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ABSTRACT 
 

This project aims to analyze the design of a high-frequency communication network for 
smart railways in order to improve the current rail communication system. 
Communications in the railway environment are difficult to analyze because trains cross 
different areas, such as urban areas, rural areas, tunnels, etc., also the high speed makes 
the analysis and design even more difficult.  

As mentioned previously, this project attempts to design a communication network in a 
realistic railway environment based on a study of different systems, including GSM-R 
(Global System for Mobile communication in Railway), LTE-R (Long Term Evolution 
in Railway), LTE A-R (Long Term Evolution Advanced in Railway), and the future 5G 
(Fifth Generation). Different issues such as mobility, coverage, interference of signals, 
data rate are key parameters to consider in these systems.  

The communication in this environment can be intra-train, inter-train, or train-track. This 
project focuses on intra-train high capacity communication. It is concluded that an ideal 
communication network in trains will be a heterogeneous network, which combines 
different technologies, and cooperatively provides services to end users. A solution 
proposed is using SCN-R (Smart Collaborative Networking in Railway) to get a flexible 
network.  

The behavior of intra-train signals propagation is also analyzed in railway environment 
by using simulation in Matlab. Firstly, it is concluded that any objects inside the train 
cause multipath. Therefore, the delay of transmitted signals depends on the location of 
the receiver and train car’s characteristic: windows, seats, and car size. Secondly, when 
working at high frequencies such as mmWave (millimeter Wave), it is necessary to have 
a direct line of sight between the transmitter and the receiver, since the objects found in 
the middle of the path attenuate more with higher frequency. Thirdly, the material of the 
object is also an important factor since some materials have more capacity to absorb 
energy than others. Finally, as the trains are usually constructed with well-isolated 
materials, which can cause high VPL (Vehicular Path Loss), some technologies are 
studied in this project to compensate the loss of energy, such as repeaters, dedicated 
macro eNB (evolved Node B) with directive antennas, WiFi (Wireless Fidelity) based on 
the standard IEEE 820.11 or MRN (Moving Relay Node). 
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RESUMEN 
 

Este Proyecto se trata de analizar el diseño de una red de comunicación inteligente de alta 
frecuencia para ferrocarriles, basándose en un cuidadoso estudio de las distintas 
tecnologías.  

Los entornos ferrocarriles son complicados de analizar, ya que el tren cruza distintos tipos 
de terrenos, tales como áreas rurales, áreas urbanas, o túneles. La alta velocidad de trenes 
dificulta aún más el análisis. Los sistemas GSM-R (Global System for Mobile 
communication in Railway), LTE-R (Long Term Evolution in Railway), LTE A-R (Long 
Term Evolution Advanced in Railway), y el futuro 5G (Fifth Generation) son objetivos 
de estudio en este proyecto, centrándose en parámetros como la movilidad, la cobertura, 
la posible interferencia de señales, la velocidad de transmisión de datos, así como la 
capacidad, etc.  

La comunicación en entorno ferroviario se puede distinguir en tres tipos: inter-tren, intra-
tren, o tren-pista. En el presente proyecto se centra en el análisis de comunicación intra-
tren de alta capacidad. Se concluye que una red de comunicación ideal es una red 
heterogénea donde se combinan distintas tecnologías para ofrecer un servicio cooperativo 
a los usuarios finales. Una solución propuesta es SCN-R (Smart Collaborative 
Networking in Railway), mediante la cual hace mejor uso de los recursos de la red 
existente. 

El comportamiento de la propagación de señales dentro del tren está analizado en el 
presente proyecto mediante la simulación en Matlab, basándose en un algoritmo de 
trazado de rayos. Por un lado, se concluye que cualquier objeto que se encuentra dentro 
del tren causa multitrayecto. Por lo tanto, el retardo de transmisión y recepción de señales 
depende de la ubicación de los receptores y transmisores, también de las características 
de los trenes, tales como dimensiones, sillas, ventanas, etc. Por otro lado, al trabajar en 
altas frecuencias, como el caso de ondas milimétricas, es necesario tener una visión 
directa entre el transmisor y el receptor, puesto que los objetos que se encuentran en el 
medio podrían causar altas atenuaciones con el incremento de frecuencia. El tipo de 
materiales de los objetos también es un factor importante, ya que depende del material, 
uno puede absorber más energía que otro. Como los trenes suelen construirse con 
materiales bien aislados, los cuales causan alta VPL (Vehicular Path Loss), en este 
proyecto se estudia las posibles tecnologías para compensar esta pérdida, entre ellos: 
repetidores, dedicados macro eNB (evolved Node B) con antenas directivas, WiFi 
(Wireless Fidelity) del estándar IEEE 820.11 o MRN (Moving Relay Node). 
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CHAPTER 1 
 

INTRODUCTION 

 

Nowadays, the high-speed railways constitute an indispensable transport. A relevant case 
is China, in 2017, passenger flow is 1.5 billion, considering that the population of this 
country is 1,39 billion [1]. To satisfy the large demand, it leads to an improvement of the 
communication system in intelligent railways. According to authors in [2], "The concept 
of intelligent railway includes the advanced automation systems, the continuous 
monitoring of the railway rolling stock in terms of all locomotives and wagons, the self-
explanatory visual and acoustic passenger information service both on board and at the 
station. The selection of the location of the station and the design of station buildings is 
also an important part of the intelligent systems. A system can include any theories, tools 
or developments that aim to implement an intelligent rail system".  

Telecommunications on board trains are based on the GSM-R systems, and there are no 
telecommunications for passengers, which cause many inconveniences during the travel 
on trains. According to the report of MWC (Mobile World Congress) celebrated in 2018, 
the number of mobile phone users reached 5 billion at the end of 2017, which means a 
penetration rate of 66%. People need to connect to the internet everywhere to access 
social networks, mobile-commerce, or for work purpose, etc. As result, there is a high 
demand of Internet for passengers inside of trains to fulfill their needs. 

On the other hand, the combination of 4G, future 5G, and satellite communication will 
allow a broad development of mobile communication system for passengers. For this 
purpose, it is necessary to model and analyze the propagation inside of trains.  

 

1.1. OBJECTIVES 

 

In the railway field, Internet connection technologies based on satellite communications, 
LTE (Long Term Evolution) / GSM (Global System for Mobile communication) and 
WiMAX (Worldwide Interoperability for Microwave Access) are currently used [3], but 
the quality and the capacity of communications in this environment are limited because 
of factors such as interferences, railway conditions, and the train speed. The main purpose 
of this project is to analyze the design of communication networks for railway 
environments based on a careful study of the different technologies, and subsequently to 
employ appropriate solutions for this environment.     
  

1
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1.2. STRUCTURE 

 

The structure will be organized in the following manner: firstly, a description of how the 
current rail communication system works to locate the reader about the environment in 
which this project is developed, specifically, GSM-R (Global System for Mobile 
communication in Railway). Secondly, it will explain the new technologies that will be 
used for the design of a more efficient communication network based on LTE and the 
future 5G. Thirdly place, focus on the intra- train communication, different technologies 
will be analyzed. Next, based on the theory of ray tracing with which the program is 
developed for the simulation, propagation of signals inside the wagon in various 
conditions will be analyzed. Finally, simulation results and the comparison between 
different cases will be presented. 
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CHAPTER 2 
 

MOBILE COMMUNICATION IN RAILWAY 

 

In the earlier time, the trains communicated through an analog radio system. Later, thanks 
to the availability of digital technology, the GSM-R system was invented to regulate the 
traffic between the different European countries. Currently, this is the most used 
technology in the world, which can allow voice and data communication between the 
track and the train. However, this technology presents some drawbacks, such as poor 
capacity, data rate, etc. Thus, arises the need to develop new systems based on LTE, LTE-
A, and even the future 5G. Next, a detailed description of each system is presented in the 
following. 

 

2.1 GSM-R SYSTEM DESCRIPTION 

 

GSM-R forms one of the main components of the ERTMS (European Rail Traffic 
Management System) project, with ETCS (European Train Control System), which is an 
automatic train protection system (ATP) to ensure safe and efficient train movement [4]. 
The system ERTMS is a unique train control system aimed to replace the operation 
incompatibility through Europe, it brings advantages in terms of maintenance costs 
saving, safety, reliability, punctuality and traffic capacity. 

The basic network architecture of GSM-R consists in the installation of various base 
transceiver stations (BTS) along the railway tracks, normally in each 7-15km. A base 
station controller (BSC) takes control of BTSs. The core network switch subsystem is 
formed by GPRS Supporting Nodes (GSN), mobile switch centers (MSCs), home 
location registers (HLRs) to store users' information, and group call register (GCRs) to 
store information about group calls, their configuration and users involved [5].  Figure 4 
shows the scheme of GSM-R architecture network. 

Typically, for reliability purpose, a redundant architecture is introduced in the GSM-R 
system. There are five models of redundant networks [6]: 

 

●! Intercross base station redundant network, which is formed by a redundant base 
station between two adjacent base stations in the pre-existing network, and it is 
subdivided in three types: 
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     1) single MSC, single BSC, intercross base station redundant network. The model is 
shown in Figure 1. 

     2) single MSC, double BSCs, intercross base station redundant network. As shown in 
Figure 2. 

     3) double MSCs, double BSCs, intercross base station redundant network. As shown 
in Figure 3. 

 

Figure 1: Single MSC, single BSC, intercross base station redundant network. 

 

Figure 2: Single MSC, single BSC, intercross base station redundant network. 
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Figure 3: Double MSCs, double BSCs, intercross base station redundant network 

 

●! Co-sited base station redundant network, in which the backup BTS has same sites 
with the active BTS installed in the same room, and with same coverage. It is 
subdivided in two types: 

 
     4) single MSC, double BSCs, co-sited base station redundant network 

     5) double MSCs, double BSCs, co-sited base station redundant network 

 
Both redundant network has the same reliability, because one can be constructed by 
shifting the sites of BTSs from another network. 

 

GSM-R provides capacity for internal railway voice communication and ETCS signaling. 
For purposes of ETCS, the network needs to connect Radio Block Controller (RBC) and 
On-Board Units (OBUs) in trains. RBC aims to control the train movement through a 
fixed wired network. OBUs are ETCS elements located in every train locomotive 
connected over a mobile radio network. Both exchange messages each other to control 
trains (e.g. OBUs transmit messages to RBC to inform current location, RBC send its 
permission of circulation for a specific distance). In order to carry out the communication 
of these messages, sufficient channel capacity is required to offer ETC connectivity.  

 

However, GSM- R may not have satisfied with required ETCS connectivity in high 
concentration traffic areas such a main station. It can only maintain low data rate 
communications due to the low capacity as it shows in Table 1. Therefore, it will be 
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insufficient for the next-generation railway system in which each train has to connect 
continuously to RBC, and each RBC connection needs to constantly occupy a one-time 
slot, which causes high delay. As result, it is not suitable for the real-time application and 
emergency communication either, such as video supervision and real-time monitoring. 
Consequently, a new alternative technology is required for the safety-critical train 
operation, also a new revolution for passenger comfort is expected due to the poor QoS 
(Quality of Service) inside trains. 

 

Figure 4: Scheme of GSM-R architecture network 
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2.2. LTE-R  

 

GSM-R is predicted obsolescence by 2030, and the new generation is need by 2025 with 
5 years for migration. LTE-R is a likely candidate to replace GSM-R. This is a high-speed 
communication standard based on the LTE architecture, provides standardized 
interworking mechanics with GSM with can make the future migration process easier.  

 

Technolog
y 

Frequency Modulati
on 

Bandwidt
h 

Peak data 
rate, 
downlink / 

uplink 

Velocit
y 

Peak 
data 
rate, 
downli
nk/upli
nk 

Cell 
range 

GSM-R Uplink: 
876-
880MHz 

Downlink: 
921-925 
MHz 

GMSK 0.2MHz 172 Kbps Max. 

500km/
h 

172/172 
Kbps 

8 km 

LTE-R 

 

450MHz, 
800MHz, 
1.4MHz, 
1.8GHz 

QPSK/16
-QAM 

1.4-20MHz 50/10 
Mbps 

Max.  

500 
km/h 

50/10 
Mbps 

4 -12 
km 

Table 1: Specification of GSM-R, LTE-R 

Authors in [7]  have analyzed different systems, and indicates that LTE is an only system 
which can coexist with GSM-R. As shown in Table 1, it can work at 800MHz, is 
compatible with GSM-R. LTE-R presents many advantages such as higher bandwidth, 
higher data rate, and more variable coverage. However, the interference might be an issue 
when working on both systems. Figure 5 shows a model when LTE is interfering with 
GSM-R. The influence of interfered signal with the desired signal depends on the 
following parameters:  

●! The frequency separation ∆f between the desired signal and interfering signal 
●! The absolute level of the wanted signal 
●! The power difference ∆! between the desired signal and interfering signal  
●! The characteristic of the receiver.  
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Figure 5: Interference between LTE and GSM-R 

 

The report in [7] concluded that the interference from the LTE system to the GSM-R 
system can be avoided if the following conditions are fulfilled:  

•! Use of same sites for GSM-R and LTE with comparable antenna configurations to 
achieve similar levels for GSM-R and LTE along with the track.  

•! Use of transmit power control at the LTE UE (User Equipment) to minimize 
interference in the GSM-R uplink.  

•! Additional filtering at the LTE UE to attenuate LTE’s spurious emissions might be 
required. According to the definition of ITU [8] , the term spurious emission is defined 
as "Emission on a frequency, or frequencies, which are outside the necessary 
bandwidth and the level of which may be reduced without affecting the corresponding 
transmission of information. Spurious emissions include harmonic emissions, 
parasitic emissions, intermodulation products and frequency conversion products but 
exclude out-of-band emission". 

 

Train control system is the main aspect to guarantee the safety, authors in [9] demonstrate 
that LTE can provide ETC connectivity that fulfills the requirements concerning ETC 
data transfer delay (not exceed 0.5s) and ETCS data integrity (probabilities of packet loss, 
duplication, and corruption).  

To understand how the LTE-R works, an architecture is shown in Figure 6, which is 
constituted with access network and core network: 
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•! The access network of LTE-R is E-UTRAN (evolved-UMTS terrestrial radio 
access network), formed by only one network equipment which is evolved-
NodeB(eNodeB), without the BTS and BSC as in GSM-R architecture. The 
eNodeB is a network node which transmits or receives signals from a terminal in 
one or more cells. It works as radio interface of transmission and reception at the 
physical layer, including modulation and demodulation, channel coding and 
decoding. Comparing with GSM-R, as without BSC, it also has the function of 
radio resource control, wireless mobility management, and wireless interface 
protocol. The eNodeBs can be connected to network router directly without 
passing through immediate control nodes, such as the BSC in GSM-R [10]. 

•! The core network is the Evolved Packet Core (EPC), composed by management 
entity (MME), serving gateway(S-GW), and packet data network gateway (PDN 
GWs). EPC is an all-IP mobile core network that all services would be built on 
the PS (Packet Switch) domain, including voice services, while GSM-R combines 
PS domain and CS (Circuit Switch) domain. Home Subscriber System (HSS) is 
responsible for updating and storing the database containing all the user 
subscription information. IP Multimedia Subsystem (IMS) works as MSC in 
GSM-R core network, provides IP multimedia services and support efficient 
packet transmission [10]. 

Comparing with GSM-R, LTE-R has a flatter network architecture, which can improve 
data latency, and due to the simple deployment, the cost can be reduced. 

 

Figure 6: Scheme of LTE-R's architecture network 

$

$
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2.3. DESCRIPTION OF LTE-ADVANCED IN RAILWAY 

 

LTE-Advanced introduces new features comparing with LTE, such as carrier aggregation, 
coordinated multipoint processing (CoMP), particularly, relays, which carry out 
following advantages [11]: 

•!Extend the coverage, normally RS (Relay Station) is settled in the edge of the cell. 
•! Improve radio link quality mitigating interference to other users. 
•!Avoid network overloaded by installing in some hot spot area. 
•!Easy to deploy and to maintain because of smaller size against BS (Base Stations). 
 

Depending on the movement state of RN, it can be distinguished into two types: 

•!Fixed Relay Node, which is installed in a specific place used to extend the 
coverage. 
•!Moving Relay Node, which moves along with the UEs inside the carriage when 
the train moves. 

The architecture for supporting RNs is shown in Figure 7, comparing with LTE-R’s 
architecture, E-UTRAN includes RNs, which is used to expand DeNB’s serving area. In 
the handover situation, MRN needs to connect with new DeNB, and then the S-GW 
service and MRN’IP address changes due to DeNB embedded S-GW [12]. 

 

Figure 7: Overall E-UTRAN Architecture supporting RNs 

$

$
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2.4. DESCRIPTION OF 5G IN RAILWAY 

$

4G was designed basically to improve the capacity of the channel, data rates, transmission 
latency compared with 3G. 5G will give an evolution of mobile broadband and is the key 
component to convert the future digital world. New technologies such as mmWave 
(millimeter Wave), massive MIMO (Multiple-Input-Multiple-output), wireless 
communication to support M2M (Machine to Machine) and D2D (Device to Device), 
beamforming, small cell, etc. can lead to both architectural and component design 
changes. In the railway environment, it presents many advantages such as very high 
mobility, best wireless communication experience for passengers, real-time train control 
to ensure safety, etc. 

According to 5G Infrastructure PPP (Public Private Partnership), 5G faces main 
challenges to increasing wireless capacity 1000 times, saving 90% energy, perceive zero 
downtime, facilitate deployment of wireless communication links to connect over 7 
trillion wireless devices serving over 7 billion people [13]. 

5G will work in five scenarios for communications beyond 2020 that reflect specific 
challenges, Figure 8 shows a scheme of these scenarios [14]: 

 

Figure 8: The 5G scenarios  [14] 

 

●! "Amazingly fast": this allows success of cloud services and applications in which 
users need to exchange large data volumes, without any perceived waiting time. 
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●! "Great service in a crowd": this allows fast connections and continuously 
communication for end-users despite high traffic density. M2M and D2D services 
can applied in this environment. 

●! "Ubiquitous things communication"：with massive deployment of devices, it is 
important to meet a solution in terms of energy consumption, cost, transmission 
power, latency. 

●! "Best experience follows you": it is required to bring a best experience for end 
users on the move as for static users. In that context, it is essential to have a good 
management of mobility 

●! "Super real-time and reliable connections": it is necessary to design new 
application based on M2M(machine-to-machine) communications which enable 
functionalities for traffic safety, traffic efficiency, smart grid, e-health or efficient 
industrial communication, to reach that, it requires very high reliability and lower 
latency. 

 

As mentioned previously, to success 5G scenarios, one of the most prominent 
characteristic technology is millimeter wave (ranges between 30 GHz and 300 GHz), 
although sub-6 GHz is used too. As it works in very high frequency, the short wavelength 
can limit interference between adjacent cells, makes feasible to build multi-element 
beamforming antennas in order to concentrate signals into a focused beam. However, due 
to the high frequency, it can only achieve short distance and produce high propagation 
path loss. Therefore, in railway scenarios, the communication between the base stations 
to the train may has to work in frequency bands below 6 GHz, while higher frequency 
bands can be used inside the car for large bandwidth, combining techniques like Mobile 
Hotspot Network (MHN) based on mmWave, or its enhanced version [15], capable of 
providing wireless backhaul data rate of Gbps (Gigabit per second) for HSR (High Speed 
Railway) communication with very high mobility of up to 500 km/h. A system 
architecture of MHN/MHN-E is shown in Figure 9. This system basically is formed by 
two main components: 

-! MHN NodeB, made up by MHN digital units(mDUs) placed in the control center, 
and  MHN radio units(mRUs) deployed along railroad track transmitting sharp 
beams, both are interconnected via optical fiber.  

-! MHN vehicular equipment(mVE), which is mounted at top of the train, each mVe 
acts as single user connected to BS or mNB, and the mTE inside the train provides 
mobile Internet services to passengers' devices.  
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Figure 9: System architecture of MHN/MHN-E [15] 

Besides mmWave, Massive MIMO is also a key technology in 5G, which stands for 
Massive Multiple-Input-Multiple-Output. It reaps all the benefits of conventional MIMO 
in much greater scale, and it is formed by a few hundred antennas to serve terminals in 
the same time-frequency resource. Authors in [16] demonstrate different advantages by 
using massive MIMO, such as increasing of capacity more than 10 times and 
simultaneously improving the radiated energy efficiency on the order of 100 times.  Since 
with a large number of antennas, energy can be focused into small regions in space, at the 
same time, the interference is also reduced. Besides, it can be built with inexpensive, low 
power components to replace expensive high-power components with output power 
ranging in the milliwatt.  

In [17] is proposed a scheme for communication-based train control (CBTC) system, 
which can continuously exchange control, location, and other data between the train and 
wayside control center. By configuring various antennas on the train and on each AP 
(Access Point), when handover process starts, the station would keep connection with old 
AP by one antenna on the train and set up a connection with the new AP by another 
antenna at the same time, as consequence, the handoff latency can be reduced 
substantially, while in conventional scheme, the station needs to dissociate with the old 
AP first and then find a new AP and associate with it.  
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2.4.1. WAVEFORMS 5G 

 

The 5G waveforms have the goal to flexibly optimize the use of existing underutilized 
spectrum resources and guarantee interference-coexistence with legacy transmissions. 
Some candidates of 5G are:  

•! FBMC (Filter Bank Multi-Carrier) [18] 
•! UFMC (Universal Filtered Multicarrier) [19] 
•! GFDM (Generalized Frequency Division Multiplexing) [20] 
•! OFDM (Orthogonal Frequency Division Multiple Access), which is employed in 

many standards and applications such as the 4G cellular mobile standards (LTE, LTE-
A), variations of IEEE 802.11 and IEEE 802.16 [21].  

OFDM is in widely used due to its robustness against the multipath channel and easy 
implementation of algorithms. Figure 10 shows a representation of OFDM bandwidth 
division. It consists in dividing a wide-band into various narrow-band(subchannels) with 
the same bandwidth, each orthogonal sub-channels (subcarriers) transmit information, 
the orthogonality is achieved by a separation between frequencies Δf.  

 

"# = %& · ∆)                            (1) 

where BW =bandwidth, Nc= number of carries. 

After the division, downlink data in each subcarrier is modulated by modulation scheme 
(e.g. QAM, PAM 16-QAM,64-QAM etc.), which can be different depending on the 
service requirement and channel conditions. 

OFDM is considered a good solution for point-to-point communications (i.e. transmitting 
signals from a base station to a mobile node). However, OFDM can address some 
scenarios predicted for 5G network in a limited way: the exhibits some drawbacks 
including high PAPR (Peak to Average Power Ratio), since it presents important 
variations of the amplitude due to the use of multiple carriers. Frequency leakage caused 
by its rectangular pulse shape, and the strict synchronization process to keep 
orthogonality could cause more power consumption. Besides, such synchronization was 
found to be very difficult to establish, especially in mobile environments where Doppler 
shifts of different users are hard to predict [22]. Additionally, it presents low spectral 
efficiency (more latency) due to cyclic prefix(CP), which is added to avoid inter-symbol 
interference(ISI) at the beginning of each OFDM symbol, it occupies space within the 
data stream. High out-of-band (OOB) emissions of OFDM is also a big challenge for a 
dynamic spectrum access since the poor response of the subcarrier filters in IFFT/FFT 
filter banks. Figure 11 shows a model of interference in OFDM caused by OOB. 
According to the definition of ITU [8], the term OOB emission is defined as " Emission 
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on a frequency or frequencies immediately outside the necessary bandwidth which results 
from the modulation process, but excluding spurious emissions", these emissions of 
transmitting stations should not cause harmful interference to devices which operate in 
the adjacent band.  

$  

Figure 10: Representation of OFDM bandwidth division 

 

Figure 11: Interference in OFDM 

Based on OFDM, there are many other candidate waveforms proposed, such as OFDM 
based waveforms, DFT (Discrete Fourier Transform) Spread OFDM based waveforms, 
and non-orthogonal waveforms [23]. In the following it will focus on the analysis of first 
group, which is considered the most important candidate for 5G:   
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●! OFDM based waveforms 
 

Waveform Discussion 
Cyclic 
prefix 
OFDM (CP-
OFDM) 

It is a multicarrier waveform currently used in LTE for downlink 
transmissions. It has high spectral efficiency, easy integration with 
MIMO. However, it presents high PAPR (Peak-to-Average-Power-
Ratio), high out-of-band emissions (OOBs). 

Windowed 
OFDM (W-
OFDM) 

It can smooth temporal transitions between the successive OFDM 
symbols by using no- rectangular window. It presents low OOBs 
than CP-OFDM, but less efficiency in multi-path channels. 

Pulse-
Shaped 
OFDM (P-
OFDM) 

It consists in designing a proper pulse shape to adjust time,   
frequency localization and spectrum shape of OFDM. It can 
improve link performance in delay-spread and noise affected 
channel. Although the pulse shaping is complex. 

Universal 
Filtered 
OFDM (UF-
OFDM) 

Groups of adjacent subcarriers are digitally passband filtered, a 
Guard Time (GT) is appended, the bandwidth of each sub-band is 
kept fixed. It presents low OOB emissions, increases robustness 
against non-perfect time and frequency alignment for multi-user 
uplink. However, the process can be complex. 

Flexible CP-
OFDM 
(FCP-
OFDM) 

Groups of adjacent subcarriers are digitally passband filtered, a 
prefix including GT and CP with flexible partition is appended. It 
can provide flexible trade-off between multipath handling and OOB 
emission suppression. But it presents more complexity at 
transmitter and receiver. 

Filtered 
OFDM (F-
OFDM) 

The assigned bandwidth is split up into several sub-bands, which 
are digitally passband filtered and a CP is appended, the bandwidth 
of each sub-band is not fixed. It can improve spectrum efficiency 
due to the reduced guard band, OOB emission can be suppressed 
with long filter length. However, it presents more complexity, as 
result, more processing delay. 

Table 2:  OFDM based waveforms 

All waveforms of this group are compatible with MIMO, present low processing latency, 
well time localization, but frequency localization varies with one to another. f-OFDM is 
considered as the fundamental waveform for 5G, with which can support flexibly the 
diversity in services and deployment scenarios. However, the processing complexity is 
higher than others. On the contrary, CP-OFDM has an obvious advantage of its simplicity, 
but high Peak-to-Average-Power-Ratio (PAPR), which can lead to more variation of the 
amplitude due to the use of multiple carriers.  



$ Chapter$3:$IntraLTrain$Communication$ $
$

PFG$–$Advanced$Communication$for$Smart$Rail$ $ $$17$

CHAPTER 3 

INTRA-TRAIN COMMUNICATION 

 

The intra-train communication has the purpose of offering services: on the one hand, to 
the passengers, since the penetration of mobiles, tablets, wearables make people see the 
need to connect the internet at any time and any place. An effective implementation of 
intra train communication could provide high capacity communication, offer an improved 
end-user experience. On the other hand, for train services, such as train control and 
monitoring, considering the safety as the most important part of the communication of 
trains. Thus, an efficient communication can avoid most of the road collisions. Besides, 
the propagation of signals inside trains suffer high losses along the way, it is necessary to 
implement efficient network intra-vehicular communication. 

 

3.1. TECHNOLOGIES FOR INTRA-TRAIN 

 

Currently there are some solutions applied on vehicular UE: 

●! Deployment of a dedicated Macro eNBs and using directive antennas, can tune 
the coverage along the train lines or highways. In order to achieve a trade-off 
between coverage and capacity, an umbrella structure can be used, which consists 
in the deployment of high -power eNBs to extend coverage, to handle control 
signaling, and to improve capacity by underlying low-power nodes. However, 
Vehicular Path Loss (VPL) cannot be reduced by this solution [24] 

●! Layer 1 repeaters [24], which are low-cost analog repeaters, are used to amplify 
and to send signals in a given frequency band. They are able to transmit and 
receive simultaneously on the vehicle, which is known as a full-duplex mode. 
Furthermore, layer 1 repeater can overcome VPL and lower the UE transmit 
power. However, this solution has its drawbacks, while desired signals are 
amplified, interference signals are also amplified, which can degrade the system. 
Additionally, layer 1 repeater is less controlled by the core network, the handover 
process of UE between eNBs needs to be performed individually. As a result, 
there is more energy consumption. 

●! LTE for Backhaul, Wi-Fi for access [24]. The backhaul nodes are placed on the 
top of a vehicle with antennas installed outside to communicate with cellular 
network. Wi-Fi APs (Access Points, which coordinate transmission between 
different wireless nodes) are used to provide data access to UE inside of vehicle.  
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Wi-Fi is very commonly used for data connections, there are many Wi-Fi standards 
defined for wireless communication to fulfill different coverage need. Figure 12 
shows different extension of 820.11 defined by IEEE. For indoor propagation, 
802.11a/ac and 802.11ad are most used. 

-! WLAN based on 802.11ac presents some main features as following: 
o! It is compatible with 802.11a and 802.11n devices. 
o! Works at 5GHz, with data rate up to 1Gbps [25].  
o! Some applications of this standard are [26]: Wireless display (room 

projection from PC to TV, room gaming, etc.), in home distribution of 
HDTV (compressed video streaming in a room, throughout a home, or 
intra-large vehicle, for example, airplane, remote medical assistance via 
wireless networks, etc.), rapid upload/download of large files to/from 
server, backhaul traffic, campus and auditorium deployment. 

 

-! WLAN based on IEEE 802.11.ad presents some key features as following [27]: 
o! Supports data rates up to 7Gbps. It can be divided into three modes: First, 

simple mode to support robust modulation, but lower data rates (single 
carrier). Second, an energy-saving mode for battery-operated devices 
(single carrier low power). Third, a high-performance mode with OFDM 
technology for very high throughput. 

o! Works at 60 GHz unlicensed band which provides global availability and 
avoids the overcrowded 2.4GHz and 5GHz bands. It has very small 
wavelength (approx. 5mm) which can make possible to use compact and 
affordable antennas or antennas arrays.  

o! Beamforming can be used to optimize power at the receiver, overcome the 
interference from adjacent transmission. 

o! It is compatible with 802.11a, b, g, n, supports 2.4GHz and 5GHz bands. 
o! Some typical applications for 11ad are wireless display, distribution of 

HDTV content, wireless PC connection to transmit huge files quickly, 
automatic sync applications (e.g uploading images from a camera to a PC). 

o! Due to the high frequency, it can cause very high free field attenuation 
(attenuation after 1m: 68 dB, after 10 m: 91 dB), the transmission has to 
take place under 10m.  
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Figure 12: extension of 820.11 defined by IEEE 

However, the 802.11x extension of Wi-Fi standard does not support functions such 
as authentication, security. The QoS (Quality of Service) is less than cellular 
networks’ owned by operators. 

 

●! Dedicated MRN (Moving Relay Node) deployment. Since MRN works as a BS for 
UEs in vehicle, it has several advantages such as: 
-! It can perform group handover, instead of UE individual mobility procedures, 

to improve link quality and decrease handover overhead, because each UE in 
the same carriage performs handover almost at same time, this will cause 
channel congestion and result in handover failure. However, when all 
passengers connect with MRS as whole to handover, the management cost and 
complexity of system could be reduced [11]. In [28] also analyzed group 
handover issue and proposed a scheme to reduce the time of handover process.  

 
-! MRN is not limited by size and power as regular UE. They can exploit various 

smart antenna techniques and advanced signal processing schemes better [11]. 
 
-! MRN can reduce Vehicular Penetration Loss (VPL), as HSTs are built by well-

constructed and strong materials in order to be well isolated. Measurement 
shows that the metal coating introduces approximately 20 dB additional 
penetration loss. Their windows are particularly designed to minimize heating 
from outside. As a result, from communication point of view, this can 
contribute to high Vehicular Penetration (VPL). The authors in [29] studied 
the VPL issue and concluded that by implementing MRN can reduce the loss 
of throughput and amplify coverage for indoor UEs compared to outdoor UEs. 
For this purpose, it is recommended to install individual transceiver inside and 
outside vehicle separately to reduce VPL. At the same time, it can also 
decrease the interference of signals.  
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-! HSTs travel long distances during their trajectory. There are numerous areas 

with significant coverage holes which can produce high outage rates. As 
consequence, mobile user performance is degraded drastically. The authors in 
[30] discussed this problem and demonstrated MRN is capable of reducing 
outage probability (OP) to improve the performance along railway track 
equipped with dedicated BS. They also made a comparison of capacity and OP 
between MRN assisted transmission, FRN assisted transmission, and direct 
transmission. By theoretical analysis and simulations, the results show that RN 
assisted schemes can achieve higher capacity than direct transmission, as UE 
moves away from the BS. However, it is necessary to find optimal location for 
FRN to minimize OP, while in practice, vehicle positions are not always 
known. As a result, MRN is considered the most economical, applicable to 
serve vehicular UE, and the best behaved in maintaining a given rate (lower 
OP). Figure 13 shows the deployment of RN schemes. 

 
 

 

Figure 13: Deployment of RN 

$

$

$

$

$

$
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3.2. SMART COLLABORATIVE NETWORK 

 

After analyzing different systems previously, it is shown that each system presents its 
advantages and disadvantages, one cannot satisfy all needs in the railway environment. 
For instance, while working at LTE, the coverage is higher than working at mm Wave of 
5G however, the capacity and data rate are lower. Therefore, it is necessary to design a 
heterogeneous network, where different systems collaborate together in an intelligent way. 
For this purpose, a solution is to use the SCN-R architecture (Smart Collaborative 
Networking in Railway) proposed in [31].  

 

The smart collaboration continues in the following way: first, the dynamic monitoring 
component perceives network behavior, including spectrum, location, signal strength, 
delay packet, and bandwidth. Then the service classifier component sets a priority to 
different requested services. Next, the data schedule component and traffic shaping 
component make a decision and adjust the data rate traffic. After that, the tunnel 
management component selects which network interface to connect. Finally, the service 
provider transfers data to users through the selected tunnel. In this manner, with SCN-R 
can offer a network more flexible and enable users to make the best use of the existing 
network resources, promote 5G mobile communications in HSR. 

 

Figure 14: Illustration of SCN-R solution 
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CHAPTER 4 

SIMULATION 

 

Since the repeaters and MRN are going to be installed on the trains as proposed solutions 
to improve intra-train communication, it is necessary to know the propagation of signals 
inside of trains. In this chapter, it will be presented the propagation of signals inside the 
train by simulating program in Matlab. This program is developed based on the Theory 
of Ray-Tracing, which uses the theory of images to calculate reflected rays. It analyzes 
different rays which arrive at the receiver, specifically, LOS, reflections, diffractions, 
scattering. As examples of simulation, five different cases of propagation will be 
simulated inside of a train carriage and inside of a tunnel. Then a comparison of them will 
be present to observe how factors will influence the propagation, such as frequency, seat, 
windows, location, and dimensions of space. For this purpose, PDP (Power Delay Profile), 
RSS (Received Signal Strength), and path tracking will be simulated in each case. 

 

4.1 THEORY OF RAY-TRACING 

 

In the measurement of signal propagations behavior, due to the complicated work and 
great investment of time in real environments, several prediction models have been 
developed, among them, the Ray Tracing model.  

 

This model is capable to predict correctly the propagation characteristics. It is based on 
the theory of Geometrical Optics (GO) to characterize the wave propagations in the space. 
In this theory, the light propagates as a straight line, which can produce reflections and 
refractions following Snell's laws. Since this theory only associates with direct(incident), 
reflected, and refracted rays, but not the diffraction of waves around edges, another theory 
called Geometrical Theory of Diffraction (GTD), or its extension, Uniform Geometrical 
Theory of Diffraction (UTD) is added. Theory of Images is applied in Ray tracing model. 

 

In this theory, images are used to order rays by the number of reflections, planes are 
considered as mirrors, the transmitter as a point source that emits the signal. The basic 
idea of this theory can be summarized in Figure 15, where A and B are two planes, *+ 
and *, are first images of the source, *,+-and *+, are second images. The straight-line 
distance from an image to the destination is equal in length to the corresponding actual 
reflected ray path. For example, the Syxd line has the same length as the straight line from 
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*+, to the point d. To determine if reflected rays reach the point of the receiver, it is 
necessary to see if the line which departures from the image intersect on the plane. In the 
example of Figure 15, the point x of the second reflection is first calculated, if this lies on 
the panel B, then back tracing proceeds toward the next lower order image, *+.  The total 
received signal is defined as the sum of all rays that reach to the receiver.  

 

Figure 15: Theory of images. Source S reflected in two mirrors, A and B [32] 

 

In the following is presented field strength generated by different rays, specifically, LOS, 
reflections, diffractions, and scattering, although the program which is used to simulate 
in the next chapter includes only reflections and LOS: 

4.1.1.LOS 

It is the free space propagation where there are no obstacles between the transmitter to 
the receiver. The equation presented Friis to calculate the ./01  in is shown below: 

./01 = .0 · - 2
3456

7               (2) 

 

 where  .0 is the electric field generated by the transmitter, k is the number of waves, d 
is the distance between the transmitter and receiver. 

RX$

TX$
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4.1.2. REFLECTION 

 

 It is produced when a ray incident to a plane and its returned to the same plane with the 
same incident angle, as shown in Figure 16, the field strength is given by 

 

./01 = .0 · - 2
3456

7 · 8         (3) 

 

where R is the reflection coefficient, and it depends on the polarization of the incident 
ray's field.  Perpendicular polarization (or TE), when the vector of incident ray’s field is 
perpendicular to the incident plane, while in parallel polarization (or TM), the vector of 
incident ray’s field is parallel to the incident plane. 

 

89 = 1:;(=)?@A?&BC(=)D
C:;(=)E@A?&BC(=)D     (4) 

8∥ = A·C:;(=)?@A?&BC(=)D
A·C:;(=)E@A?&BC(=)D     (5) 

 

G = .H − J- · 18 · 10N!/)   (6) 

 

.H: relative dielectric constant of the material 

!: conductivity of the material(S/m) 

f: frequency (Hz) 
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Figure 16: Reflection of rays 

4.1.3.$DIFFRACTION$

 It is produced when signals are passing through edges of an object, as shown in Figure 
17, the surface delimited by the line ISB (Incident Shadow Boundary) can only receive 
field strength from diffraction. 

The UTD formulation for the electric field at the field point is defined as (7), for a finitely 
conducting edge, it takes account of diffraction in both the shadow and LOS region [33]. 
Figure 17 shows geometry for application of UTD wedge diffraction. 

.PQR =·
ST
CU
· V∥

9 · W
CX

CD(CXECD)
· Y?Z[(CXECD)      (7) 

where- 

.PQR  is the electric field at the field point, .B is the relative source amplitude, s1 as the 
distance from source point to diffracting edge, s2 as the distance from diffracting edge to 
the field point, k is wave number (k=2π/λ), V∥9  is the diffraction coefficient which 
depends on the polarization of incident ray, the calculation is given by formula (8). 

V∥
9 =

−Y\! ]−
J^
4 `

2b√2^d
{fgh i

^ + (kl − kU)

2b
m · nodpqE(kl − kU)r ------+ 

fgh(
s?(tD?tX)

l;
) · n(dpq?(kl − kU)) + 8B∥

9fgh ]
s?(tD?tX)

l;
` · nodpq?(kl + kU)r +

8;∥
9fgh(

sE(tDEtX)

l;
) · n(dpqE(kl + kU))}                                              (8) 
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where k
U

 is the incident angle, measured from incidence face (0 face), k
l

is the 
diffraction angle, measured from incidence face, n is the external wedge angles as a 
multiple of π radians (actual angle = nπ (rad))  

F(x) is a Fresnel integral approximated as (9) 

F(x) = 2j√x · exp(jx) · W

{

l

A(x)           (9) 

where  
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     (10) 

 

and q
;

,-Ö
;
, f
;
, ã

;
 are Boersma coefficients given in the Table 2: 

a0  = +1.595769140 b0 = -0.000000033 c0 = +0.000000000 d0= +0.199471140 

a1  = -0.000001702 b1 = +4.255387524 c1= -0.024933975 d1= +0.000000023 

a2  = -6.808568854 b2 = -0.000092810 c2= +0.000003936 d2= -0.009351341 

a3  = -0.000576361 b3 = -7.780020400 c3= +0.005770956 d3= +0.000023006 

a4  = +6.920691902 b4 = -0.009520895 c4= +0.000689892 d4= +0.004851466 

a5  = -0.016898657 b5 = +5.075161298 c5= -0.009497136 d5= +0.001903218 

a6  = -3.050485660 b6 = -0.138341947 c6= +0.011948809 d6= -0.017122914 

a7  = -0.075752419 b7 = -1.363729124 c7= -0.006748873 d7= +0.029064067 

a8  = +0.850663781 b8 = -0.403349276 c8= +0.000246420 d8= -0.027928955 
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a10  = -0.150230960 b10 = -
0.216195929 

c10=-0.001217930 d10=-0.005598515 

a11  = +0.034404779 b11 = 
+0.019547031 

c11=+0.000233939 d11=+0.000838386 

Table 2: Boersma coefficients 

 

p = CD·CX
CDECX

                   (11) 

q±(ó) = 2 · fgòl(l;sô±?öl )   (12) 

ó = kl ± kU       (13) 

N are integers which most nearly satisfy the equation.  

%± = ö±s
l;s          (14) 

R is reflection coefficient defined in formulas (4) and (5). 

 

Figure 17: Geometry for application of UTD wedge diffraction 

 

 

4.1.4. SCATTERING 

$
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It refers to these signals spreading out in all directions when imposing on a rough surface. 
Figure 18 shows a representation of scattering effect. 

 

 

Figure 18: Scattering effect 

 

.C can calculated by the formula (15): 

.C = .CB(UE&BCõúl )
ùú
D ------------ûü = 1,2, . . . , %               (15) 

where °ü-is the angle between the reflected direction and scattering direction as shown 
in Figure 19. The exponent ûü is related to the width of the scattering lobe (i.e., the model 
directivity). 
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Figure 19: Scattering electric field 

The maximum value of .C, which is .C0 can be obtained at the following expression [34]: 

.CB = ] 1¢
H£H§
`• ¶71&BC=£

ßùú
-®
X
D
                     (16) 

where S is the scattering parameter: * = |S™|
|S£|

|7C , |.1|  and |.:|-are the norms of the 

incident and scattered field on the surface element ds. 

U is a function depending on the value of S: 

• = {1--------´)-* =
|S™|

|S≠̈ |
---Æ--------´)--* =

|S™|

|Sú|
-       (17) 

K is a constant and depends on the amplitude of the impinging wave 

nØú  is defined in (18) 

nØú =
U
lùú

· ∑ ]ØúZ `
Øú
ZÜá · ∞Z      (18) 

where 
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        (19) 

 

4.2. SIMULATION OF PROPAGATION INTRA-TRAIN 

 

In the propagation indoor, any objects can influence the received power strength, like 
seats, luggage, windows, walls of the carriage, etc., which can cause the signal attenuated 
and distorted in phase. In the multipath environment, length of each path is different, so 
that the arrival time for each path is different.  PDP (Power Delay Profiles) is an important 
aspect to consider in a multipath environment, which presents the received signal strength 
through a multipath channel along the time delay (Delay Spread). The time delay can be 
distinguished in mean delay, RMS delay, and total delay. In formulas (20), (21), (22) are 
presented each delay respectively. 

 

●! Mean Delay:  

∂̅ =
∑ ∏π
π
X ·+(∏π)

∑ +πX (∏π)
           (20) 

        where ∂;-is the relative time delay of nth path, A (∂;) is he relative multi-path power. 

 

●! RMS Delay Spread: 

∂H∫C = W
∑ (πX ∏π?∏ª)D·+(∏π)

∑ +πX (∏π)
         (21) 

●! Total Delay:  
∂ = h∫ºΩ − ∂B             (22) 

 

 

 

4.2.1 PARAMETERS FOR SIMULATION 

In this part, a simulation of train model S102/112 is presented (Figure 20), Table 3 shows 
train’s features. Based on the algorithm developed by Salaheddin Hosseinzadeh at [35] , 
and subsequent modification, 4 different cases are simulated for communication intra-
train, and one case for communication inter-train inside a tunnel at two different 
frequencies (2.45GHz/5.8GHz). Table 4 presents setting parameter for the simulation. 
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This program is instructed to process LOS and all rays that reach the receiver after two 
reflections.  

 

Simulation within a train carriage model S102/112 [36]: 

 

Train S102/112 characteristics   

Carriage width: 2.94m 

Intermediate car length: 13.14m 

Extreme cars: 13.89m 

Cars' height: 3.365m 

Total length of train: 200m 

Height of carriage's floor over the rail:      0.756m 

Velocity: 330 
km/h 

Table 3: Train S102/112 characteristics 

$

 

 

Figure 20: Train S102/112 model [37] [38] 

$
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Parameters for simulation 

frequency 2.5GHz/5.8GHz 

type of antenna dipole 

polarization vertical 

Tx power 20dBm 

 
 

Relative permittivity 

10000 (metal) 

4.5(tunnel) 

5(windows) 
 

Height of Tx antenna inside of 
carriage(from lane) 

3.3m 

Height of Rx antenna inside of 
carriage (from lane) 

1.7m 

Height of Tx antenna on the top of 
train (case of tunnel) 

3.4m 

Table 4: Parameters for simulation  
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4.2.2. SIMULATION RESULTS 

a)! Case 1: Empty carriage all shielded with metal  

 

 

Figure 21: 3D representation in case 1(empty carriage all shielded with metal) 
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Figure 22: Path tracking in case 1(empty carriage all shielded with metal) 

 

Figure 23: Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 GHz in 
case 1(empty carriage all shielded with metal) 
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$

 

Figure 24: PDP at f=2.45/5.8 GHz in case 1(empty carriage all shielded with metal) 

 
 

Table 5: Simulation results of case 1  

In this case is shown the propagation of signals inside an empty carriage all shielded with 
metal.  It is analyzed how the frequency and composition of materials affect at RSS 
(Received Signal Strength), PDP (Power Delay Profile), and path tracking inside the 
carriage as shown in Figure 23, Figure 24, and Figure 22, respectively. The dimension of 
carriage and setting parameters, such as relative permittivity, transmitted power, type of 
antennas, etc. are described in Table 3 and Table 4. Table 5 shows the simulation results 
at two different frequencies, specifically, delay spreads, RSS, and the slope of delay 
attenuation. 
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Total 

RSS(dBm) 

Slope of 
delay 
attenuation 

 
Case 1:  
empty 
carriage 
all 
shielded 
with 
metal  

 

2.45 43.1 22.8 86.5 -51.2 0.24 

5.8 43.1 22.8 86.5 -57.2 0.24 

m=$0.24$ m=$0.24$
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b)! Case 2: Empty carriage with windows 

$

Figure 25: 3D representation in case 2(empty carriage with windows) 
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$

Figure 26: Path tracking in case 2(empty carriage with windows) 

$

!

Figure 27: Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 GHz 
in case 2(empty carriage with windows) 
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$

Figure 28: PDP at f=2.45/5.8 GHz in case 2(empty carriage with windows) 

 

                       

Table 6: Simulation results of case 2 

 
In this case is shown the propagation of signals inside an empty carriage with windows. 
It is analyzed how windows affect the RSS (Figure 27), PDP (Figure 28), and path 
tracking (Figure 26). The dimension of carriage and setting parameters for simulation are 
described in Table 3 and Table 4.  
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Total 
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Total 

RSS(dBm) 

Slope of 
delay 
attenuation 

 
Case 2:  
empty 
carriage 
with 
windows 

 

2.45 23.9 11.9 82.1 -45.1 0.24 

5.8 23.9 11.9 82.1 -53.0 0.24 

m=$0.24$ $m=$0.24$ m=$0.24$
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c)! Case 3: carriage with seats 

 

Figure 29: 3D representation in case 3(carriage with seats) 
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Figure 30: Path tracking in case 3(carriage with seats) 

 
 

$  
 

Figure 31: Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 GHz 
in case 3(carriage with seats) 
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Figure 32: PDP on Z-plane height of 1.7m at f=2.45/5.8 GHz in case 3(carriage 
with seats) 

$

Table 7: Simulation results of case 3 

In this case is shown the propagation of signals inside a carriage with seats. It is analyzed 
how seats affect the RSS (Figure 31), PDP (Figure 32),  and the path tracking inside the 
carriage (Figure 30). The dimension of carriage and setting parameters for simulation are 
described in Table 3 and Table 4. As it can be observed in Figure 32, the number of 
reflections has increased exponentially comparing with previous cases.  
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Total 

RSS(dBm) 

Slope of 
delay 
attenuation 

 
Case 3:  
carriage 
with seats 

 

2.45 7.9 10.4 82.1 -45.6 0.27 

5.8 7.9 10.4 82.1 -54.2 0.27 

m=$0.27$ m=$0.27$
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d)! Case 4: carriage with windows and seats 

 

Figure 33: 3D representation in case 4(carriage with windows and seats) 
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Figure 34: Path tracking in case 4(carriage with windows and seats) 

 

$  

Figure 35: Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 GHz 
in case 4(carriage with windows and seats) 
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Figure 36: PDP Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 
GHz in case 4(carriage with windows and seats) 

Table 8: Simulation results of case 4 

 

In this case is shown the propagation of signals inside a carriage with seats and windows. 
It is analyzed how seats and windows affect the RSS (Figure 35), PDP (Figure 36) and 
path tracking (Figure 34). The dimension of carriage and setting parameters for 
simulation are described in Table 3 and Table 4. 

 

$

$

$ $

-140

-120

-100

-80

-60

-40

-20

0

N
or

m
al

zi
ed

 R
ec

ei
ve

d 
Si

gn
al

 S
tre

ng
th

 in
 d

B

PDP  when f = 2.45 GHz; Tx Power = 20

0 10 20 30 40 50 60 70 80 90 100
Delay in ns

Delay LOS
Delay First Reflection
Delay Second Reflection

-140

-120

-100

-80

-60

-40

-20

0

N
or

m
al

zi
ed

 R
ec

ei
ve

d 
Si

gn
al

 S
tre

ng
th

 in
 d

B

PDP  when f = 5.8 GHz; Tx Power = 20

0 10 20 30 40 50 60 70 80 90 100
Delay in ns

Delay LOS
Delay First Reflection
Delay Second Reflection

 Frequency  
(GHz) 

Mean 

Delay(ns) 

RMS 
Delay 
Spread(ns) 

 

Total 
Delay(ns) 

 

 

Total 

RSS(dBm) 

Slope of 
delay 
attenuation 

 
Case 4:  
carriage 
with 
windows 
and seats 

 

2.45 10.7 40.7 82.1 -45.1 0.27 

5.8 10.7 40.7 82.1 -52.6 0.27 

m=$0.27$
m=$0.27$
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e)! Case 5: twos trains in tunnel (size 900m x 10m x 10m) 

 

 

Figure 37: 3D representation of case 5 (two trains in tunnel) 

 

Figure 38: Path tracking of case 5 (two trains in tunnel) 
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Figure 39: PDP Received Signal Strength on Z-plane height of 1.7m at f=2.45/5.8 
GHz in case 5 (two trains in tunnel) 

$

Table 9: results of delays analyzed in case 5 (two trains in tunnel) 

 

This case is shown the propagation of signals inside a tunnel of dimension 900m x 10m 
x 10m, the setting parameters are shown in Table 3 and Table 4, such as relative 
permittivity, the height of antennas, transmitted power, etc. The result of simulated values 
are shown in Table 9. 
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Case 5:  
two trains 
in tunnel  

 

2.45 353.8 507.1 6000 -95.1 0.25 

5.8 353.8 507.1 6000 -85.2 0.25 

m=$0.25$

m=$0.25$
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For a better analysis, we compare different cases in terms of frequency, seats, windows. 
In Table 10 are resumed simulation results of five cases that have been analyzed 
previously.  

●! Frequency VS Frequency 
 

In Figure 23, there is a map showing total RSS on the z plane. As we can see, the system 
works in the higher frequency, presents the lower RSS in all plane, because of more 
attenuation in the propagation of signals. However, the frequency does not affect the PDP 
and delay spread, as is shown in Figure 24, as result, the slope of delay attenuation 
maintains the same value, as shown in Table 10. 

●! With seats VS without seats 
 

Comparing Figure 22 (case 1) and Figure 26 (case 3,) where the first one is an empty 
carriage and the second with seats inside, maintaining all other conditions, we can observe 
that in case 3 it presents more reflections. As a result, the delay spread is lower than the 
first case, as we can see in Table 10. In first case working at 2.45 GHz, the mean delay 
and rms delay are 28.3ns, 31.3ns, respectively, while in the third case are 7.9ns, 10.4ns. 

●! With windows VS without windows 
Comparing case 1(without window) and case 2(with window), we can observe that in 
case 2 the RSS is smaller than case 1, as we can see in Figure 23 and Figure 27, this 
difference is caused by penetration of signals outside of windows.  

●! With seats and windows VS without seats and windows 
Comparing case 4(with seats and windows) with case 1(empty carriage), as shown in 
Figure 22 and Figure 33, in case 4 there is more reflections caused by seats, the delay 
spread is lower than case 1, due to the lower difference of delay between rays. The slope 
of delay attenuation is higher when there are seats inside. 

•! Dimension1 VS Dimension2 

Comparing case 5 (two trains in a tunnel) with other four cases from Table 10, when 
dimension of space increases, the delay spread increases significantly, due to the longer 
distance that rays have to run. 

•! RX1 VS RX2 

To compare the effect of delay spread in different point inside the train, we set RX in 
another point as shown in Figure 40, and we obtain simulation result values in Table 11. 

Comparing Table 11 and Table 10, we can observe that there are some differences in 
delay spread and RSS (Received Signal Strength) between two RXs. We can conclude 
that inside the train, RX position does not affect a lot in RSS, however, the delay spread 
changes in the more significant way. For instance, as shown in Table 11, the RMS delay 
spread in case 3 at RX2 is 70.6 ns, while at RX1 is 10.4 ns (Table 10). 
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Table 10: results of delays analyzed in different cases and the value of RSS at RX1 

  

 Frequency  
(GHz) 

Mean 

Delay(ns) 

RMS 
Delay 
Spread(ns) 

 

Total 
Delay(ns) 

 

 

Total 

RSS(dBm) 

Slope of 
delay 
attenuation 

 

Case 1:  
empty 
carriage 
all 
shielded 
with 
metal  

 

2.45 28.3 31.1 82.2 -45.3 0.24 

5.8 28.3 31.1 82.2 -53.4 0.24 

Case 2:  
empty 
carriage 
with 
windows 

 

2.45 23.9 11.9 82.1 -45.1 0.24 

5.8 23.9 11.9 82.1 -53.0 0.24 

Case 3:  
carriage 
with 
seats 

 

2.45 7.9 10.4 82.1 -45.6 0.27 

5.8 7.9 10.4 82.1 -54.2 0.27 

Case 4:  
carriage 
with 
windows 
and 
seats 

 

 

2.45 10.7 40.7 82.1 -45.1 0.27 

5.8 10.7 40.7 82.1 -52.6 0.27 

Case 5:  
two 
trains in 
tunnel  

 

2.45 353.8 507.1 6000 -95.1 0.25 

5.8 353.8 507.1 6000 -85.2 0.25 
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Table 11: results of delays analyzed in different cases and the value of RSS at RX2 

 

 Frequency  
(GHz) 

Mean 

Delay(ns) 

RMS Delay 
Spread(ns) 

 

Total 
Delay(ns) 

 

 

Total 

RSS(dBm) 

Case 1:  
empty 
carriage 
all 
shielded 
with 
metal  

 

2.45 43.1 22.8 86.5 -51.2 

5.8 43.1 22.8 86.5 -57.2 

Case 2:  
empty 
carriage 
with 
windows 

 

2.45 24.7 9.6 86.5 -50.4 

5.8 24.7 9.6 86.5 -56.7 

Case 3:  
carriage 
with seats 

 

2.45 17.5 70.6 86.5 -51.5 

5.8 17.5 70.6 86.5 -58.3 

Case 4:  
carriage 
with 
windows 
and seats 

 

2.45 13 37.4 86.5 -50.6 

5.8 13 37.4 86.5 -56.9 
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Figure 40: Path tracking in RX2                                                                                

 

  

0
3

2 15

Y

10

X

1

RX

5

0 0

Tx

2Z

Path tracking of
LOS(yellow), first reflection(blue), second reflection(red)

4



Chapter$4:$4.2.$SIMULATION$OF$PROPAGATION$INTRALTRAIN$
$

$$52$ $$$$$$PFG$–$Advanced$Communication$for$Smart$Rail$

  



$ $ Chapter$5:$Conclusion$ $
$

PFG$–$Advanced$Communication$for$Smart$Rail$ $ $$53$

CHAPTER 5 
                   

CONCLUSION 

 

The design of mobile communication networks in high-speed trains is not an easy job. 
We must consider the variety of terrains that trains can cross, and the high speed makes 
it even more difficult to transmit and receive signals. 4G and 5G bring many benefits 
compared to the GSM-Railway. In the case of 4G, it can coexist with GSM-Railway since 
both work at 800MHz. 4G supports more data rate, more flexible cell range and flatter 
network architecture which reduces the cost of deployment and delay in transmission of 
signals. In the case of 4G-Advanced, it introduces a new component called RN (Relay 
Node), which extends coverage, avoids network overloaded and improves link quality. 
5G introduces new technologies, such as mmWave (millimeter Wave), massive MIMO 
and beamforming. Based on them, two systems are analyzed in this project: Moving 
Hotspot Network, and communication-based train control (CBTC) system. Both aim to 
support high mobility, to reduce interference of signals and to offer more capacity. 
Additionally, different types of waveforms are analyzed for 5G to optimize the use of 
existing spectrum resources. Among them, filtered-OFDM is considered the fundamental 
waveform for 5G, it is able to support diversity in services and deployment scenarios. 

Intra train network is the objective to analyze in this project. In order to compensate VPL 
(Vehicular Path Loss), different technologies are studied to apply them for intra train 
communication, such as MRN (Moving Relay Node), repeaters, dedicated macro eNB 
(evolved Node B), and WiFi of different extensions of the standard IEEE 820.11. 

4G and 5G have different advantages, and an only system cannot satisfy all needs. An 
ideal communication network in high-speed trains will be a heterogeneous network, in 
which different technologies are combined, and cooperatively provide services to users. 
A solution proposed is using SCN-R (Smart Collaborative Network for Railway) to 
achieve a flexible network. Depending on the requested service, the system switchs to 
connect with a communication tunnel or another. 

To simulate the propagation inside a train, a program based on ray tracing is used. The 
simulating results indicate that the objects inside, such as luggage, seat, windows, or the 
movement of people can influence the transmission of signals to the final equipment. 
Because of multipath, signals arrive at the receiver with different delay and different 
power. As consequence, different location can suffer different delay spread inside of 
trains. If there are objects in the middle of the beam of mmWave, it will produce more 
attenuation than waves in a lower frequency. Therefore, to use 5G technologies or 
WLANs based on IEEE 802.11.ad, which work at very high frequencies, it is necessary 
to have a direct view from the transmitter to the receiver. Besides, the propagation 
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material is also an important factor to take into account. Depending on the material, it can 
absorb different energy. As shown in the simulation, signals can pass through windows 
causing a loss of signal strength in the intra-train propagation.  Moreover, the signal 
propagation inside a tunnel is analyzed, results show that the delay spread depends on the 
dimension of the space. In the case of the tunnel, it presents more delay than the 
propagation inside of the train carriage, since rays have to travel longer distance. 
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CHAPTER 6 
 

BUDGET 

 

As referring to a theoretical design, the expense will only include the cost of the engineer, 
computer, purchase of Matlab license. 

 

 Cost 

Engineer  400h x 17= 6800  euros 

Matlab license 800 euros 

Computer 700 euros 

Total 8300 euros 
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APPENDIX 

MATLAB FUNCTION 

The program is based on the open codes developed in to simulate indoor radio 
propagation [35]. Subsequently, it is modified to simulate propagation inside a carriage, 
new codes are added to simulate PDP and path tracking to observe the influence of objects 
inside. It is composed of following scripts: 

• RayTracing3D_V20: in this script different variables are defined, such as 
transmitted power, relative permittivity, the position of the transmitter and 
receivers, frequencies, etc. Call functions AntennaTemp, CSV23D_V1, and 
RayTracingEng_v02. 

• AntennaTemp: This function defines the type of the antenna, in this case, an 
omnidirectional antenna. It also calculates antenna gains of transmitter and 
receivers.  

• CSV23D_V1: this function is responsible for reading the coordinates from an 
Excel file to define dimensions of the space, windows, seats. 

• RayTracingEng_v02: In this function, the main algorithm is developed, which 
plots 3D representation of the space, calculates RSS (Received Signal Strength) 
from LOS (Line of Sight), first reflections, and second reflections, plot path 
tracking inside the carriage and tunnel, calculates PDP. 
 
In this function, the Fresnel Coefficients script is also called to calculate the 
reflection and transmission coefficients of each ray. 

 

In the following are shown pseudocodes of RayTracing 3D_V20 and 
RayTracingEng_v02, which are considered the two most important scripts in this 
program: 
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• Pseudocode of RayTracing 3D_V20:  
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• Pseudocode of the main algorithm RayTracingEng_v02:   
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ABBREVIATIONS 
LTE (Long Term Evolution) 

GSM (Global System for Mobile communication) 

WiMAX (Worldwide Interoperability for Microwave Access) 

GSM-R (Global System for Mobile communication in Railway) 

5G (Fifth Generation) 

3G (Third Generation) 

4G (Fourth Generation) 

LTE-A (Long Term Evolution Advance) 

ERTMS (European Rail Traffic Management System) 

ETCS (European Train Control System), 

train protection system (ATP) 

BTS (Base Transceiver Stations) 

BSC (Base Station Controller) 

GSN (GPRS Supporting Nodes) 

MSCs (Mobile Switch Centers) 

HLRs (Home Location Registers) 

GCRs (Group Call Register) 

RBC (Radio Block Controller) 

On-Board Units (OBUs) 

E-UTRAN (evolved-UMTS terrestrial radio access network), 

eNodeB(evolved-NodeB) 

DeNB ( Donad evolved- NodeB) 

EPC (Evolved Packet Core) 

MME (Management Entity) 

S-GW (Serving Gateway) 
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PDN GWs (Packet Data Network Gateway) 

PS (Packet Switch) 

CS (Circuit Switch) 

HSS (Home Subscriber System) 

IMS (IP Multimedia Subsystem) 

CoMP (Coordinated Multipoint Processing) 

BS (Base Stations) 

PPP (Public Private Partnership) 

METIS (Mobile and wireless communication Enablers for the Twenty-twenty Informatic 
Society) 

M2M (Machine-to-Machine) 

D2D (Device-to-Device) 

MIMO (Multiple-Input-Multiple-Output) 

mDUs (MHN digital units) 

mRUs (MHN radio units) 

ITU (International Telecommunication Union) 

MHN (Mobile Hotspot Network) 

FBMC (Filter Bank Multi-Carrier) 

UFMC (Universal Filtered Multicarrier) 

GFDM (Generalized Frequency Division Multiplexing) 

OFDM (Orthogonal Frequency Division Multiple Access), 

DFT (Discrete Fourier Transform) 

OOB (Out of Band) 

VPL (Vehicular Path Loss) 

WLAN (Wireless Local  Area Network) 

OP (Outage Probability)  

FRN (Fixed Relay Node) 
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SCN-R (Smart Collaborative Networking in Railway) 

HSR (High Speed Railway) 

GTD (Geometrical Theory of Diffraction) 

UTD (Uniform Geometrical Theory of Diffraction) 

GO (Geometrical Optics) 

LOS (Line of Sight) 

ISB (Incident Shadow Boundary) 

PDP (Power Delay Profiles) 

RMS (Root Mean Square) 

 

 

 




