.5 m show a higher gain for “HVAC = 45 cm” 
which is illogical. However, it is a disparity of 0.82 dBi between 
the two cases under study, which may be justified through the 
minor lobes behaviour that interfere in the main lobe 
performance. According to the behaviour of both HVAC heights, 
it is reasonable to say that there is a convergence to a constant 
gain of 5 dBi, near to the reference gain, and that the variation of 
the gains is negligible for a distance over 1.5 m. 

 
Figure 7. Antennas’ gain with the for j=90º at 900 MHz. 

The main lobe direction will also suffer significant variations. 
One expects worse results for the “HVAC=45 cm” situation, that 
is, q angles are much smaller than usual (reference of 70º), and, 
in fact, it happens for almost all distances, Figure 8. The only 
case where it does not occur is for the nearest position, 0.5 m, 
which presents an unacceptable outcome of -3.24 dBi for the 
primary lobe gain, so it does not need to be investigate more 
thoroughly. On average, HPBW values are around 25º, and 
taking a safety margin, one can consider as an acceptable 
performance angles that do not have a difference greater than 10º 
compared with the reference. On the one hand, for the obstacle 

with 25 cm of height, the main lobe elevation angles starts to be 
satisfactory at the distance of 1.5 m, and on the other hand, the 
45 cm case only begins to have suitable results for distances 
larger than 2 m. 

 
Figure 8. Main lobe direction for j=90º at 900 MHz. 

At last, one has analysed the case for no obstruction, j=270º. 
It would be expected that results are very close to the reference, 
since there are no obstacles in this viewpoint, as it happens in the 
reference scenario, nevertheless, the results show an average gain 
higher than the reference one (6.52 dBi), reaching a maximum of 
8.48 dBi for “HVAC=45 cm” and 8.29 dBi for “HVAC=25 cm”. 
These outcomes occur because, added to the fact that there is a 
clear view for j=270º, there is the HVAC unit in the opposite 
direction, which provides an extra area to reflect the EM signal, 
providing an additional gain. In fact, performing a more detailed 
analysis based on the 2D results, there is a higher gain for both 
situations for a distance of 0.5 m. For “HVAC=25 cm” the 
maximum gain is 10.8 dBi and for “HVAC=45 cm” it reaches 
11.6 dBi. For example, in the case of “HVAC=25 cm” at 0.5 m, 
the main lobe has two different directions (j=240º and j=300º), 
and that is the reason for having a gain lower than the reference 
for j=270º. Since these simulations were ran in an ideal 
environment where structures are a PEC material, without losses, 
the results will always have a mathematical balance between 
them. Hence, results are coherent with expectations, tending to 
stabilise above the reference, near to 7.5 dBi, compensating the 
values below the reference for the other two cases. 

2) LTE-R 

It is also interesting to analyse the problem of potential systems 
to use in the future, like LTE- R. Although this system is not yet 
fully standardised, there are already several companies 
considering the best approach to implement LTE-R, aiming at 
high-speed networks, wholly dedicated to railways usage, 
opening a new world of opportunities for the creation of smart 
trains. The key goal is to migrate the current system, GSM-R, to 
LTE-R, which will be responsible for all operations currently 
being done at GSM-R, such as voice and data for train control 
and safety operations, and offer more services like on-board 
video surveillance and passenger infotainment services. It is 
reasonable to assume as having the 2.6 GHz l/4 monopole as a 
decent approximation to a real antenna. 

Firstly, the results for j=0º are investigated. The results 
suggest a perform very close to the reference without significant 
variations, less than 1 dBi from the reference of 6.63 dBi. In the 
beginning, the gain is above the reference due to the reflection 
on the HVAC unit and then, when the distance increases, the 
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reflections have less weight justifying the gain reduction, but in 
a smoother way. As expected the “HVAC=45 cm” shows more 
significant variations, since the provided reflected area is more 
extensive. Since q=90º corresponds to the maximum value 
possible, representing the circumstance when the on-board 
antenna and the on-track antenna are at the same elevation level, 
regarding lobe direction at this particular viewpoint, it is 
foreseeable to have a direction similar to the reference, q=73º. 
For this perspective, there are no substantial deviations, and the 
obstacle presence does not show interference with this 
parameter for j=0º. The analysis reveals an identical 
performance for both HVAC heights, within a minor difference 
of 3º above the reference scenario, and this means a lobe slightly 
closest to the installation plane. 

Towards the HVAC unit direction, at j=90º, one sees much 
more significant variations, meeting the behaviour already seen 
in GSM-R. In Figure 9, one may see that for the “HVAC=25 cm” 
case, a minimal gain of 1.69 dBi at 0.5 m is reached, and from 
then on the gain improves until it reaches a saturation level 
around 5.25 dBi. As the obstruction height increases, results 
behave in a similar way, notwithstanding the fact that, when near 
to the HVAC, there is much more evident losses, at -1.44 dBi. 
After this, the performance, continuously, improves until it 
reaches a stability point around 5.50 dBi. Regarding the HVAC 
with 25 cm, ahead from the distance of 1 m gain variations are 
no longer relevant. For the other situation, the “safety” distance 
is reached at 1.5 m. Both cases will have losses around -1.5 dB 
regarding the reference value of 6.63 dBi, for the distances 
considered. 

 
Figure 9. Antennas’ gain for j=90º at 2.6 GHz. 

Then, the main lobe elevation for j=90º is investigated. As 
before, concerning the gain, the higher HVAC structure has a 
more significant influence on the main lobe elevation and, for 
that reason, q outcomes are always below the smaller HVAC. For 
the “HVAC = 25 cm”, the main lobe direction starts to be 
adjoining to the reference of 73º from the distance of 1 m. Still 
as, in the previous situation, when the l/4 monopole is standing 
at a distance of 2.5 m, it appears that the q performance is even 
better than without any obstacle due to some constructive and 
destructive wave interference leading to q=76º. The analysis is 
further taken through the evaluation 2D results, which reveals the 
appearance of a secondary lobe with only an SLL of -1.9 dB, at 
q=65º. The existence of this second lobe is influencing the 
primary lobe elevation, and this is the reason for having an 
elevation performance slightly better than the case without any 
blockage. For the “HVAC = 45 cm” case, a performance with 
acceptable angles starts to emerge at the distance of 1.5 m. These 

decisions were based on the same assumptions explained for the 
GSM-R, taking the average values of HPBWs of 20º, accepting 
angles that do not have a difference larger than 10º compared 
with the reference. 

The last perspective to consider is the opposite side to the HVAC 
unit, for j=270º. Firstly, one analysed how the main lobe gain 
behaves. Contrary to what happened in GSM-R, there are not 
unexpected behaviour. For each simulation, a gain larger than 
the reference of 6.63 dBi is achieved, reaching higher marks in 
the “HVAC = 45 cm”, since it has the advantage of owning a 
greater area to reflect the EM signal. Even though the graphs do 
not display an apparent steadiness, it may be reasonable to 
assume a trend for a gain higher than the reference, roughly, at 
8 dBi. Secondly, one evaluated the lobes directions, regarding 
the elevation plane. For the HVAC with 25 cm height, there is a 
consistent performance amongst the reference elevation of 73º. 
For the other setting, with a height of 45 cm, angle q appears to 
diverge from the reference. One observes the presence of several 
lobes that will push the q direction to higher values. 
Nevertheless, the SLL is -1.2 dB at 71º, below the reference 
level, and there is even another lobe between the main and the 
secondary one with 6.51 dBi, at 76º. Everything suggests that 
the performance does not deviate too much from the reference. 

3) BBRS 

BBRS is a communication system built to deliver improved 
services, demanding higher data rates and capacity. Therefore, 
this system is the one that has the higher working frequency 
from all systems analysed in this thesis. In terms of cellular 
planning, several aspects should be considered, namely, the 
physical limitations of signal propagation when using higher 
frequencies. The higher the frequency, the higher the signal 
attenuation, which forces the maximum distance between 
terminals to be reduced, for these reasons, antennas with more 
directional characteristics may be used to struggle with these 
losses. 

One has considered a different environment from the previous 
other two systems. The antennas performance was analysed 
based on the specific case of the “AZUR metro cars” project 
used by the Sociéte de Transport de Montréal (stm) [10]. In this 
subway scenario, the used antennas are the Sencityâ Spot-S 
WiFi that has unidirectional features, which have a similar 
performance to a 2-by-2 rectangular microstrip patch array 
designed to work at 5.9 GHz, being this the used terminal to ran 
simulations. 

Firstly, one performed a study concerning the depth and 
height available to install the antenna. Then, after 
acknowledging the optimal position to mount this particular 
terminal, the analysis addresses the real scenario, installing two 
microstrip patches separated with more than 1 m (»20 l) and 
considering a minimum distance of 0.5 m between each antenna 
and their respective extremity. Figure 10 clarifies the six 
different simulations that were carried out, where one varied 
three different depths at which the antenna is from the front of 
the train (0, 100 and 200 mm), for the maximum and minimum 
achievable heights (Position 1 and 2), recognising the 100 mm 
of antenna’s height and the available space of 150 mm. 
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Figure 10. Physical parameters regarding the BBRS antenna 

(Train’s front view). 

Before beginning a detailed analysis of the simulation 
results, the surrounding environment must be understood so that 
one knows the optimal location to achieve. For this particular 
scenario, the on-track antennas are placed in the tunnel’s ceiling. 
Therefore, the vertical distance between the terminal is minimal, 
around 1 or 2 m, and the horizontal distance has a maximum of 
1 km. Through a simple trigonometric logic, this means an 
irrelevant elevation smaller than 1º regarding the on-board and 
the on-track antennas, which translates to this work’s 
perspective as an elevation of q » 90º. However, there are always 
additional factors that can influence elevation or horizontal 
direction between the terminals, such as, the ground height 
variations or path curvatures. Since railways are not allowed to 
have severe curves due to safety issues, the HPBW of 40º is 
more than enough to have a suitable continuous gain between 14 
dBi and 11 dBi. For ground variations, a margin of ±5º is 
satisfactory, which is contained on the HPWB of 35º. 

As expected, the metro structure has an impact in the 
elevation gain direction. The reference value is 86º, which is 
almost the same as the “0 mm” case with q=87º. For 
“Position 1”, when one introduces 100 mm or 200 mm into the 
subway structure, this value converges to a more desirable 
performance (q = 89º). For “Position 2”, the behaviour is slightly 
different. The q angle tends to decrease, which means an 
increase on the main love elevation due to the antenna being 
quite close to the PEC structure below. On the one hand, this 
behaviour must be avoided since the microstrip patch array starts 
to diverge from the best case scenario; on the another hand, one 
observes improvements for the gain due to the reflections in the 
structure of the metro. 

In conclusion, one sees that, according to the available 
boundaries to mount the antennas, no critical results are 
exceeding the threshold values that are acceptable for the gains 
of these on-board terminals. This means that all analysed 
positions do not have problems regarding the connection 
between terminals due to low gain provided by on-board 
antennas. However, some future complications may be avoided 
if one takes these results into consideration. 

The last stage is to analyse what happens to antennas’ 
performance when one uses spatial diversity. For that, one added 
a new port with an identical 2-by-2 rectangular microstrip patch 
array, and the two terminals were spaced by greatest length 
possible, 2 m, which is, proximally, 40 l. This means the signals 
received from each antenna are uncorrelated and improvements 

of spatial diversity will be reached. Nevertheless, this maximum 
distance between on-board terminals brings others physical 
parameters to be aware of. For this particular scenario, the 
critical concern is the lateral limits of the subway. Figure 11 
presents a sight of what happens in this case. As it might be 
easily understandable, the main concern is not the elevation 
direction (q), already analysed in the last study, but the main 
lobe horizontal direction (j), which might suffer some distortion 
or deviation for the lobe direction due to the reflections on the 
lateral PEC structure. For the BBRS antenna working frequency 
of 5.9 GHz, a distance of 0.5 m means, approximately, 10l, 
hence the differences in their performance are not substantial. 
On the one hand, the reference has a maximum gain of 14 dBi 
with its direction at j = 90º, a HPBW of 30.8º and a SLL of -11 
dB. On the other hand, when the antenna is shifted to the left, it 
has a maximum gain of 13.9 dBi, also, at j = 90º, a HPBW of 
31.8º and a SLL of -11.5 dB. Since that these results are very 
similar, an exhaustive analysis does not provide extra 
knowledge, however it is always a good practise to support the 
performance with exact methods, and with that purpose one 
calculated the associated RMSE between the main lobes’ 
performance of each case, which is 0.12 dBi. With these results, 
one concludes that there is no problem to mount these antennas 
at the maximum distance allowed from the metro’s lateral 
structure (0.5 m) in order to benefit from the spatial diversity 
implemented in this system. 

 
Figure 11. BBRS antenna 3D farfield performance for each case. 

V. CONCLUSIONS 
The main purpose of this thesis was to evaluate the influence 

of the surrounding railways’ environments in the performance of 
the antennas for mobile communications systems in trains that 
are in usage nowadays, and for the ones that are seen as the future 
of railway communication systems that are already implemented 
in some contemporary networks. To achieve this objective, a 
general model was developed to respect all the physical 
restrictions of the scenarios and several simulations were 
executed with the support an EM software tool, CST, evaluating 
the impact of different structures present on the rooftop of trains. 
The outcome from these simulations allows to perform a 
thorough analysis about the effect of curve rooftops or pure 
obstructions due to air-conditioning units, as well as the presence 
of the boundaries of the train structures in a subway environment 
with directional antennas. 

Concerning the boundaries to guarantee a proper compromise 
between the results' accuracy (mesh density) and the simulation 
time, a study was made varying the squared ground area where 
the monopole is mounted. The areas under analysis are controlled 
by the wavelength associated to its working frequency 
(900 MHz), so that it is possible to relate to the areas of the others 
systems under evaluation. Thus, the monopole was simulated for 



1.5lx1.5l, and 5lx5l, 15lx15l, 25lx25l, 40lx40l. For 
geometrical reasons, it is only necessary to study two horizontal 
perspectives (j = 0º and j = 45º). The analysis is done through 
the evaluation of the behaviour of gains, HPBWs, SLLs, number 
of meshcells, RMSEs and their simulation times. The decision 
taken to have a good compromise between simulation time and 
problem accuracy was a ground area of 15lx 15l, which takes 1 
hours and 36 seconds to run, and has an average error of 1.19 dB 
for j = 0º and 1.68 dB for j = 45º. 

Thereafter, a study towards the understanding of how 
antennas’ performance change when the ground where the 
monopoles are implemented changes from a flat surface to a 
curved one. Firstly, one created from scratch a 3D model of a 
curve surface to replicate a curve rooftop of a standard train with 
a width of 3.5 m, a length of 4 m and a height of 0.6 m. For each 
system under study, one considered as the reference performance 
the flat ground cases with an area of 15l x 15l, and one examined 
two critical horizontal perspectives: j = 0º and j = 90º. For 
900 MHz and 2.6 GHz, there is a compromise between the gains 
and the HPBWs where it is present the curvature. Comparing the 
results of the flat and curve grounds, what happens is a gain 
deterioration in favour of a higher HPBW angle. In other words, 
the strong linear omnidirectional characteristics of the flat ground 
case are lost, and a main lobe with less gain but with a larger 
HPBW for elevation viewpoint is reached. For the LTE-R and 
BBRS cases, the same compromise happens although with less 
impact.  

In the last section, one implemented the antennas in a realistic 
environment regarding a standard train carriage and examined 
the effects on the antennas’ performance due to the presence of 
obstacles such as HVAC units for GSM-R and LTE-R. After that, 
one also executed a study regarding a particular case of a metro 
using the BBRS antennas with spatial diversity. 

Regarding GSM-R, one ran 13 different simulations changing 
the antenna distance from the obstacle (for 0.5 m, 1 m, 1.5 m, 2 
m, 2.5 m, 3 m and 3.5 m) and the HVAC unit height (for 25 cm 
and 45 cm). Besides these cases, one also simulated a specific 
situation where the train does not have any obstacle at the train 
rooftop to have the reference performance scenario. Results were 
evaluated for three horizontal directions: j=0º (right side of the 
train which have the same results of the left side, j=180º), j=90º 
(where the obstacle was fixed hence it is the most important 
view) and j=270º (opposite direction to the obstacle). For each 
azimuth direction two aspects were analysed: the main lobe gain 
and elevation angle (q). From the analysis made, the results 
obtained considering the three directions, and taking into account 
the fact the obstruction direction outcome (j=90º) has more 
weight, one recommends a “safety” distance of 1.5 m between 
the terminal and the obstacle with 25 cm of height, and a 2 m 
distance for a structure with 45 cm of height. Even thought, 
complying with these distances to mount the terminals, it will be 
possible to have losses around -4 dB. 

For LTE-R, a similar analysis was performed taking into 
account the same azimuth directions. Considering all simulations 
made for this system, it is recommended to install the LTE- R 
antenna at a “safety” distance of 1 m from the HVAC unit with 
25 cm of height or an obstruction with similar characteristics, and 
for obstacles with an height 45 cm, it is advised to mount the 
terminal with 1.5 m of distance from the obstruction due to 
results of the main lobe elevation performance. 

For BBRS, another approach was taken. The study was based 
on a particular metro project for a subway scenario. The terminal 
is mounted on the metro’s front with some restrictions regarding 
the available space to install the antenna. Then, one performed an 
analysis with the terminal positioned in the middle of the train, 
regarding the train’s width, only changing the maximum and 
minimum position of the antenna height (“Position 1” and 
“Position 2”), and varying the depth where the antenna is 
installed (0 mm, 100 mm and 200 mm). Even it performance 
differences are small, the best position possible is “Position 1” 
with a depth of 100 mm, which provides a gain of 14 dBi with an 
elevation of 89º. The next step was to analyse if there are 
complications when spatial diversity is used, since it implies a 
lateral swift of the terminal under analysis to apply more 
antennas. With this goal, one simulated the critical case regarding 
the train’s physical restrictions. The minimum distance allowed 
between the antenna and the train’s lateral side is of 0.5 m, and 
simulation results show that for this restriction the main lobe 
performance is almost equal to the reference case, which was 
considered as the terminal at the middle of the train’s width with 
the best performance. The RMSE between the two main lobe is 
0.33 dB for the azimuth perspective, proving that the main lobe 
direction is not problematic and the spatial diversity can be 
implemented without future complications concerning the 
physical train limitations to mount the antennas. 
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