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Summary 
The great advancements in modern communications have permitted to connect people like 

never before. Nowadays, people are permanently connected. This tendency of ubiquitous 
connectivity has led users to demand new ways of access and faster and more efficient 
communication systems. Furthermore, vehicular communications currently lack of good data 
access for onboard passengers. Concretely in High Speed Trains, railway authorities wish to 
provide broadband communications to passengers. The aim of this Master Thesis is to study the 
performance of a novel architecture in High Speed Railways utilizing cutting-edge technologies. 

In railway scenarios, two types of communications can be considered: critical and non-
critical. Critical communications are for signaling and control purposes, hence they handle traffic 
to provide a minimum Quality of Service (QoS). Critical communications have to ensure 
passenger safety and provide real-time multimedia information. Various standards have been 
proposed: GSM-Railway, TETRA or the next-generation network, LTE-R. On the contrary, non-
critical communications are specific for information and entertainment for the train passengers. 
Currently, there are no dedicated standards for the latter type of service. Therefore, railway 
operators have to come up with their own solutions to provide Wi-Fi to most passengers. 

High Speed Railway (HSR) scenarios suffer from poor propagation conditions with high fast-
fading, high Doppler spread or high Vehicular Penetration Losses (VPL) between others. New 
architectures and technologies, like the Mobile Relay Node (MRN) or the utilization of millimeter 
wave (mmWave) bands, have been developed to counteract these adverse effects. Moreover, 
MIMO techniques permit to increase the link capacity by the number of spatial channels. 
Ultimately, the combination of all of these technologies will provide the capacity and latency 
needed for future communications in HSR scenarios. 

Standardization organizations, like ITU-R or 3GPP, have struggled to offer a good Quality of 
Experience (QoE) with gigabit data rates in mobile communications. This is a major problem for 
high speed environments where there are very poor propagation conditions. Therefore, it is 
going to be studied the feasibility of current and new architectures in HSR environments and 
how to bypass the problems associated with these scenarios. In addition to that, a two-hop relay 
architecture using the LTE-Advanced network and mmWave bands inside the train will be 
presented. Besides, the relay will be mounted on top of the train providing coverage to the train 
passengers and a MIMO channel will be established between the base station and the users. 

The proposed architecture the link feasibility is analyzed by means of a link-level simulator. 
Simulations will be carried out to study the improvement in performance and capacity of the 
architecture proposed as opposed to current deployments in high speed scenarios. Moreover, 
different topologies and situations will be introduced to be able to compare and evaluate its 
performance under different outlooks. 

 

 

 

 

 

 

 

 

 

 



 

  



 

Resumen 
Los grandes avances en la industria de las comunicaciones han permitido conectar a las 

personas de formas que antes no era posible. Hoy día, todo el mundo está permanentemente 
conectado. Esta tendencia ha llevado a los usuarios a exigir nuevas formas para conectarse y 
conexiones más rápidas y eficientes. En los medios de transporte hay una mayor urgencia para 
mejorar la velocidad y el desempeño de los sistemas de comunicaciones debido a que carecen 
de una buena conectividad. Diferentes operadores de ferrocarriles están intentando fomentar 
nuevos medios de acceso para mejorar las comunicaciones ferroviarias. El objetivo de esta Tesis 
es estudiar la viabilidad de una nueva arquitectura en entornos ferroviarios utilizando 
tecnologías de última generación. 

En la industria del ferrocarril, hay dos tipos de servicios claramente diferenciados: críticos 
y no críticos. Las comunicaciones críticas son para señalización y control, por lo que su propósito 
básico es tener un Quality of Service (QoS) mínimo. Las comunicaciones críticas deben asegurar 
la seguridad y proveer información multimedia en tiempo real. Varios estándares de 
comunicaciones se han propuesto en este entorno: GSM-Railway, TETRA o la red de próxima 
generación, LTE-R. Por el contrario, las comunicaciones no críticas son específicas para la 
información y el entretenimiento de los pasajeros del tren. En la actualidad, no hay estándares 
dedicados para este tipo de servicio. Por lo que los operadores ferroviarios proveen soluciones 
particulares como ofrecer Wi-Fi a los pasajeros en el interior del tren. 

Los escenarios de alta velocidad ferroviaria son un reto ya que sufren muchas pérdidas por 
propagación con desvanecimientos rápidos, alta dispersión Doppler o altas pérdidas por 
penetración vehicular. Se están diseñando nuevas arquitecturas como, el Nodo Repetidor Móvil 
(MRN) o la utilización de ondas milimétricas (mmWave), para contrarrestar estos efectos 
adversos. Por otra parte, las técnicas MIMO permiten aprovechar la diversidad espacial para 
aumentar la capacidad del enlace. Finalmente, la combinación de todas estas técnicas permitirá 
alcanzar la velocidad y el rendimiento deseados para las comunicaciones de próxima generación 
en entornos ferroviarios. 

Las organizaciones de estandarización tratan de ofrecer la mejor Quality of Experience 
(QoE) con velocidades del orden del gigabit en comunicaciones móviles. En entornos de alta 
velocidad este problema se agrava debido a las malas condiciones de propagación. Se va a 
estudiar la viabilidad de las arquitecturas actuales de entornos ferroviarios y como solventar los 
problemas asociados con estos escenarios. Por lo que es necesario plantear una nueva 
arquitectura. Se va realizar un estudio de la viabilidad en alta velocidad de una novedosa 
arquitectura en dos saltos a través de un relay utilizando la red LTE-Advanced y bandas 
milimétricas dentro del tren. Además, el relay estará colocado encima del tren ofreciendo 
cobertura a los pasajeros del tren y se establecerá un canal MIMO entre la estación base y los 
usuarios. 

La viabilidad del enlace será analizada a través de un simulador a nivel de enlace. Las 
simulaciones serán llevadas a cabo para estudiar la mejora en rendimiento y capacidad de la 
arquitectura presentada en comparación con los despliegues actuales en entornos de alta 
velocidad. Por último, varias topologías y situaciones se mostrarán para poder comparar y 
evaluar el rendimiento de esta arquitectura bajo diferentes perspectivas. 
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1 INTRODUCTION	&	OBJECTIVES	

owadays, the amount of people who demand fast and efficient data rates have 
increased greatly. In this matter, there is a constant evolution towards LTE-A (Long 

Term Evolution Advanced) and 5G (5th Generation), which has an ambitious data rate target 
of 10 Gbps [1]. This tendency is also produced at means of transportation. Concretely, in 
high speed trains, railway authorities wish to provide broadband data access to HST (High 
Speed Train) passengers. Thus, allowing services that require higher throughput and 
stability, such as video on demand or internet browsing, to work. 

Railway and vehicular environments present several challenges due to very poor 
propagation conditions. Particularly, High Speed Railway (HSR) suffers from high Doppler 
spread, fast-fading, shadowing or high Vehicular Penetration Loss (VPL), between others. 
In order to counteract these adverse effects, there are some technologies which are 
capable to compensate them. Some of the solutions that are being studied are mobile, 
satellite or optical communications. Currently, in order to provide absolute coverage in 
HSR, architectures that converge these different technologies are under research.  

The other challenge that railway scenarios present is passenger safety and real-time 
monitorization. Railway operators are endeavoring to move forward from communications 
like GSM-R (Global System for Mobile Railways) to a global standard which overcomes the 
limitations that ongoing networks have. LTE-R (LTE Railways) [2] is called to be the 
successor for critical communications like real-time remote monitoring or emergency 
communication systems where high Quality of Service (QoS) is mandatory. In-train 
communications are currently obsolete, both critical and non-critical. Hence, there is a 
necessity to upgrade them. 

A technology under research for these environments is the MRN (Mobile Relay Node), 
a relay mounted on the ceiling of the train that improves signal quality and, then, forwards 
it to the train users. Actually, 3GPP (3rd Generation Partnership Project) has proposed the 
use of this new type of architecture in HST [3]. Relay nodes in HSR can avoid VPL and tackle 
high Doppler spread. The deployment of MRNs in HSR has been previously studied. In [4], 
a two-hop architecture using MRNs inband in HST is proposed and analyzed. In [5], the 
uplink channel capacity of a two-hop architecture with full-duplex MRNs in an HST is 
assessed, introducing also a self-interference cancellation algorithm. None of these papers 
address the mmWave bands by employing MRNs outband or compare different types of 
MRNs in HSTs. 

Another technology under research is MIMO. Virtual-MIMO (VMIMO) [6] is an 
innovative technique capable of creating a MIMO scenario. In VMIMO, multiple closely-
spaced mobile stations, each equipped with a single antenna, cooperate to form a virtual 
antenna array and reap some benefits of the MIMO system taking advantage of spatial 
diversity. This technique is mostly utilized when the transmitter does not have a perfect 
Channel State Information (CSI) to each of the receivers. Besides, VMIMO systems 
concentrate on improve the Spectral Efficiency (SE). However, in comparison with 
traditional MIMO techniques, they consume generally more energy because of signaling 
purposes between mobile stations. 

 

N 
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Standardization organizations have struggled to offer a good Quality of Experience 
(QoE) with gigabit data rates in mobile communications. This is mostly due to mobile 
stations which might not be able to have several antennas due to size and design 
limitations. Lately, research for new mobile bands has been discussed to be a possible 
solution. Millimeter Wave (mmWave) bands is able to deliver the high data rate which is 
expected from next-generation communications. In 3GPP technical report [7], mmWave is 
proposed to be used in HST. Some of the frequency bands under study are around 30 GHz 
(outdoor scenarios) or 70 GHz (indoor scenarios). The major drawback about mmWave is 
that attenuation at these frequencies is very high, thus long-range applications are not 
practical. Nevertheless, the unlicensed band at 60 GHz offers 2,16 GHz of bandwidth per 
channel in the standard IEEE (Institute of Electrical and Electronics Engineers) 802.11ad [8, 
9] and is suitable to use indoors (intrawagon) where receiver and transmitter are not far 
from each other. 

Previous studies have assessed the potential of mmWave bands and two-hop 
architectures. In [10], a Distributed Antenna System (DAS) using VMIMO is deployed in an 
outdoor-to-indoor scenario. DAS uses AF (Amplify-and-Forward) relays outband that move 
the signal from LTE frequencies to unlicensed bands in 60 GHz. Furthermore, in [11], the 
same authors extrapolate this architecture to a vehicular scenario. However, they do not 
study the capabilities of a two-hop architecture in a high speed environment and with 
different types of relays. 

In this project, we propose a two-hop architecture for mobile communications in high 
speed scenarios utilizing both, licensed and unlicensed bands MRNs. The novelty of the 
architecture proposed is the use of MRNs outband in mmWave bands. A first link in UHF 
(Ultra High Frequency) bands is established from the DeNB (Donor evolved Node B) to the 
relays mounted on the train using MIMO —let us name this link BackEnd (BE). And a second 
link in mmWave bands is established from the MRNs to the UEs (User Equipment) —
FrontEnd (FE) link. Then, two different topologies —joint and non-joint—  coupled with two 
types of relaying —AF and Decode-and-Forward (DF) [12]— are going to be described and 
analyzed. We will analyze the link performance by means of a downlink-level simulator 
developed for this purpose.  

In order to obtain a realistic simulator, accurate channel models and multiuser 
transmission have been added.  Besides, one of the models used is ray-tracing tool that 
permits to simulate precisely the propagation losses in the interior of the train carriage. 
Gain in performance and throughput utilizing the architecture proposed will be 
demonstrated. Likewise, we will compare different topologies to determine the best 
configuration depending on the scenario. 
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Fig.  1.1: Two-Hop MIMO Relay Architecture using LTE-A and mmWave Bands in HST. fAi indicates a Link in 
Sub-6 GHz Bands compliant with LTE-A Standards and i refers to the DeNB. fBj indicates a Link in mmWave 

bands and j refers to the MRN 

The remainder of this Master Thesis is organized as follows. A comprehensive state-of-
the-art description of current mobile communications is detailed in Chapter 2. In Chapter 
3, technologies applied to HSR environments like satellite or optical communications or 
V2X (Vehicular-to-Everything) and railway standards, i.e. LTE-R, ERTMS (European Rail 
Traffic Management System) or CBTC (Communications-Based Train Control), are 
discussed. An in-depth explanation of the channel models —including the ray-tracing 
software tool— and different schemes and algorithms utilized through this work are 
discussed in Chapter 4. In Chapter 5, the link-level simulator and the results obtained are 
presented. Finally, conclusions and future trends are drawn in Chapter 6. 
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2 MOBILE	COMMUNICATIONS:	DESCRIPTION	&	CONCEPTS	

n this chapter, a review of modern mobile communications is carried through. Focusing 
on the most relevant aspects that affect this Thesis. First, the current mobile standard is 

going to be described. Then, several key technologies are explained. And finally, some 
technologies and the future standard of mobile communications are analyzed. 

2.1 LTE	ADVANCED	

2.1.1 Background	
Mobile communications have evolved at a swift pace. LTE was the first step to the 

fourth generation of communications. It is also the first step to an all-IP (Internet Protocol) 
based packet switched solution.  

In the previous generation of mobile communications, the access network in UMTS 
(Universal Mobile Terrestrial System) emulates a circuit switched connection for real time 
services and a packet switched connection for datacom service. In UMTS, the IP address is 
allocated to the UE when a datacom service is established and released when the service 
is released. UMTS uses WCDMA (Wide Code Division Multiple Access) to reach high data 
rates. 

In LTE, the EPS (Evolved Packet System) is purely IP based. The IP address is allocated 
when the mobile is connected and released when is switched off. The new access solution 
is based in OFDMA (Orthogonal Frequency Division Multiple Access) combined with higher 
order modulations like 64-QAM (Quadrature Amplitude Modulation), new types of coders 
(turbo-coders), larger bandwidth (up to 20 MHz) and the utilization of spatial modulation 
(up to 4 x 4 in the downlink). For LTE, regulatory organs have defined the E-UTRA (Evolved 
Universal Terrestrial Radio Access) operating bands which range from 450 MHz to 3,5 GHz. 
LTE is developed to support FDD (Frequency-Division Duplexing) and TDD (Time-Division 
Duplexing) depending on the operating band. The RAN (Radio Access Network) in LTE is 
formed of eNBs that communicate with the core network, with the UEs and between 
themselves to manage handover. This generation permits peak data rates of 300 Mbps in 
the downlink. 

Nowadays, LTE-A has been deployed, which, as the name indicates, is the evolution of 
LTE. The utilization of a maximum bandwidth of 100 MHz based on CA (Carrier 
Aggregation), the inclusion of RNs, multiuser techniques in spatial modulation and the 
utilization of spatial modulation up to 8 x 8 in the downlink were the main advancements 
proposed for this generation. This would allow to obtain peak data rates of 1 Gbps in the 
downlink. 

Standardization organizations have developed many other solutions since the release 
of LTE-A. 3GPP has included higher order spatial modulations (up to 64), new types and use 
cases of RNs, communications type machine, as well as, unlicensed bands and many other 
improvements. 

2.1.2 LTE	Architecture	
The LTE architecture is divided in the core network, the access network and the UE-

side. The architecture [13] is common for GSM (Global System for Mobile communications), 
UMTS and LTE. This type of architecture is properly called EPS, where the core network is 

I 
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the EPC (Evolved Packet Core) and the access network is the E-UTRAN (E-UTRA Network). 
The EPC is responsible for managing external and internal interfaces, being external when 
accessing alternative networks like WiMAX (Worldwide Interoperability for Microwave 
Access) or the 802.11 family. 

The E-UTRAN is responsible for connecting the UEs and the EPC. The only system inside 
it are the eNBs which integrate all the processes inside the E-UTRAN. The main functionality 
of the eNBs is the Radio Resource Management (RRM). The RRM controls the admission 
process, the dynamic resources allocation, the control of interferences between Base 
Stations (), the measurements reports, etc. 

In Fig. 2.1 the interfaces utilized to communicate are depicted. The transfer of 
information through the radio channel from the eNB to the UE and vice versa is supported 
by the E-UTRAN Uu. This interface permits to broadcast information, send and receive IP 
information packets, etc. The S1 interface connects the E-UTRAN with the EPC managing 
the admission control or the handover process between other functionalities. The X2 
interface is responsible for transferring the UE from one eNB to another and for 
interferences mitigation. 

 
Fig.  2.1: E-UTRAN and S1, X2 and E-UTRAN Uu interfaces [13] 

2.1.3 LTE	PHY	Layer	Key	Characteristics	
In this subsection, the main characteristics of the PHYsical layer are presented. As 

aforementioned, OFDMA is utilized in LTE as the new access solution. However, this is only 
true for the downlink. In the uplink, a similar solution is implemented: SC-FDMA (Single 
Carrier Frequency Division Multiple Access). Both techniques multiplex in frequency and 
time, having a subcarrier division of 15 kHz. Depending on the channelization and the 
frequency band, the number of subcarriers varies as in table 2-1: 

Bandwidth (MHz) FFT Size Number of Subcarriers 

1,4 128 73 

3 256 181 

5 512 301 

10 1024 601 

UE 
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15 1536 901 

20 2048 1201 

100 10240 6001 
Table 2-1: Number of Subcarriers and Bandwidth 

LTE works in UHF bands, ranging from 450 MHz to 3,5 GHz. For more information about 
frequency allocation and regulations see [14]. 

In the uplink and in the downlink, Adaptive Coding and Modulation (ACM) is 
performed. The modulations used are QPSK (Quadrature Phase Shift Keying) and 16-QAM. 
Additionally, in LTE-A, 64-QAM was added. The codification redundancy depends on the 
turbo coders utilized. Other blocks introduced in the transmission process are: scrambling, 
interleaving, CRC (Cyclic Redundancy Check) insertion, layer mapping and precoding and 
mapping for spatial modulation. In Fig. 2.2 is represented the baseband physical uplink 
channel [15]: 

 
Fig.  2.2: Diagram Blocks of the Baseband Physical Uplink Channel [15] 

OFDMA uses the orthogonal property to overlap subcarriers with no interference. The 
function of a subcarrier corresponds to a sinc which allows this overlapping —leaving a 
minimum separation between subcarriers. In mobile communications, one physical 
phenomenon that is produced is the multipath propagation. Multipath channels permit to 
create spatial diversity, but, at the same time, can cause interference between subcarriers. 
Therefore, in OFDMA a Cyclic Prefix (CP) is added to enlarge the symbol period and avoid 
ISI (Inter-Symbol Interference) and ICI (Inter-Carrier Interference). 

In Fig. 2.3 is depicted an OFDMA scheme. In LTE, the fundamental unit that the eNB 
can assign to a terminal is named Physical Resource Block (PRB). The PRB is composed of 
12 subcarriers (180 kHz) or 12 Resource Elements (RE). The duration of each RE is of 0,5 
ms, one TTI (Time Transmission Interval). In table 2-2 is represented the number of PRBs 
depending on the number of subcarriers: 

 
Fig.  2.3: Representation in Time and Frequency of the OFDMA scheme [15] 
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Bandwidth (MHz) 1,4 3 5 10 15 20 100 

Number of Subcarriers 73 181 301 601 901 1201 6001 

Number of PRBs 6 15 25 50 75 100 500 

FFT Size 128 256 512 1024 1536 2048 10240 
Table 2-2: Number of PRBs Depending on the Number of Subcarriers 

In the uplink, the UE has limitations due to battery concerns and complexity problems. 
Hence, SC-FDMA is preferred in the uplink design. SC-FDMA has a lower PAPR (Peak-to-
Average Power Ratio) and a simpler equalization. Besides, it permits a flexible subcarrier 
allocation to the UEs as the OFDMA does. The main drawback is that subcarriers assigned 
to the UEs have to be adjacent in frequency. In Fig. 2.4, the diagram blocks of OFDMA and 
SC-FDMA are represented [16]: 

 
Fig.  2.4: Block Diagrams of OFDMA and SC-FDMA [16] 

In this project, LTE channels are not going to be described, because they are not the 
focus of the subject. Please refer to [15, 17] to learn more about them. 

2.2 RELAY	NODES:	TYPES	AND	USE	CASES	

2.2.1 Overview	
One of the main issues that mobile communications have is distance from node to 

node and latency. Many of the technologies used in telecommunications have developed 
techniques to overcome these problems. One of the most used is repeaters and relays.  

For example, in optical fibres, repeaters amplify signals and forward it to the next node, 
whilst relays decode the signal and re-encode it again. This difference implies that 
repeaters deal only with the attenuation, whilst relays try to regenerate the signal. 
However, relays increment more the link latency than repeaters. 

In past years, the implementation of repeaters and relays in actual life has been 
effective, leading to new standards in communications. Radio communications are the 
most problematic, not only because of the Doppler Effect, but also because of fast fading, 
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shadowing, major interferences... Relay and Repeater Nodes (hereinafter we will refer to 
relays and repeaters as RN) permit to counteract most of these adverse effects. 

Typically, the standardization process of a technology takes much time. However, 
research in RNs has progressed much since the first proposals of RNs for mobile 
communications. As for examples, [18] is a comprehensive anthology about state-of-the-
art relay technologies and [12] is a study of relays for future wireless communications.  

The main characteristics of a RN will be explained first, then, the main types of RNs 
depending on their protocol stack will be showcased, and finally, a commentary on the 
main standards of the industry will be done. 

2.2.2 Characterization	of	RNs	
LTE-A [19] extends relaying as a tool to improve e.g. the coverage of high data rates, 

group mobility, temporary network deployment, the cell-edge throughput and/or to 
provide coverage in new areas. The RN is wirelessly connected to a donor cell of a DeNB 
via the E-UTRAN Un interface, and UEs connect to the RN via the E-UTRAN Uu interface as 
shown on below: 

With respect to the relay’s usage of spectrum, its operation can be classified into: 

• Inband, in which case the eNB-RN link shares the same carrier frequency with RN-
UE links 

• Outband, in which case the eNB-RN link does not operate in the same carrier 
frequency as RN-UE links 

Two of the operational modes considered in LTE-A standard [20] are the transparent 
and nontransparent mode. These modes are employed based on the purpose of usage, 
whether for throughput enhancement at the cell edge for users or for coverage extension: 

• Transparent: in this operational mode, an UE connected to a RN is located within 
the coverage of the  and the control signaling from the eNB can be accessed 
directly to the UEs, while the data traffic is relayed via the RN. Therefore, the 
control signalling and data traffic are separated as illustrated in the figure below. 
Transparent mode is dedicated to throughput enhancement inside buildings and 
congested areas where the UEs are located within the coverage of eNBs 

• Nontransparent: all data and control signalling transmissions between the  and UE 
are relayed via RN. Therefore, the RN operates in both centralized and distributed 
scheduling and has ability to extend the coverage as illustrated in the figure below 

 

Fig.  2.5: Architecture Layout of LTE-A with RNs and its Interfaces [19] 
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2.2.3 Types	of	RNs	
RNs are a potential technology which can be deployed in multiple scenarios. 

Depending on the use, their functionalities might vary. Therefore, in this subsection, RNs 
are classified by their protocol stack [21]: 

• Layer 1 (L1): it is the simplest type of RN, often called repeater or AF relay. An AF-
RN amplifies the signal and, then, forwards it to the destination. This kind of RN 
does not reduce the noise or the interference, in fact, it amplifies both as if they 
would be the desired signal. The L1 relay causes the least delay possible and can 
bear a full-duplex transmission. It is also the cheapest due to its simplicity. With 
these features, L1 relay have already been implemented in 2G and 3G with the 
aim to improve coverage in sparsely populated areas 

• Layer 2 (L2): the L2 relay adds the layers MAC and RLC (Radio Link Control). It has 
its own scheduler and it can handle multiplexing and demultiplexing packets. 
Besides, it can manage the priorities between relay and users. Moreover, the 
allocation of radio resources is carried out in coordination with the eNB. It is 
typically called DF relay. At physical level, signals are demodulated, decoded, and 
then, re-encoded and modulated again; prior to send them again. This process 
improves the total SINR (Signal to Interference + Noise Ratio) of the system, but 
also increases the link latency. Many functionalities, like mobility management or 
HARQ (Hybrid Automatic Repeat Request) transmission control, are processed 
between the eNB and the UEs, transparently with respect to the RN. Therefore, 
new radio-control functions for supporting this relay technology are needed 

• Layer 3 (L3): it can have partly or completely the RRC (Radio Resource Control) 
layer. It has the same functionalities that L2, but it can also manage the quality of 
service, report and control measure from the UEs, broadcast system information, 
manage the mobility system... This relay would enhance the RRC connection 
establishment and the handovers. The L3 relay can improve throughput by 
eliminating inter-cell interference and noise, and additionally, by incorporating the 
same functions as an eNB, it can have a small impact on the standard specification. 
However, it would also increase the delay 

2.2.4 Classification	of	RNs	by	3GPP	Standards	
3GPP has defined two general types of RN throughout the years [18, 19, 22]. It has also 

defined the architecture depending on the scenario case and its functionalities. Also, the 
possibility to have a RN in a mobile environment —MRN [3]— is an interesting case. 

Fig.  2.6: RN Modes: Transparent (left) and Nontransparent (right) [20] 
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• Relay Type 1: they act as intermediates to provide of coverage to those mobile 
stations which are on the edge-cell. They are able to transmit control information 
and even Sounding Reference Signals (SRS). Resulting into an extension of the cell 
coverage and an improvement in the total network capacity. The main features of 
the type 1 are: 

o They control the cell; thus, it is apparently a different cell to the UE from 
the one where the DeNB is.  Besides, it has its own cell physical 
identification (ID), with its own synchronization channels and reference 
symbols 

o Inside the cell, UEs receive scheduling information, HARQ transmissions 
and control channels like SR or CQI (Channel Quality Indicator)/CSI from 
the RN 

o Relays type 1a are specific for outband transmissions 
o They can be half-duplex or full-duplex 

• Relay Type 2: this type is only specified in the standards; thus, it is not properly 
defined the architecture and their behaviour. This category is to improve the QoS 
and the total network capacity. They do not transmit any control information. 
Their main duty is to create spatial diversity and gain diversity. In this category 
would fall the AF-RN and some other types of relays 

• MRN: this kind of relay is to be utilized in vehicles and mains of transportation 
where is difficult to offer a good coverage due to VPL and large distances between 
eNB and UEs. Therefore, their purpose is to extend the cell coverage 
(nontransparent). One of their utilities would be to redirect the signals received 
from the DeNB, tackle Doppler spread, circumvent VPL and/or manage many of 
the radio control resources like the RLC layer (L2 shall be implemented in the relay 
for the last two features). Additionally, if L3 is implemented, MRNs would be able 
to manage report measurements and group mobility. It is interesting to note that, 
in vehicles like trains, where all UEs connected to the network have to change from 
cell at the same time, a group handover could reduce the control data and the 
latency. In Fig. 2.7, there is an example of an MRN in an HST mounted on the 
ceiling.   

 

 
Fig.  2.7: Access Network utilizing an MRN Architecture in an HST 
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2.3 MIMO	TECHNOLOGY	

2.3.1 Introduction	and	Concepts	
In LTE and LTE-A, it was implemented some techniques which were able to take 

advantage of the space dimension to improve throughput and SINR. These techniques 
utilized multiple antennas in transmission and/or reception to create a multi-beam 
scenario and were, so-called, MIMO techniques. There are currently many different 
technologies that imply the utilization of MIMO, like WiMAX, Wi-Fi (Wireless Fidelity), LTE 
and even optical fiber. In addition to that, MIMO techniques are expected to multiply the 
channel throughput in the following years utilizing new ways of access like MU-MIMO 
(MultiUser MIMO) + CoMP (Coordinated MultiPoint), exploiting the multipath effect by 
greatly increasing the number of antennas (Massive MIMO) or using BeamForming (BF) to 
increase gain and SINR. 

MIMO is synonym of antenna array, because there cannot be MIMO without 
employing arrays of antennas, either in transmission (MISO) or reception (SIMO). Arrays 
are often utilized to create a directive antenna diagram pattern, where the signals induced 
on each element get added in phase, thus resulting, in a maximum gain at the output of 
the array in the direction of the source. The array beamwidth can be determined by the 
number of antennas in the aggrupation. Besides, the phases of the signals indicate the 
steering direction of the antenna —its maximum. The gain due to the conformation of the 
beam is equal to the number of elements in the array. This is called BF. In case both 
antennas —transmitter and receiver— have adaptive diagrams to point each other, the 
maximum gain in power achieved is of MT x MR, being the number of antennas at the 
transmitter and at the receiver, respectively. 

In a channel with multipath propagation, multiple beams can reach the receiver. In 
these scenarios, if there is a path with no bounds, it is called Line-Of-Sight (LOS). This ray 
will be the first to reach the receiver and it will have the highest power. The secondary rays 
will have fewer power due to the bounces. If there is not LOS component, the scenario is 
NLOS (Non-LOS). If the diagram of the receiver antenna is properly adapted to the entropic 
conditions of a multipath scenario, the contributions of the multiple paths can be added 
vectorially. Therefore, applying weights to each element of an antenna to modify 
accordingly the amplitude and the phase of the channel path, you are able to increase 
channel gain. There are multiple effects associated with this phenomenon. For example, a 
minimum separation of half-wavelength assures to have independent propagation 
phenomena, in order to decrease the probability of fast fading. In a harsh environment like 
radio communications, where signal propagation is subject to arbitrary atmospheric 
effects, MIMO is a very important defense mechanism. 

Spatial multiplexation applies the same principles of multipath propagation but 
transmitting different signals with each beam. Spatial multiplexation works better in a 
scenario with plenty of scatters to increase spatial diversity. The maximum number of 
spatial beams can be determined by min {MT, MR}. However, this will depend on the 
conditions of the scenario. Concretely, the angular spread disposes the angular separation 
of the beams which will determine the final number of paths. 
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Fig.  2.8: NLOS Multipath Propagation Scenario 2 x 2, Tx: Transmitter and Rx: Receiver 

2.3.2 Main	MIMO	Techniques	
In this subsection, multiple useful techniques that take advantage of spatial diversity 

will be reviewed in order to approach the design of an architecture in HSR environments. 
Some of these techniques and/or technologies are: 

• Adaptive arrays [23]: arrays that perform BF changing the weights dynamically to 
reduce the SINR of the system. As a result, you can, not only steer to the desired 
signal, but also eliminate interferences and noise. There are many studies about 
array processing and smart antennas which utilize Software-Defined Radio (SDR) 
systems. Nonetheless, in BF, three main categories can be separated depending 
on the type of reference employed. Adaptive algorithms utilized references to 
compare them with the incoming signal and optimize the response. Hence, 
references can be: spatial, where the Direction-Of-Arrival (DOA) of the desired 
signal is known; temporal, where it exists a signal correlated with the desired 
signal; or blind, where the only thing which is known about the desired signal is 
some property (polarization, modulation, etc.) 

 
Fig.  2.9: Example of Adaptive Algorithm Scheme utilizing as Reference d(t) [24] 

• Spatial Modulation (SM) [25]: it is an emerging single-RF (Radio Frequency) MIMO 
concept which is able to outperform many MIMO transmission schemes due to its 
robustness in high speed environments. SM encodes and distributes the data from 
the source into spatial positions which depend on the number of transmit 
antennas creating a constellation diagram. The point of the signal constellation 
diagram is transmitted through one active antenna belonging to the spatial 
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constellation. As a result, the overall SE is increased by the exploitation of transmit 
antenna index in the base of the logarithm of the number of transmit antennas  

• Closed-loop techniques [26]: these techniques use precoding and post-processing 
matrices to apply a coding mechanism to the data channels. Hence, the channel 
matrix H has to be estimated and compensated. It is called closed-loop because 
the transmitter needs to send beacon symbols or SRS through the channel in order 
to estimate it and receive some feedback from the receiver, the CSI. This process 
needs to be repeated continuously as the coherence time in mobile 
communications is on the order of milliseconds. Besides, the channel matrix 
estimated has arbitrary values. Therefore, and due to control overhead concerns, 
the precoding matrix value is calculated depending on a set of predetermined 
matrices (a codebook). In the CSI, the receiver sends the CQI to choose a MCS 
(Modulation and Coding Scheme), the PMI (Precoding Matrix Indicator) to 
determine the precoding matrix to be used from the codebook and the RI (Rank 
Indicator) which determines the number of spatial channels available 

• Open-loop techniques [26]: these techniques permit, as the name indicates, to 
obtain transmit diversity without the use of feedback of channel information. 
Nonetheless, channel estimation is needed for the receiver to apply post-
processing. In high mobility scenarios, they are very useful to avoid errors due to 
control delay. For a 2 x 2 scheme, it employs SFBC (Space-Frequency Block Coding) 
which is a frequency domain adaptation of the renowned STBC (Space-Time Block 
Code) or Alamouti coding. The fundamental characteristic of this family of coding 
is that complex symbols are modulated in orthogonal spaces and transmitted, so 
they can be simply decoded at the receiver. For a 4 x 4 scheme, FSTD (Frequency 
Switched Transmit Diversity has also to be utilized [27] 

• Predictor antennas [28]: Adaptive MIMO techniques do not work very well with 
moving receivers, especially in an HST at 350 km/h or more. CSI provided by the 
mobile terminal becomes outdated as it moves along, and the precoding operated 
by the transmitter is less effective than expected. This is known as the channel 
aging problem. In HST, a subset of antennas on top of the carriages would permit 
to send training signals for CSI acquisition and circumvent channel aging. These 
antennas would form a ULA (Uniform Linear Array) in the direction of the train. An 
example of this is named Separate Receive and Transmit Antennas (SRTA) 

• MU-MIMO and CoMP [26]: the implementation in LTE-A of MU-MIMO allowed to 
overlap different UEs in the same space-time block, i.e. in the same PRB. In order 
to fully exploit this configuration, mobile stations in the same cell need to be well 
separated, so as to have orthogonal channels [29]. CoMP, on the other hand, was 
incorporated on Release 11 and performs signal processing for coordinated 
transmission/reception by multiple cells to one or more UEs. There are 2 general 
categories in CoMP: coordinated scheduling and BF where eNBs share CSI to steer 
only one to one UE at a time and joint transmission/reception where eNB share 
CSI and either share data or combine beams so as to increase SINR 
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Fig. 2.10: MU-MIMO general scheme, Transmission from an eNB with N antennas to K independent UEs 

• Massive MIMO [30]: in Massive MIMO the number of antennas is incremented 
greatly (by a factor of 10) to increase the number of spatial channels and reduce 
interference between UEs. Besides, the large amount of array gain permits to have 
low-power RF chain for each element. The main drawbacks of these systems are 
the physical constraints of mobile stations and the large matrices which would be 
generated. Therefore, linear and simple estimation schemes are preferable like 
Zero-Forcing (ZF). Massive MIMO could really take advantage of MU-MIMO and 
CoMP. Massive MIMO could be implemented in next-generation BSs, MRNs or 
even in the mobile stations utilizing millimeter frequencies. In [30], tests for a 
Massive MIMO system of up to 128 array elements have been accomplished 

2.3.3 Virtual	MIMO	
Virtual MIMO (VMIMO) systems are designed for wireless communications to improve 

SE. They are especially useful in systems where classical MIMO technologies are not 
feasible due to energy consumption concerns or physical constraints [31]. VMIMO 
combines the idea of cooperation between mobile stations and virtual antenna array. 
VMIMO systems consists of different mobile stations, each with one antenna, that 
cooperate and form a virtual array to reap some benefits of a MIMO system. In a way, it is 
similar to CoMP where several transmitters cooperate to relay several signals. The relayed 
signals are forwarded to the UE and, then decoded at the final destination. The main 
drawback of VMIMO is that cooperation between stations can lead to more energy 
investment due to signaling purposes. In Fig. 2.11 is depicted a VMIMO scenario case. 

 
Fig.  2.11: VMIMO Scenario Scheme 

VMIMO has been previously studied utilizing RNs [6], where AF relays are implemented 
to obtain an expression for EE (Energy Efficiency) and determine the optimal power 
allocation. The problem of power allocation, EE and SE is not trivial and depends greatly on 



 2. Mobile Communications: Description & Concepts 

15 

the scenario studied. In [10], EE is examined in an outdoor-to-indoor layout using DAS over 
licensed and unlicensed frequency bands. 

2.4 MILLIMETER	FREQUENCIES	

2.4.1 Propagation	at	Extremely	High	Frequencies	
Frequency bands at extremely high frequencies or mmWave frequencies have 

wavelengths from ten to one millimeters and range from 30 to 300 GHz. Therefore, the 
path loss attenuation is very high at these frequencies and signal blockage is an important 
matter. The free space losses over 1 m at 60 GHz are 68 dB, which is 21,6 dB worse than at 
5 GHz. Furthermore, atmospheric attenuation is also very important for wireless 
communications due to gas absorption.  

It is interesting to notice that mmWave shows optical propagation characteristics due 
to its small wavelength. Consequently, optic geometrics and ray-tracing techniques can be 
utilized to predict its behavior. Diffraction is less than at lower frequencies, although they 
can be diffracted by building edges. At millimeter wavelengths, surfaces appear rougher so 
diffuse reflection increases. Multipath propagation, particularly reflection from indoor 
walls and surfaces, causes serious fading. Doppler shift of frequency can be significant even 
at pedestrian speeds. In portable devices, shadowing due to the human body is a problem.  

The low range of millimeter frequencies allows frequency reuse and implementation 
of femtocells indoors. The short wavelength also permits to have very small antennas with 
a small beamwidth. The small beamwidth would also allow for high levels of spatial reuse. 
Highly directive antennas and BF are technologies which meet these requirements [9]. This 
may also be used to circumvent signal blockage, utilizing first order reflective paths. 

The main problem with mmWave currently lies in the lack of equipment and 
technology developed. Nowadays, RF components and instrumentation at these 
frequencies are very cost expensive. More resources have to be invested in these areas of 
investigation to design new technologies that are more affordable for customers and easier 
to implement. 

2.4.2 Analysis	and	Feasibility	of	mmWave	Bands	in	Short-Range	Environments	
Frequency bands around UHF are a very scarce resource. 5G has an ambitious data 

rate of 10 Gbps [1]. In order to accomplish that, several new technologies have been 
proposed. Between them, mmWave is a perfect opportunity to use non-saturated bands 
like 24, 37, 60 or 70 GHz. As a matter of fact, 3GPP has released a new document [7] to 
encourage research of millimeter bands like 30 or 70 GHz for HSTs.  

As previously mentioned, mmWave is better for short range, in small spaces where the 
propagation losses are not very high. Wireless Local Area Networks (WLAN) in 60 GHz is 
expected to be the next-generation Wi-Fi in the next years. The 802.11ad, also named 
WiGig (Wireless Gigabit), is the standard created by the IEEE called to be the next Wi-Fi 
indoor spaces using the unlicensed bands at 60 GHz. WiGig could be utilized in public 
transportation, offices, malls, houses, etc. For example, in a house, Access Points (AP) shall 
be installed within each room to provide full-coverage. The standard [8] is set between 57 
and 66 GHz, but it depends on the country. The ITU-R (International Telecommunication 
Union Radiocommunication sector) divided the spectrum in 4 channels, and each channel 
has a bandwidth of 2,16 GHz. The theoretical throughput that WiGig is able to reached out 
is 7 Gbps. 
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The main difficulty to use WiGig in external areas is that there is a substantial RF 
absorption peak in the 60 GHz band. This is due to a resonance of atmospheric oxygen 
molecules, and it is often cited as a limitation on range in this band. However, this 
absorption effect only starts to become significant at >100 m range. 

The use of mmWave would provide a significant improvement in communications, 
providing over 6,75 Gbps with 2 GHz of bandwidth. This huge throughput would allow the 
implementation of in-room gaming, Video on Demand (VoD), Video streaming, rapid file 
transfer… 

There are currently many researches dealing with the path model analysis and the 
feasibility and complexity of mmWave communications. In [32], a massive MIMO channel 
measurement is conducted with a 1024-element antenna at 26 GHz, plus a ray-tracing 
simulator is developed based on the results. In [33], an analysis at 60 GHz of two different 
proposals for short-range wideband applications is presented. One proposal is intended to 
achieve over 3 Gbps for 10 meters distance, whereas the other is intended for 10 Gbps in 
a distance of 1 meter. Furthermore, these scenarios have been carried out in a 
measurement campaign. The first one in an airplane cabin, and the second in a data kiosk. 
These two articles asseverate what has already been established for mmWave frequencies. 
These bands are expected to have a very high throughput —on the order of gigabytes— at 
close distances of about meters. 

2.5 VISION	OF	5G	

2.5.1 Motivation	of	5G	
The next evolution in mobile communications is 5G, corresponding to the fifth 

generation of this type of communications. This next generation pretends to converge 
several technologies that up to this day were completely separated. This is a fundamental 
change in concept. Some of these technologies are fixed and mobile satellite, licensed and 
unlicensed bands or IoT (Internet of Things). In order for this vertical integration to happen, 
major changes in the access and in the core networks have to be implemented. 

Other key issues for the 5G are: enhanced Mobile BroadBand (eMBB), massive 
Machine Type Communications (mMTC) and Ultra-Reliable and Low Latency 
Communications (URLLC) [34]. These services would allow to support machine-to-machine 
and machine-to-human communications, 4k video streaming or autonomous 
communication between devices, between others. 

These additions would have to operate in a ubiquitous and energy-efficient way. 
Furthermore, the 5G system will have to be designed in a future-proof way so as to enable 
smoother transitions in future generations. This new environment also calls for innovative 
solutions regarding user privacy. 

New technologies have to be designed to reach the full potential of mobile 
communications and realize the issues abovementioned. Some of the most frequently 
mentioned are: Massive MIMO, new waveform and new carrier, above 6 GHz bands, 
latency reduction, new multiplexing access, femtocells, BF, CA, cell virtualization, ultra-
dense networks. 

5G first on-the-field experiments have been carried out with excellent results [35]. 
Some have tested new waveforms and modulations like Alcatel-Lucent and others have 
tested new frequency bands like Samsung or Nokia. However, 5G is due to 2020 and much 
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more development has to be done. Some of the minimum requirements that 5G has to 
fulfil are: data rate peaks of 10 Gbps, 50 Mbps cell edge and 1 ms radio latency. 

2.5.2 5G	Architecture	and	Air	Interface	Design	
With the phase 1 finalized, the first steps onto a new system architecture and a new 

RAN have been set. Multiple organizations have jointly endeavored to progress and achieve 
the milestones marked for this phase. 

From the first specifications envisioned for 5G —ubiquitous coverage, energy efficient, 
ultra-dense network, IoT, user data rate, integration of cross-domain networks, traffic type, 
low latencies… A common core network has been created in order to make fully compatible 
different technologies. 

A distinct key feature of the 5G system architecture is network slicing [36]. Network 
slicing is an end-to-end concept that enables the network operator to deploy multiple, 
independent PLMNs (Public Land Mobile Network) where each is customized by 
instantiating only the features, capabilities and services required to satisfy the subset of 
the served users/UEs or a related business customer needs. Network slicing is formed of 
slice instances which partitions and assigns a set of resources that can be utilized in an 
isolated, disjunctive or non- disjunctive manner for that slice. Such an approach using 
network slicing would allow a significant reduction of the operations expenditure. In 
addition, network slicing utilizes softwarization techniques to manage network slicing.  

 

 
Fig.  2.12: Network Slicing Representation [36] 

The Air interface or RAN which 5G will implement is not quite determined. Due to all 
the points and requirements that 5G has to meet, several technologies and options are 
taken under consideration: 

• New waveforms and modulations: new multiplexing access and modulations are 
being studied. In this context, Filter Bank Multi-Carrier (FBMC), Flexible Configured 
Orthogonal Frequency Division Multiplexing (FC-OFDM), and UF-OFDM (Universal-
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Filtered OFDM) low-complexity transceivers have been implemented [37]. These 
candidates have been evaluated with outstanding results. In [38], multiple new 
schemes are presented. One scheme is OTFS (Orthogonal Time Frequency Space). 
OTFS maps the transmitted symbols in the delay-Doppler domain. In HST, high 
Doppler spread can be expressed in a stable model, which saves the cost of 
tracking the time-varying fading and improves performance. The other scheme is 
NOMA (Non-Orthogonal Multiple Access). NOMA is able to multiplex information 
in multiple domains, like power-domain, code-domain or even in several domains 
at the same time. NOMA is a versatile, low latency, high SE solution able to support 
high throughput and massive and heterogeneous connectivity for 5G networks, 

• CA: carrier aggregation will support up to 200 MHz of bandwidth 
• Polar Codes (PC) [39]: PC forms part of an error-correcting codes family. PC is 

rooted in the effect called channel polarization. In PC, it is created two kinds of 
synthetized channels, the good ones and the bad ones. Applying recursively the 
same polarization transformation to both channels will generate more and more 
synthetized channels where increasingly the good ones will show a better 
reliability and the bad ones a worse reliability. Finally, it will tend to two extremes 
where in one side there are noisy channels and, in the other side, almost free of 
noise channels 

• Above 6 GHz bands: new frequency bands are being investigated to use in 5G. The 
FCC (US Federal Communications Commission) has adopted new rules for wireless 
broadband communications above 24 GHz [40]. These bands are 27,5-28,35 GHz, 
37-38,6 GHz and 38,6-40 GHz. Additionally, the unlicensed bands in 60 GHz offer 
another great possibility where 5G and WiGig could converge 

• Massive MIMO: MIMO is without a doubt one of the current technologies with 
more potential to leverage the throughput and system efficiency. Massive MIMO, 
as mentioned in subsection 2.3.2 permits low-power RF-chains, low PAPR, flexible 
beam adjustment for UE tracking and it can be implemented in multiple and 
diverse scenarios 

• RN: Relay Nodes permit to create an efficient heterogeneous network planning as 
mentioned in section 2.2. As 5G pretends to offer ubiquitous coverage, it is 
expected the widespread of RNs as solution to offer a low latency and high 
throughput. 

The first phase (release 15) of 5G has ended with the so-called New Radio (NR) 
interface [41]. The frequency bands of 5G have been stated as: 

Frequency 
Range 

Range covered 
(MHz) 

RFGlobal 
(Khz) 

DFREF-OFFs 
(MHz) 

NREF-OFFs Range of NREF 

FR1 0 – 3000 5 0 0 0 – 599999 
FR1 3000 – 24000 15 3000 600000 600000 – 1999999 
FR2 24000 – 100000 60 24000 2000000 2000000 – 326667 

Table 2-3: Frequency bands for the 5G NR 

This distribution works with the assumption: 
𝐹,-. = 𝐹,-.01..2 + ∆𝐹,-.01..2 · (𝑁,-. − 𝑁,-.01..2)                       (2.1) 

In the new network, the LTE EPC will translate into the NGC (Next Generation Core) for 
the 5G, and the eNB will be called GNB (next Generation Node B). In a similar manner, the 
new access networks are named E-UTRAN-NR (E-UTRAN New Radio) and NG-RAN (Next 
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Generation RAN). The new network permits backward compatibility with LTE and LTE-A, 
allowing an easier transition to the new standard. 

In the PHY layer, there are several new aspects to take into account. In FR1, there are 
bandwidths of 5 MHz and up to 100 MHz; and in FR2 up to 400 MHz (CA of 16 carriers). 
High-dense modulations have been implemented with the 256-QAM in both uplink and 
downlink. Moreover, in the uplink, the p/2-BPSK has been added. 

In the race to 5G, finally, the Flexible Configured OFDM has won, now named CP-OFDM 
(Cyclic-Prefix OFDM) [42]. This waveform allows low implementation complexity, high SE 
and compatibility with multi-antenna techniques. The main inconvenient of CP-OFDM is 
the same as OFDM, the PAPR. Hence, in uplink, not only CP-OFDM will be used, but also 
the DFT-S-OFDM (Discrete Fourier Transform Spread OFDM) which is very similar to SC-
FDMA and has a lower PAPR than CP-OFDM. The main perk of CP-OFDM is its flexible 
numerology with different subcarrier sizes (from 15 kHz to 200 kHz) and different 
subcarrier spacings (from 15 kHz to 240 kHz depending on the application). One RB is 
defined as 12 subcarriers in the frequency domain without any time dimension. Now, the 
RBs are grouped (common RBs) in BandWidth Parts (BWP) where the numerology is fixed 
(same subcarrier size and spacing, same type of MIMO, etc.). A UE can be configured with 
up to 4 BWP per carrier in both uplink and downlink. 
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3 ARCHITECTURES	FOR	TRAIN	COMMUNICATION	SYSTEMS	

his chapter will review several technologies for railway communication systems. Firstly, 
the work focuses especially on the way to provide train control communications and 

internet access on board trains. Secondly, the main focus is moved to analyze different 
technologies to offer data access to train passengers. Finally, railway standardization 
architectures and protocols are researched and evaluated. 

3.1 DATA	ACCESS	TO	THE	TRAIN	

3.1.1 Cellular	Network	Solutions	
Public cellular networks solutions are usually based on the use of several public cellular 

networks deployed over landmasses. Mobile Network Operators (MNO) can deploy  across 
the railways to supply data access to the trains. Railway operators must manage the lack of 
coverage of one MNO by supplying with another. In the case of no coverage at all, an 
alternative solution must be found. For example, in the subway, dedicated  can be deployed 
to provide coverage, whilst in rural areas also satellites are an effective solution.  

These types of architectures are named train-to-ground communications. They usually 
employ MRNs or access terminals on the train to relay the incoming signals and feed them 
into the carriages. These terminals can support one or many technologies. Thus, they are 
two-hop technologies. Their main benefits are [43]: 

• Avoiding VPLs (Faraday cage) and amplifying the incoming signal 
• Tackling the Doppler spread produced by the train speed. HSTs’ velocity is of 

300-350 km/h and increasing across the years, thus, compensating Doppler 
spread is a key issue of these communications 

• Reducing drastically handover to all train passengers performing group 
handover. Indeed, without the use of MRNs, each UE connection has to 
perform a handover every minute in HST leading to a huge burden in the mobile 
network. Therefore, a relay can aggregate all the connections and lessened the 
overload 

• Abling to provide Wi-Fi connection inside the train, instead of a 4G connection. 
Assuming not all UEs are equipped with a 4G subscription, but all UEs are 
equipped with Wi-Fi 

The basic architecture relies in three main parts: the radio access and the aggregation 
network, the UE-side and the traffic control center. Moreover, the mobile network can be 
used to either critical communications, where efficiency and safety is fundamental (ERTMS, 
CBTC or LTE-R), or non-critical, where high data throughput is more important. In Fig. 3.1 is 
depicted this kind of architecture: 

T 
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Fig.  3.1: Train-to-Ground Architecture Implementation using the Public Cellular Network  

The use of public cellular networks depends on its availability. Many times, dedicated 
infrastructure has to be deployed to allow connectivity to the train, such as WiMAX or 
Radio-over-Fiber (RoF). Hence, depending on the case it can be used the public network, it 
can be implemented dedicated train-to-infrastructure solutions or a combination of both 
can be arranged. 

These communications are suited for high data rate services (streaming, VoD, 
download data, etc.), different railway scenarios due to its versatility (underground, HSR, 
suburban trains, etc.), low latency and QoS support. However, it is important to notice that 
such an architecture can imply interferences between mobile communications inside the 
train and external. 

Cellular-based solutions are mainly deployed for Internet onboard access because they 
allow low costs, relying on the use of existing infrastructures. However, cellular-based 
solutions lead to many drawbacks. Minimum capacity requires multiple cells management. 
Furthermore, BSs are not often near the tracks, and antennas are not oriented for track 
coverage. 

Many countries have already implemented these systems. Joint works between 
railway and MNOs skateholders are currently used to implement strategies for better on 
train Wi-Fi services and better railtrack coverage. This is the case in Denmark and in France 
for instance. 
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3.1.2 Satellite-Based	Communications	
Satellite communications permit numerous advantages in comparison with mobile 

networks in order to enable broadband data access in railway systems. Their main perks 
are [44]: 

• Coverage of wide geographic areas with already deployed systems 
• Broad connectivity for connection and aggregation of the traffic of a large number 

of mobile terminals   
• Resistance to high velocities 
• Low cost in CAPEX (CAPital EXpenditure) due to the absence of infrastructure 

 
Fig.  3.2: Satellite Communications Network in High Speed Railway Scenarios 

Satellite communications can serve as a gap-filler for cellular networks and otherwise, 
because of its simple integration. Due to its expected general availability and coverage, 
satellite communication is assumed to be a very suitable technology —both for train-to-
ground as well as for train-to-train communications. 

However, it is also relevant to take into account some constraints of satellite networks: 

• LOS links are necessary if broadband connectivity is required. Obstacles or other 
things (catenary lines, lush vegetation, etc.) will result in a high increment of losses 
and possibly in the link’s collapse. Therefore, gap-fillers are necessary to have full-
connectivity, so as to avoid cut-offs. One option is then to allow vertical handover 
and switch between satellite and 3G/4G or WiMAX. Another option is to install 
along the tracks repeaters to redistribute the signals in NLOS areas 

• In satellite scenarios, antennas have to be very directive and with a thin beamwidth 
(between 1 and 3 degrees) to avoid interferences. Since the pointing of the antenna 
to the right satellite must be very accurate in order to avoid interfering with other 
satellites, a high performance pointing and tracking antenna system will be needed 

• Generally, GEO (Geostationary Earth Orbit) are very attractive due to its wide 
coverage and its positioning —which is fixed. GEO satellites are often used for 
broadband data access applications. Despite having many inconveniences like very 
high bandwidth price, propagation delay that can translate into a problem for 
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interactive applications like game or streaming services or small elevation angles 
where small obstacles like low buildings can be a problem. In spite of all this, all 
connectivity solutions on board trains using satellite technology rely on GEO 
satellites because MEO (Medium Earth Orbit) and LEO (Low Earth Orbit) are not able 
to offer broadband connectivity 

OPEX (Operational EXpenditure) investment is a problem due to cost of renting large 
amounts of bandwidth in satellite systems. Ku-band is currently the most used frequency 
band to provide broadband internet. The total throughput available at any time will depend 
on the contracted satellite capacity. Hence, any change in the business model like an 
increase on the number of users or in the data rate will affect and will represent a serious 
problem. Ka-band can become the solution to this problem due to its larger bandwidth. 
However, new equipment must be implemented and deployed to use this band, which 
would also affect to backward/forward compatibility in the future. In addition, Ka-band 
uses higher frequencies which has higher losses and is more affected by atmospheric 
attenuation and by its variations. 

Detailed simulations modelling train movements and related communications would 
be required —taking into account appropriate radio channel propagation and terrain 
models— to evaluate the suitability of satellite communication for the rail domain. 

3.1.3 Optical-Based	Communications	and	other	Approaches	
Free Space Optics (FSO) represent a very attractive solution to provide broadband data 

on board trains. FSO technologies have at its disposal a large bulk of unregulated 
bandwidth. Additionally, they are immune to electromagnetic interferences and have low 
BERs (Bit Error Rate).  

On the contrary, FSO represent many challenges to overcome. Due to the small 
distances that optical waves can travel, a large infrastructure has to be deployed along the 
tracks to cover them. Also, atmospheric attenuation is potential a detractor in some 
circumstances. 

FSO systems are also quite modern, so further research has to be invested. The Railway 
Technical Research Institute in Japan has tested this type of technology [43]. Throughputs 
up to 700 Mbps have been obtained for trains for a speed of 130 km/h. Three different 
methods are tested under this project: 

• The leaky optical fiber method: this method requires installation of optical fiber 
along the track. It uses a laser beam that flees through the fiber to establish a 
channel. The method allows to obtain continuous communication with the train 

• The “fan-shaped laser beam” method: this method uses a laser beam diffused with 
a concave lens. The lens radiates the laser beam in one horizontal direction. At 
reception, the laser beam is caught by the condenser lens. Laser transmitter 
permits to communicate with a wide area 

• The “laser beam tracking” method: the transmitter consists of a laser transmission 
device and a mobile mirror. It transmits laser beams towards the receiver. This one 
is identified using an infrared beacon light. With the mobile mirror, the transmitter 
can follow the receiver and establish a continuous communication 

However, many problems arise in real scenarios where handovers have to be 
performed rapidly and dynamically without losing the connection at any train speed. 
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WiMAX is another approach that can suit some railway scenarios. The IEEE 802.16 
standard benefits of the large wide areas that is able to cover and its range (of about 5 km).  
However, few practical experiments have come through. For example, a WiMAX solution 
was deployed for the Narita express in Japan. Maximum throughputs of 40 Mbps in the 2,5 
GHz band were obtained in the downlink. 

Wi-Fi is a suitable technology to use inside the train [45], but it can also be used as the 
access network to the internet. Wi-Fi network has to be deployed along the track. Wi-Fi 
technology is a very interesting candidate among terrestrial technologies. Indeed, it is an 
unlicensed and well-known technology allowing good performance and resistance to high 
speeds. 

RoF technology is an interesting case because it avoids frequent handovers between 
cells. In this type of communications light is modulated by a RF signal and sent through an 
optic fiber. The Radio-over-Fiber technology is used in the Shanghai Transrapid, which is a 
MAGLEV train running up to 500 km/h. This train runs between the Shanghai airport and 
the city center. Throughputs up to 4 Mbps can be obtained in full duplex at 3,5 GHz and up 
to 16 Mbps in full duplex at 5,8 GHz. In [46], a 60 GHz RoF architecture is studied to 
providing seamless broadband wireless communication with high end-user mobility. It 
works as an extended moving cell. 

3.2 DATA	ACCESS	TO	THE	TRAIN	PASSENGERS	

3.2.1 Wi-Fi	
One of the most popular ways to provide coverage to train passengers relies on Wi-Fi 

access. The IEEE 802.11 standard is a very well-known technology that takes advantage of 
the unlicensed spectrum bands. The most prominent bands are in the 2,4 and 5 GHz. This 
standard uses APs as radio transmitters to distribute the signals to multiple users. As it 
transmits in unlicensed spectrum is important to take into account the power emitted and 
the harmful interferences due to other devices. Many technologies rely on these bands like 
Bluetooth, cordless phones, microwave ovens, video sensors, IoT solutions (IEEE 802.15.4), 
etc. 

 The deployment of WLANs in trains has a very high cost, due to installation costs and 
equipment. In addition to that, it is frequently necessary to rewire every single train to 
install the APs. Then, we can differentiate two structures here: one where each carriage is 
connected independently to the others, and another whose goal is to interconnect all the 
carriages. Multiple standards have been released across the years for the 802.11. In table 
3-1, a remainder of the most important is portrayed [45]: 
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Standard Standardization Year Frequency 
Bands (GHz) 

Maximum Theoretical 
Throughput (Mbps) 

IEEE 802.11a 1999 5 54 

IEEE 802.11b 1999 2,4 11 

IEEE 802.11g 2003 2,4 54 

IEEE 802.11n 2009 2,4/5 450 

IEEE 802.11p 2010 5,85-5,925 - 

IEEE 802.11ac 2014 5 1300 
Table 3-1: IEEE 802.11 main standards for railway communications 

The IEEE 802.11n implemented some additions to the standard that permitted to 
increase its throughput. This version relies on the use of MIMO technologies and channel 
aggregation (up to 40 MHz, instead of 20 from previous standards). The 802.11ac adds up 
to 8 spatial streams, MU-MIMO (up to 4 users), high-density modulations (256-QAM), and 
higher bandwidth (160 MHz). The 802.11p is an approved amendment for V2X applications. 
Concretely, it is foreseen as a possible candidate to V2V (Vehicle-to-Vehicle) and V2I 
(Vehicle-to-Infrastructure) communications. Thereby, it differs drastically from the 
previous standards. Its main motivation is for safety applications such as emergency 
contacts, platooning, collision warning or movement assistant. 

Another standard, the IEEE 802.11ad, was released in 2009. The so-called WiGig, as 
explained in subsection 2.4.2, allows up to 7 Gbps of theoretical throughput and works in 
mmWave bands (from 57 to 66 GHz). It allows high speed, low latency, and security-
protected connectivity between nearby devices. Its main drawback is the limited 
transmission range which is of several decades of meters. Hence, many APs would be 
needed in a train to provide full coverage. However, a growing interest in these bands and 
concretely in the unlicensed spectrum has led to build cheaper devices and transceivers. 

The main specifications of the IEEE 802.11ad are summarized here: 

• The 802.11 MAC (Medium Access Control) layer is supplemented and extended, 
and it is backward compatible with the IEEE 802.11 

• PHY layer enables low power and high performance devices 
• Support for beamforming. It permits to modify the phase of the antennas to create 

a directive beam that can be dynamically be steered. The phased arrays obtain a 
high beamforming gain due to its directivity, allowing a robust transmission up to 
10 meters. Besides, the small antenna size at these frequencies allows to pack 
several antennas in very small areas 

• Widely used advanced security and power management for WiGig devices 

3.2.2 Optical-Based	Solutions	
Recent works have shown the possibility to use VLC (Visible Light Communications) on 

board the train. VLC are a specific type of communications that use visible light to transmit 
the information. Similarly to FSO communications, it uses light as a wave to transmit 
information, though the applications are rather different. FSO communications is mainly 
used for free-space communications such as point-to-point links, whereas VLCs have a very 
low range. 



 3. Architectures for Train Communication Systems 

26 

VLC takes advantage of lamps and other light-emitting devices to send the information. 
This technology uses LEDs (Light Emitting Diode) to transmit its signals. Although, light 
waves cannot penetrate walls, which makes a much shorter range, this technology can 
reach out throughputs of hundreds of gigabytes. 

Li-Fi (Light Fidelity) is a standard developed for the same subject. Li-Fi systems are able 
to use ultraviolet, infrared and VLC bands, so it has a much greater bandwidth. Like Wi-Fi, 
it uses similar communication protocols. Li-Fi relies on the IEEE 802.15.7 standard, which is 
a little antiquate and does not consider modern advances in these fields. Nevertheless, it 
defines the PHY and the MAC layers. The standard allows communications up to 10 meters, 
taking into account mobility, reflections, etc. It uses modulations such as OOK (On-Off 
Keying), which is to put it simple switch on and off the light bulb to modulate information, 
and more complex like CSK (Color Shift Keying) or VPPM (Variable Pulse Position 
Modulation). 

There is no doubt that it is a promising system that can allow gigabit throughput 
transmissions to close-range UEs and that it offers some advantages over the rest of the 
technologies. 

3.2.3 Leaky	Cables	
Leaky cables or radiating cables is a subject matter that has been extensively studied 

in previous works [47]. Typically, these cables are used for underground scenarios like 
tunnels. A leaky feeder consists of a coaxial cable run along tunnels which emits and 
receives radio waves, functioning as an extended antenna. The cable is leaky in that it has 
gaps or slots in its outer conductor to allow the radio signal to leak into or out of the cable 
along its entire length. Because of the leakage of the power, amplifiers have to be inserted 
regularly along the line. New techniques are being developed to enable MIMO and boost 
the performance and the throughput of the feeders. 

Leaky cables are suit to use indoors, such as offices, but are more appealing in some 
vehicles like aircrafts or trains where the shape of the cabins is similar to an underground 
tunnel. 

3.3 COMMUNICATION	SYSTEMS	FOR	RAILWAY	ENVIRONMENTS	

3.3.1 TETRA	
TETRA is a European standard for a trunked radio system, is a professional mobile radio 

and two-way transceiver specification. TETRA was specifically designed for use by 
government agencies, emergency services (police forces, fire departments, ambulances, 
etc.), public safety networks and is widely adopted by metro operators. It provides robust 
and secured communication even under rough conditions. Both point-to-point and point-
to-multipoint transfer can be used. It utilizes TDMA multiplexing, and features two 
operation modes [48]: 

• TMO (Trunked-Mode Operation) is for communications between TETRA terminals 
and  

• DMO (Direct-Mode Operation) is for infrastructure-less operation. It also allows 
operating one or more terminals as a relay 

TETRA operates in UHF bands which has favorable propagation conditions. TETRA was 
designed specifically to provide voice communication in challenging scenarios.  
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Nevertheless, it is also capable of offering data communication utilizing p/4-DPSK 
(Differential PSK), limited to 25 kHz of bandwidth.  

TETRA includes several types of communication such as SDS (Short Data Service) which 
can be used in DMO mode. This mode is particularly interesting in train-to-train 
communications since it allows infrastructure-less point-to-point and point-to-multipoint 
transmission, as well as a fast call setup. 

TETRA has many advantages with respect to other standards (such as GSM). The most 
relevant features that presents are: 

• The UHF lower frequency gives longer range, which in turn permits very high levels 
of geographic coverage with a smaller number of transmitters, thus cutting 
infrastructure costs 

• During a voice call, the communications are not interrupted when moving to 
another network site 

• In the absence of a network, mobiles/portables can use DMO whereby they share 
channels directly 

• Gateway mode is able to establish a connection to the network where one terminal 
act as a relay for other nearby mobiles that are out of range of the infrastructure 

• Unlike cellular technologies, which connect one subscriber to one other subscriber, 
TETRA is able to connect point-to-point and point-to-multipoint. These operational 
modes are directly relevant to the public safety and professional users 

• Security TETRA supports terminal registration, authentication, air-interface 
encryption and end-to-end encryption 

• Rapid deployment (transportable) network solutions are available for disaster 
relief and temporary capacity provision. 

• Network solutions are available in both reliable circuit-switched (telephone like) 
architectures and flat, IP architectures with soft (software) switches. 

• High spectral efficiency of up 28,8 kbps in a small portion of the spectrum 
• Operational at high speeds (over 400 km/h) 
• The system contains mechanisms to ensure QoS even in overload situations 
However, TETRA has also some drawbacks that make it an old standard. It requires a 

linear RF amplifier to meet the stringent specifications that allow it to exist alongside other 
radio services. Though it has a high spectrum efficiency, its data rate is very low (up to 115,2 
kbps in 25 kHz). There is a new standard version where it supports 150 kHz and 691,2 kbps. 

TETRA is being used in more than 120 different countries by the public sector. As it is 
an open standard, it allows to use a mix of TETRA with other standards and to use it for 
many different applications. 

3.3.2 GSM	Railway	
GSM-R is based on GSM 900, it uses different frequencies under 900 MHz. GSM-R is a 

further enhancement of GSM to the requirements of railroad operations, such as train 
control. GSM-R is a TDMA multiplex system with 8 time slots, transmitting one voice 
communication per slot. In the first time slot of each transmission sends the network data 
configuration and the information about itself. Other similarities with GSM are the use of 
TDD and FDD modes and the GMSK (Gaussian Minimum Shift Keying) modulation. 

The General Packet Radio Services (GPRS) for data communications up to 14,4 kbps is 
supported by GSM-R for data transport in the same way as with the regular GSM system. 
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It serves customized applications such as ATC (Automatic Train Control) and ETCS 
(Electronic Train Control System) —this is the train control system, not to confuse with the 
European standard named also ETCS (European Train Control System)— for remote or 
automatic control of train movements and monitoring; as well as functional addressing 
(calling a user by an assigned function rather than by a fixed number) and location-
dependent addressing. 

GSM-R has additional characteristics such as Voice Group Call Service (VGCS) and Voice 
Broadcast Service (VBS) to communicate simultaneously to a group of terminals. Mobile 
terminals, called cabin radios, are similar in most ways to those traditional mobiles, though 
they bear a special user interface for professional operators. They also have additional tools 
and are more robust. 

In Fig. 3.3 is depicted the basic architecture of a GSM-R network [49] (the 
nomenclature is shown in the same document): 

  

 
Fig.  3.3: GSM-R Network Architecture [49] 

Furthermore, the main parameters of the GSM-R standard are shown in table 3-2: 

Frequency Bands 
Uplink: 876,2 a 915 MHz  

Downlink: 921,2 a 960 MHz 

Channels 19 

Cell Sectors 2 sectors 

Channel Spacing 200 kHz 

Modulation GMSK 

Symbol Rate 270,833 symbols/s 

Bit per Symbol 1 

Access Multiplexing TDMA and TDD/FDD 
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Number of Channels per Carrier 
8 time slots per TDMA frame (4,615 ms) 

148 bits per time slot, equivalent to      
577 μs 

Voice Codec 

Digital Transmission with Voice Codec 
(13 kbps) 

RPE-LTP (Regular Pulse Excited Code 
with Long Term Prediction) 

Power Control Dynamic Range of 30 dB with 2 dB leaps 
Table 3-2: Technical Parameters of GSM-R 

As abovementioned, GSM-R supports voice and data. As in regular GSM this is 
accomplished by commuted circuit networks. Additionally, several specific services are 
needed in railway scenarios due to their security requirements: 

• Advanced Speech Call Items (ASCI) which include emergency calls and group calls 
(VGCS and VBS) to distribute information to a group of users 

• eMLPP (enhanced Multi-Level Precedence and Pre-emption) Service defines the 
user’s priority  

• Functional Addressing that allows a subscriber to be called with a temporary 
function. Thereby, the one who initiates the call just needs to know the train 
number and the network will redirect him directly to the subscriber 

• Location Dependent Addressing which permits the routing system to call the most 
appropriate train controller regarding the current train position by dialing a pre-
defined short code 

• Access Matrix allows to habilitate and block different communication routes. 
Then, only the traffic manager will be able to, for example, connect the train 
controller as subscriber 

• Priority control to all the different calls (PtP, VGCS, VBS) 
• Other applications such as diagnosis via radio or data transmission for ETCS 

Also, other requirements regarding coverage power and latency differ from the 
traditional GSM, look up in [49] to check them. 

In conclusion, GSM-R is a standard that fits in the railway scenario and the needs in 
this sector. It is built on the GSM standard and provides additional functionalities for safety 
and security purposes. It is currently used all over the world like Europe, China, Australia 
or South Africa. 

3.3.3 CBTC	
CBTC is a railway signaling system that makes use of the telecommunications between 

the train and track equipment for the traffic management and infrastructure control. It has 
been widely implemented by metro operators. It is a system with an ATC system utilizing 
high-resolution train location determination, independent from track circuits; continuous, 
high-capacity, bidirectional train-to-wayside data communications; and trainborne and 
wayside processors [49]. It is capable of implementing Automatic Train Protection (ATP) 
functions, as well as optional Automatic Train Operation (ATO) and Automatic Train 
Supervision (ATS) functions.  

The ATP system protects the train triggering the emergency brakes in case of an 
unauthorized operation. The optional systems, ATO and ATS, are responsible of 



 3. Architectures for Train Communication Systems 

30 

transmitting data to the train and trackside controllers; information like speed, position, 
station distance, etc. 

The CBTC system is known to be more accurate than traditional systems that use track 
circuits. Several studies also confirm that, compare with traditional systems, the initial 
investment and the exploitation expenses are lower in CBTC systems. 

The train location is determined by means of tachometers in the train wheels, 
accelerometers in the trains and other calculus done in the train controller. The ATP system 
fixed the train location with a precision of 3 to 5 meters. The train speed is determined also 
by the tachometers. The controllers on the trackside and in the train transmit the 
information between them and make the according calculus depending on the situation. 
The trackside controller is more important because its purpose is to locate all the trains in 
a radio of action and send this information to all the trains in the area. In the train-to-
ground communications, CBTC employs spread spectrum techniques at 2,4 GHz to 
communicate both controllers. 

CBTC needs an Auxiliary Wayside System (AWS) for interoperability and flexibility. Its 
main purpose is to be operative in case of malfunctioning of CBTC. 

3.3.4 ERTMS	
ERTMS is the system of standards that integrate ETCS —the European standard— and 

GSM-R. ERTMS development started with the foundation of GSM-R and ETCS and its 
creation is due to the necessity of an interoperable system with European mark that is able 
to support high speed trains and high-density traffic. It aims to greatly enhance safety, 
increase efficiency of train transports and reduce infrastructure and operational costs. This 
is done by replacing former national signaling equipment and operational procedures with 
a single new Europe-wide standard for train control and command systems. 

The ETCS standard compares the maximum velocity allowed with the actual train 
velocity calculated with a controller in the train and with “Eurobalises” in the track. Its main 
function is to reduce speed in case it is exceeded the maximum permitted (in a similar 
manner to CBTC). 

The equipment necessary to operate ERTMS is [49]: 

• Trainborne: an antenna installed on the train floor responsible of train-to-ground 
communications and an optional antenna for radio communications (voice and 
data) using GSM-R. The former interface transmits data by producing a magnetic 
field with magnetic coupling in 27 MHz for the downlink (train-track) and in 4 MHz 
in the uplink (track-train); whereas the latter, uses the GSM-R radio interface 
around 900 MHz. Other devices installed in the train are the Euroradio to process 
the data and the voice, the DMI (Driver Machine Interface) that presents all the 
relevant data to the train controller, the BTM (Balise Transmission Module) which 
permits to interpret the balises installed in the track and the Eurocab is the system 
core —process all the information and resolves depending on it—, it also actives 
the emergency brakes if needed and calculates the train speed with an odometer 

• Lineside: the track circuits and the signaling control detect the train position and 
send it, the RBC (Radio Block Center) is a specialized computing device that is used 
when data via radio is sent and the Eurobalises are passive or active antennas on 
the rails that can be arranged as groups. These balises can be fixed, which send 
fixed information like speed restrictions or controlled —named transparent data 
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balises, which send different information like train routes, speed restrictions, 
signal indications, movement authorities… Also, the LEU (Lineside Electronic Unit) 
is the connecting unit between the signaling control and the transparent data 
balises. 

• Finally, it is also needed the GSM-R equipment 
Depending on the equipment installed, ERTMS has different levels of operation: 

• Level 0: ETCS-compliant trains do not interact with lineside equipment because of 
missing track equipment. Thus, it is just for speed surveillance 

• Level STM (Specific Transmission Module): ETCS-compliant driving cars are 
equipped with additional STMs for interaction with signaling systems. Inside the 
carriages are standardized ETCS driver interfaces. This level depends on the 
national systems  

• Level 1: ETCS is installed on lineside and onboard; the transmission is via 
Eurobalises or Euroloops. Euroloops are extensions of the Eurobalises made of 
leaky cables 

• Level 2: as level 1, but Eurobalises are only used for the exact train position 
detection. The continuous data transmission via GSM-R with the RBC give the 
required signaling information to the Euroradio, which then will be given to the 
Eurocab. There is further lineside equipment needed, i.e. the track circuits 

• Level 3: as level 2, but more sophisticated. Now, train location and train integrity 
supervision no longer rely on trackside equipment such as track circuits. This level 
is not implemented yet, due to the lack of a reliable method to detect the position 
and integrity of the train via radio. Nonetheless, efforts are being made because 
of the numerous advantages that this method would provide such as higher 
speeds —only limited by the infrastructure—, higher capacities and, hence, higher 
number of trains allowed to travel 

To sum up, ERTMS is the combination of several architectures in an endeavor to 
improve railway systems and boost trains as an alternative mean of transportation. ERTMS 
has a SIL-4 (Safety Integrity Level) specification which means that a critical failure is barely 
possible. 

3.3.5 LTE	Railway	
As aforementioned, GSM-R is a good operational system to assess the needs of railway 

transportation regarding safety and security; notwithstanding, the expected obsolescence 
[50]. Therefore, the rail industry is planning on a next generation system that can reuse 
existing tracksides locations and that are able to reuse frequency bands already 
harmonized for GSM-R. 

LTE-R is the most promising solution to migrate the system. LTE technology would 
allow to integrate the railway critical services, and at the same time, offer data service to 
the train passengers, and also video and voice applications.  

LTE-R is still in the work and is expected that it will have to coexist with GSM for a 
while.  A solution is to use in the meantime GSM for critical services and deploy LTE cells to 
offer the passengers internet access onboard, and additional services. 

In order to offer the services abovementioned, taking into account the problem that 
railway environments have, a new architecture for the RAN has to be implemented. 
Principally, the employment of MRNs is the technology that has been most payed attention 
to [51, 52]. Many studies dissert about the advantages and benefits that mobile relays can 
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offer, like extended coverage, group handover, tackling of Doppler spread or avoiding VPLs. 
As mentioned in subsection 2.2.4, 3GPP has already released a document about this issue. 

3.3.6 Multi-vector	Architecture	
LTE-R is the next step towards better railway communications. However, in previous 

sections we have already underlined some issues regarding full coverage and high 
throughput channels. New railway architectures need to be capable of providing critical 
communications like ATC and offer services for infotainment to the passengers. 

Under this scope, NGTC (Next Generation of Train Control systems) is a European 
project created under the Shift2Rail platform to research for train control and management 
communications of next generation [53]. NGTC has come to the conclusion that a 
heterogeneous network which combines different architectures and technologies 
coexisting in a vertical fashion is the best solution [54]. This architecture would allow to 
encompass actual vectors like GSM-R and move forward to new vectors like LTE-R. The 
multi-vector architecture is probably a good way to allow smooth migration, installing a 
new vector progressively on trackside or on trains, with still the possibility to use the old 
one for not yet equipped area or vehicle. 

NGTC is currently investigating these alternative technologies to use: 

• LTE, for urban and main lines, preferably in FDD (700 MHz) for main lines and TDD 
(3,5 GHz; 5,9 GHz) for urban lines 

• IEEE 802.11p for urban lines in 5,9 GHz 
• SATCOM in L- and S-bands for main lines, assuming that in tunnels and other areas, 

where there is no satellite coverage, other vector will be responsible 
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4 PROPOSED	ARCHITECTURE	BASED	ON	MRN	&	MMWAVE	
COMMUNICATIONS		

he Two-Hop MIMO Relay architecture for HST environments is going to be described in 
this chapter. In chapter 1, the main ideas of the two-hop architecture were introduced. 

This novel architecture is focused on providing broadband data access to the train 
passengers, thus, simulations will be centered around this point. In this chapter, we will 
further emphasize these aspects and we will describe the scenario in which we have run 
the simulations.  

First of all, the scenario model and the technologies involved are going to be explained. 
Then, two different topologies (several relays in a train carriage and a single relay with 
multiple antennas) are studied.  

Secondly, the channel models used to simulate realistic propagation losses are going 
to be introduced. A ray-tracing software is used to simulate an accurate indoor train model 
for 60 GHz. 

Finally, the signal models implemented in the simulator and the optimization problems 
are going to be comprehensively analyzed. Two different relay protocols (AF and DF) are 
studied in this section. 

4.1 NETWORK	MODEL:	ANALYSIS	OF	THE	ARCHITECTURE	

4.1.1 Description	of	the	Scenario	
The scenario is situated in a rural environment with few scatters. Concretely, the train 

crosses a plain field which is not rugged and the vegetation density is not very high or thick. 
Thereby, LOS conditions from the DeNB to the train are assumed. As previously mentioned, 
an MRN is placed on top of the train, splitting the channel into two halves. The BE is the 
channel from the DeNB to the MRNs and the FE is from the MRNs to the UEs inside the 
train. For simplicity in this project, we are going to study the channel of the train passengers 
of one carriage inside a mobile cell, leaving out the scheduling of train passengers between 
carriages or macro-users that are out of the train or the handover process between cells. 
In Fig. 4.1 is depicted the scenario. 

 
Fig.  4.1: Rural Scenario, Top View 

On the one hand, the BE channel represents a typical radio MIMO scenario with one 
transmitter (DeNB) and one receiver (MRN). The DeNB transmitter is a ULA of N elements 

T 
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capable of performing MIMO, whilst the MRNs —on top of the train cars— have MR 
antennas. We assume that every MRN establishes a communication link with a single DeNB 
independently of the rest of the MRNs. This link works in UHF bands in accordance with the 
standards of LTE-A. A closed-loop technique is employed in the MIMO system utilizing SRS 
to determine the CSI. These techniques use Singular Value Decomposition (SVD) to obtain 
the precoding and post-processing matrices that are introduced at the transmitter and at 
the receiver respectively. Since, our approach has two hops, two precoding matrices are 
needed. 

On the other hand, the FE channel is an indoor environment with K UEs. This link is 
able to exploit the mmWave bands in 60 GHz, taking advantage of the unlicensed bands. 
Every train car is isolated, avoiding co-channel interference and permitting to reuse 
frequencies due to the high losses at these bands. The MRNs have MT antennas 
transmitting and the UEs have 1 antenna receiving in the 60 GHz band. Each MRN antenna 
transmits in a non-overlapping sub-band to allocate all the information from the BE and 
avoid interference between antennas. Fig. 4.2 shows an example of this system where 
there are 3 UEs and 2 MRN antennas. A simple resource allocation in time and frequency 
based on OFDMA is performed in the BE. Then, in the FE, the MRN receives the incoming 
signals and translates them into two non-overlapped sub-bands —one per antenna. The 
multiplex access technique employed to separate the sub-bands is FDMA. 

 
Fig.  4.2: Spectrum Scheduling from the Licensed Bands (UHF) at the DeNB and Reallocation into Two Non-Overlapped 

Sub-Bands in the Unlicensed Bands (mmWave) at the MRN 

Finally, a direct link between the DeNB and the UEs inside the train can be simulated 
at the same time as the relayed one. Establishing these two links —direct and relayed— 
together may enhance throughput utilizing CA of different bands. In the developed 
simulator, the performance of both links will be compared, so as to observe the gain 
achieved by our architecture. 

4.1.2 Scenario	with	Joint	Topology	
This topology implements the two-hop architecture described above. In each train car 

there is a single MRN that works as main hub for the carriage. The MRN has MR and MT 
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antennas receiving and transmitting distributed along the train car as depicted in Fig. 4.3. 
In the figure, there is an MRN with 3 antennas receiving using MIMO techniques and 3 
antennas transmitting using FDMA. With no loss of generality, we are going to consider in 
this work MR = MT in the joint topology. 

The joint topology permits to use several antennas that are connected, but also far 
apart from each other. Hence, allowing a good tracking of the DeNB and low correlation 
between spatial channels.  Moreover, the MRN antennas in this topology work jointly to 
optimize resource allocation taking into account the UEs and their locations. Plus, the MRN 
can use either the AF protocol or the DF. Depending on the protocol, a different MIMO 
technique shall be used to improve performance. In later sections, the signal model of each 
of these configurations is going to be described. 

 
Fig.  4.3: MIMO Scenario Scheme, Joint Topology, (𝑁 = 3, 𝑀 = 1, 𝑀R = 3, 𝑀T = 3, 𝐾 = 2). fA are the DeNB A Frequencies in 
UHF Bands. fB,i are the MRN Frequencies in Millimeter Bands where i indicates the Index of each Antenna and the Sub-

band in which is Transmitting 

The relays employed in the two-hop architecture are outband and are intended to 
extend the mobile coverage to the train passengers. A direct link can be established, but 
even if it is, it would not be feasible. Therefore, the DF-MRNs should be nontransparent as 
the signaling data is transported through the relays. In the case of AF-MRNs, they are not 
completely standardized. Nonetheless, they do not cover the specifications of 
nontransparent relays, thus, they are considered transparent. 

4.1.3 Scenario	with	Non-Joint	Topology	
In this topology the two-hop architecture is implemented, but with some differences 

in the MRN. In the non-joint topology, rather than one MRN per carriage, there are M MRNs 
per train car; each one of them working independently from the other. Thence, the number 
of antennas in reception per carriage is MR and the number of antennas in transmission per 
carriage is MT. With no loss of generality, we are going to consider in this work MR = MT = 
M in the non-joint topology. In Fig. 4.4, this topology is shown with 2 UEs inside the carriage 
and 3 MRNs, each one of them with 1 antenna receiving and 1 antenna transmitting.  
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The non-joint topology is the disjointed version of the previous topology. Therefore, 
each of the MRNs allocate their resources separately. The non-joint topology reduces the 
computation time of the joint topology, which in high speed scenarios is determinant. A 
version of VMIMO has to be utilized where several antennas create a virtual array and the 
UE integrates all the parts in the decoding process. In the FE, FDMA is essential in this 
structure to avoid harsh interferences between transmitters. It is important to note that 
joint processing can also be accomplished with VMIMO. However, it would imply more 
signaling channels for the channels to cooperate between them, and hence, more 
processing delay which would affect the final performance of the network. The non-joint 
topology is suited only for AF-MRNs as it is completely unable to have the RLC or the MAC 
layers —they function as repeaters. 

 
Fig.  4.4: VMIMO Scenario Scheme, Non-Joint Topology, (𝑁 = 3, 𝑀 = 1, 𝑀R  = 𝑀T = 3, 𝐾 = 2). fA are the DeNB A 

Frequencies in UHF Bands. fB,i are the MRN Frequencies in Millimeter Bands where i indicates the Index of each Antenna 
and the Sub-band in which is Transmitting 

The relays in the non-joint topology are as well as in the joint topology outband. And, 
as they are AF relays, they are transparent to the UEs. 

4.2 CHANNEL	COMMUNICATION	MODELS	

4.2.1 Introduction	and	Main	concepts	
Channel models aim to define the signal propagation through a wired or wireless 

medium. Channel models are able to predict the signal loss in real-world performances and 
through non-deterministic channels. 

Signal propagation through a radio interface has a meaningful impact in the decay of a 
signal. The medium between the transmitter and the receiver affects the signal with 
multiple adverse effects like attenuation, delays, multipath propagation… This is due to 
several phenomena like: the existence of line of sight path between the antennas; 
reflection, refraction and diffraction of the signal due to the objects in between the 
antennas; the relative motion between transmitter and receiver and the objects in 
between them; the signal attenuation as it travels through the medium and the noise. 
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In radio channels, the propagation phenomena can be split into: 

• The propagation losses or path loss, which depend on the wavelength and distance 
between transmitter and receiver 

• The shadowing or large-scale fading, which contains absorption, reflections, 
scattering and diffractions due to objects between the LOS path. It is also referred 
to as slow-fading due to the low variations that occur through time 

• The multipath fading or small-scale fading is caused by signals which get reflected 
in objects scattered through the environment that reach the receiver. The 
reflected signals arrive at the receiver at different time instants and with different 
intensities, leading to multipath propagation and MIMO as depicted in Fig 2.8. It 
is also referred to as fast-fading due to the rapid variations that occur through time 

HSR environments in mobile communications suffer from severe attenuation and high 
Doppler spread. Therefore, simulating the FE and BE channel models to predict the channel 
performance is fundamental.  

Many channel models have been designed through the years to simulate accurate and 
feasible scenarios. However, just a couple of them suit our approach. Stochastic geometry 
models of wireless networks take into account positioning, geometry probability, spatial 
statistics, continuum percolation theory as well as general mathematic models like 
geometry, information theory, etc. This type of models may offer more accuracy than 
deterministic models in non-deterministic scenarios. 

4.2.2 Backend	Channel	Model	and	Direct	Link:	WINNER	II	
The objective of WINNER (Wireless world INitiative NEw Radio) is to develop an access 

system which is able to adapt to different radio scenarios. WINNER II [55] is an extensive 
channel communication model which currently supports many different scenarios.  It is an 
extension of WINNER I. The main focus is local areas, metropolitan areas and wide area 
extensions. Some of them are outdoor-to-indoor, urban micro- and macro-cell, rural 
macro-cell or rural moving networks. WINNER also allows to choose between LOS and NLOS 
scenarios. Its frequency range is from 450 MHz to 6 GHz. 

In the BE channel model there is multipath propagation phenomenon. Winner II 
follows a geometry-based stochastic channel model approach which allows to create a 
MIMO radio channel. It also permits to introduce different antenna configurations and 
parameters, plus taking into account antenna’s polarization. Channel realizations are 
generated by summing contributions of rays with specific channel parameters like delay, 
power, Angle-of-Arrival (AoA) and Angle-of-Departure (AoD). The different scenarios share 
the same approach, and just vary the initial parameters. Some of the parameters in the 
tables include path loss, delay spread, the AoAs, the AoDs, shadowing, number of clusters, 
number of rays per cluster, cross-correlations… 

The WINNER II D2 (Rural Moving Network) represents the radio propagation scenario 
where both APs and UEs move at a very high speed. This scenario is designed specifically 
for high speed trains in macro rural areas with LOS. It is divided in: 

• D2a: implements the FE channel —between the BS and the MRNs— with a train 
moving at a nominally speed of 350 km/h. It takes into account the LOS scenario 
with few clusters and scatters 

• D2b: implements the BE channel — between the MRNs and the UEs— in UHF 
frequencies. It takes into account that there are chairs and tables densely as usual 
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in train cars and that the MRNs are on the ceiling. Thus, usually there is NLOS. It 
also takes into account that glasses are heat protective and attenuate signals 20 
dB, and hence, reflected signals 40 dB 

In order to simulate the BE and the FE (only for the indoor part of the direct link), the 
WINNER II D2a and D2b parameters have been incorporated to the open-source program 
QuaDRiGa (Quasi Deterministic Radio channel Generator) [56]. QuaDRiGa is a channel 
model program based on WINNER and other models like SCM (Spatial Channel Model) to 
enable the modeling of MIMO radio channels for heterogeneous networks. 

In order to simulate the train penetration losses in the direct link, the specifications of 
[57] have been followed. In [57], the VPLs for carriages in HSTs are 24 dB. This value is 
pretty similar to the one that WINNER uses, which is 20 dB. 

4.2.3 Frontend	Channel	Model:	IEEE	802.11ad	
In the relayed channel, the MRNs receive the signals and translate them from UHF to 

mmWave bands. The channel model used for the FE link is the IEEE 802.11ad WLAN channel 
model [58, 59]. It considers the quasi-optical nature of the waves at these frequencies, 
creates a statistical model of inter- and intra- clusters depending on the scenario selected 
and, based on that, generates the channel impulsive response. The channel model allows 
for generating a channel realization that includes space, time, amplitude, phase, and 
polarization characteristics of all rays comprising this channel realization. It also takes into 
account the 3D space and includes, for all the rays, elevation and azimuth. 

Usual requirements for WLAN 60 GHz channel models have to cover are: 

• Providing accurate space-time characteristics of the propagation model 
• Supporting BF techniques with steerable antennas at both, transmitter and 

receiver 
• Taking into account polarization characteristics of antennas and signals 
• Supporting non-stationary characteristics like objects in motion around the 

scenario 
The 802.11 ad channel model supports only three different scenarios to choose: 

conference room, living room and cubicle; all of them for LOS and NLOS conditions. For the 
purpose of this project, the conference room with LOS and NLOS has been chosen with the 
steerable array antennas that the code supports. Nevertheless, further research has to be 
invested in this aspect to create a more accurate layout. 

4.2.4 Alternative	Frontend	Channel	Model:	Wireless	InSite	and	X3D	
In order to depict a more accurate scenario, a commercial tool has been used to model 

the propagation losses in a typical train carriage. Wireless InSite (WI) [60] is an 
electromagnetic simulation tool property of Remcom which is able to predict the effects of 
buildings and terrain on the propagation of electromagnetic waves. Ray-tracing simulators 
permit to shoot rays from the transmitters and propagate them through a defined 
geometry. This geometry can be defined through a 3D tool such as AutoCAD, SketchUp and 
use formats like DXF, Shapefile or DTED. 

The rays interact with geometrical features and make their way to receiver locations. 
Ray interactions include reflections from feature faces, diffractions around feature edges, 
and transmissions through features faces. WI’s ray-based solvers use the Uniform Theory 
of Diffraction (UTD) to evaluate a ray path’s electric field. UTD provides accurate results 
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when the scenario geometry is large compared to the wavelength of the propagating wave. 
For typical applications, the UTD-based models provide accurate predictions from 
approximately 100 MHz to approximately 100 GHz. WI uses a 3D (3-Dimensional) 
propagation model named X3D. The X3D model uses the technique called Shooting and 
Bouncing Ray (SBR) that makes calculation shooting rays from the transmitters until they 
reach the receivers. Furthermore, the X3D model permits to use multithread and is 
optimized to CUDA GPUs (Graphics Processing Unit). X3D model includes atmospheric 
absorption, extending the validity of its wave propagation calculations up to millimeter 
wave frequencies.  

Some of the most important features of WI are: 

• Geometries: WI supports many different types of layouts; from rural to urban, 
suburban or indoors scenarios. The scenarios can be imported and edited in the 
software 

• Materials: a library of materials permits to assign to objects and surfaces different 
types of materials. In the library are specified the thickness, conductivity, 
permittivity and permeability of the materials between others 

• Antennas’ configuration: many different types of antennas are available; from 
dipoles or isotropic radiators to directive arrays, patches or horns. Besides, the 
antennas can be defined by the user or imported 

• Monte Carlo (MC) Simulations: random simulations can be generated through an 
iterative process using the MC method. The probabilistic distribution depends on 
the variable to optimize: power, carrier frequency, position… 

• MIMO support: one of the latest updates permits to use massive MIMO up to 128 
× 128 antennas. The estimators implemented are the ZF and the MRT (Maximum 
Ratio Transmission) 

• Diffuse Scattering support [61]: another useful implementation is the diffuse 
scattering; especially relevant at high frequencies. The main concept is that 
electromagnetic waves scatter from a building surface in all directions, not just 
specular reflection, according to a stochastic process 

• Outputs: some of the results that can be obtained from WI are: path loss power, 
path gain, delay spread, complex impulsive response, H-matrix, received power, 
DOA or Direction Of Departure (DOD). Moreover, there are some standards 
implemented like the 802.11, thus, other results like SINR, throughput or BER can 
also be obtained 

4.2.5 Indoor	Train	Car	Implementation	Scenario	
Alternatively to the WLAN IEEE 802.11ad, the WI software can been used to simulate 

the propagation losses in the FE link. WI will allow to test the results with much more 
precision than the IEEE model. Thereby, in this subsection, some of the capabilities and 
features of this program will be drawn. 

The indoor scenario implemented in this software is a train wagon 3D model requested 
to the Laboratory of Antenna Propagation and Channel of the Beijing Jiaotong University 
[62]. In Fig. 4.5 is depicted the train car. The carriage has two lines of 16 seats each one. 
The seats come with arm rests and backrests. It also has details as luggage racks and 
monitors on the ceiling and monitors attached to each seat. The train car’s dimensions are: 
3 meters wide, 25 meters long and 3 meters tall. 
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Fig.  4.5: 3D Model Representation of the Train Car 

Now, a simple simulation will be carried out to emphasize some of the characteristics 
of the ray-tracing software. First, the materials have been assigned to the train model using 
metal as perfect conductor for the wall, ceiling and floor of the train car and for the 
monitors; glass for the windows and a three-layer dielectric for the seats. 

The waveform used for the simulation is a sinusoid centered in 60 GHz. Then, a 
transmitter and a receiver have been created, both employing half-wave dipoles. The 
transmitter has been situated in the car ceiling near one of the sides. The receiver set 
created is a moving point that starts in the opposite side of the wagon with respect to the 
transmitter and crosses through all the wagon. All this is illustrated in Fig. 4.6. 

 
Fig.  4.6: Rays’ Propagation Path to the Receiver in the Train Carriage, Start Point (up) and End Point (down), (MT=1, 

K=1). The UE is moving from Right to Left 

The simulation has been set up with up to 6 reflections and up to 25 rays to reach the 
receiver and taking into account atmosphere absorption and diffuse scattering. Besides, 
polarization is vertical, the power transmitted is 0 dBm, the threshold sensitivity is -250 
dBm by default and no transmission line losses in the antennas has been considered. In Fig. 
4.6 is depicted the propagation paths of the moving UE at the start and at the end of its 
path. The rays have been colored depending of its power as illustrated in the figure. Due to 
the high reflectance of the train, this architecture can really take advantage of the 
multipath propagation to increment data rate. 

Many different results can be obtained from the simulator. In Fig. 4.7, the delay spread 
of the simulation has been represented in a cumulative distribution function. 

UE 

UE 
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Fig.  4.7: Cumulative Distribution Function of the Delay Spread of the Indoor Train Wagon Simulation 

In the simulation, the delay spread is of the order of nanoseconds —about 10 
nanoseconds for a probability of 0,5. This is about of the same order that in [63] where the 
same 3D model is used. Instead of the delay spread, the power received by the UE can be 
calculated depending on its position. In Fig. 4.8, the power received in dBm in the UE is 
represented. The number of index points for which the calculation has been made is 1801. 
It can be appreciated large variations of the power received because of multipath 
propagation. Due to the high losses at millimeter frequencies, the propagation path is a 
critical point. It has to be taken into account the distance between transmitter and receiver, 
the reflections and if there is LOS or not. As expected, the power received is very low at 
high distances, increasing as the UE gets closer to the transmitter. Therefore, several 
antennas distributed through a train carriage could avoid if some UEs are far from the 
transmitter or if they have NLOS conditions and could take advantage of MIMO or similar 
techniques.  

 
Fig.  4.8: Power Received (dBm) versus Index Point of the Receiver 
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4.3 SYSTEM	MODEL:	MRN	ARCHITECTURE	AND	OPTIMIZATION	PROCESS	

4.3.1 Notation	
A MIMO channel is established, where there are N DeNB antennas transmitting, MT 

and MR MRN antennas (for both topologies) and the k UE with 1 antenna. The link is divided 
in two parts, BE and FE. Additionally, the relay scheme employed can be either AF or DF. 
As for example, a variable in the FE link and using the AF protocol which is also dependent 
on the UE, the spatial channel and the subcarrier will be represented by (·).-,;.,<

[>,?] . Where 
k is the UE being computed out of K, i is the subcarrier being computed out of nF and n is 
the spatial channel being computed for each UE.  

In vectors and matrices bold font is employed. Besides, vectors use lower case 
A𝒑.-,;.

[>,?] C and matrices upper case A𝑷.-,;.
[>,?] C. Some of the operators used are:	(𝑷)F, 	(𝑷)0G, 

|𝑷| and 𝑇𝑟(𝑷) denote the Hermitian operator, the inverse of a matrix, the determinant of 
a matrix and the trace of a matrix, respectively. Matrix 𝑰 is the square identity matrix. The 
operator 𝜀{·} denotes the statistical expectation operator. [𝒙]P = max	{0, 𝒙}, refers to the 
positive part of a number. Additive White Gaussian Noise (AWGN) is represented by the 
Circularly-Symmetric Complex Normal (CSCN) vector with zero mean and diagonal 
covariance matrix 𝚺 with each element being equal to 𝑁V. This is denoted by the 
distribution 𝒞𝒩(0, 𝚺). 

We will be following this notation henceforth. 

4.3.2 MRN	Configuration	
The two-hop architecture central part is the MRN. Consequently, two types of MRN [64, 

65] have been studied and compared for the joint topology. Firstly, an AF scheme, and 
secondly, a DF scheme. Both schemes follow a full-duplex structure to be able to transmit 
and receive at the same instant by utilizing FDD. 

The AF-MRN simply amplifies the signal and, then, forwards it to the destination. Hence, 
it is easy to implement and cheaper to build. The main drawback is that in presence of 
strong noise and/or interferences, its performance deteriorates. Therefore, high Signal to 
Noise Ratio (SINR) is required. The T subscript indicates the total SINR of a link (FE + BE). In 
(4.1), the total SINR in natural units of a two-hop structure is represented: 

 𝑆𝐼𝑁𝑅\,;.,<
[>,?] =

𝑆𝐼𝑁𝑅]-,;.,<
[>,?] · 𝑆𝐼𝑁𝑅.-,;.,<

[>,?]

𝑆𝐼𝑁𝑅]-,;.,<
[>,?] + 𝑆𝐼𝑁𝑅.-,;.,<

[>,?]  (4.1) 

The DF-MRN consists of two parts, in the first part the relay decodes all or part of the 
information received, and in the second part, it re-encodes the signal and forwards it to its 
destination. DF schemes do not suffer from noise or interference as much as AF. However, 
it might have the risk of error propagation in case that it fails to decode the message from 
the source correctly. A typical quality metric used for DF relays is the outage (O) as 
expressed in (4.2). Equation (4.2) implies that the end-to-end link outage is equal to the 
outage of the link with minimum SINR, because as long as one of them falls into outage, 
the total link will stop working. A threshold —subscript th— has to be established to know 
the minimum system requirements. 

 𝑂\,_.,<
[>,?] A𝑆𝐼𝑁𝑅`a,_.,<

[>,?] C = 𝑂.-/]-,_.,<
[>,?] AminA𝑆𝐼𝑁𝑅]-,_.,<

[>,?] , 𝑆𝐼𝑁𝑅.-,_.,<
[>,?] C < 𝑆𝐼𝑁𝑅`a,_.,<

[>,?] C (4.2) 
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A useful expression can be extrapolated from (4.2), where the total SINR would be that 
of the worst link [66, 67]. 

 𝑆𝐼𝑁𝑅\,_.,<
[>,?] = min A𝑆𝐼𝑁𝑅]-,_.,<

[>,?] , 𝑆𝐼𝑁𝑅.-,_.,<
[>,?] C		 (4.3) 

Finally, the average system throughput delivered per UE is given by: 

 𝑅;./_.
[?] =ee𝑠;.

[>,?] · 𝑊 · 𝑙𝑜𝑔j A1 + 𝑆𝐼𝑁𝑅\,;./_.,<
[>,?] C

l

<mG

<n

>mG

 (4.4) 

where 𝑠;.
[>,?] is the subcarrier allocation policy and W is the OFDM subcarrier bandwidth 

(𝑊 = 15	𝑘𝐻𝑧). In case of utilizing joint topology, the AF scheme has to include a processor, 
so as to be able to manage the radio control functions of LTE. The inclusion of this layer of 
intelligence in the MRN shall increase its cost. In Fig. 4.9 is shown a possible 
implementation of an AF-MRN scheme with MR and MT antennas. The subsystem is formed 
by Power Amplifiers (PA), Low Noise Amplifiers (LNA), mixers, diplexers and filters, 
between others. The frequency mixers up/down convert the signals utilizing oscillators 
connected to PLLs (Phase-Locked Loop) and a reference crystal (XTAL). Selection band 
filters are employed to select the band in which to transmit the information. And the 
processor and the status/control channels manage the frequency band conversions and 
the rest of the radio resources. 

 
Fig.  4.9: AF-MRN Block Diagram Implementation 

The DF scheme might be better for joint topology where the relay is able to manage LTE 
physical layer and upper layers permitting also to use group handover. Additionally, it 
would allow to utilize a simpler MIMO scheme where the MIMO post-processing is carried 
out at the MRN, instead of the UE. As a counterpart, a DF scheme has to decode and re-
encode the signals, thus LTE functions such as ACM or MIMO transmission modes have to 
be implemented. Besides, a DF-MRN would introduce a higher processing delay. A possible 
implementation of a DF-MRN is introduced in Fig. 4.10. The DF scheme employs diplexers, 
PAs, LNAs, oscillators, PLLs, XTAL and mixers for the analog subsystem. Then, the signals 
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are converted in digital and vice versa with Digital-to-Analog Converters (DAC) and Analog-
to-Digital Converters (ADC). The processor in the DF scheme perform all the functions of a 
type 1 relay and move the signal to mmWave bands. 

 
Fig.  4.10: DF-MRN Block Diagram Implementation 

The non-joint topology is unable to manage radio resources and upper layers, thus, only 
AF-MRNs are suited for this topology. Furthermore, the AF-MRN scheme in this topology 
would be similar to that of the joint topology but only with one antenna at each side and 
without a status/control processor. 

4.3.3 AF-MRN	Signal	Model	
In this subsection, a single user downlink transmission model for an AF-MRN is 

introduced. The signal model for the BE is given by: 

 𝒚]-,;.
[>,?] = 𝑯]-,;.

[>] 𝑭;.
[>,?]𝒙;.

[>,?] + 𝒏]-,;.
[>]  (4.5) 

where 𝒙;.
[>,?] is the NS vector of complex data symbols transmitted, 𝑭;.

[>,?] is the N × NS DeNB 
precoding matrix, 𝑯]-,;.

[>]  is the MR × N BE channel matrix and 𝒏]-,;.
[>]  is an AWGN MR vector 

with distribution 𝒞𝒩(0, 𝚺); where 	𝚺 is the MR × MR diagonal covariance matrix. Therefore, 
at the UE-side the vector signal received from the MRN antennas in MT frequency sub-
bands is given by: 

 𝒚.-,;.
[>,?] = 𝑯.-,;.

[>,?] 𝑮;.
[>,?] A𝑯]-,;.

[>] 𝑭;.
[>,?]𝒙;.

[>,?] + 𝒏]-,;.
[>] C + 𝒏.-,;.

[>,?]  (4.6) 

where 𝒚.-,;.
[>,?]  is the MT vector received by the UE,  𝑮;.

[>,?]  is the MT × MR MRN precoding 
matrix and 𝑯.-,;.

[>,?]  is the MT × MT FE channel diagonal matrix. It is relevant to note that the 

BE noise has been amplified. In addition, 𝒏.-,;.
[>,?]  is another component of additive noise 

generated in the FE link which follows the distribution 𝒞𝒩(0, 𝚺); where 	𝚺 is the MT × MT 
diagonal matrix. The estimated data vector at the UE is given by: 
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 𝒙v;.
[>,?] = A𝑬;.

[>,?]C
F
𝒚.-,;.
[>,?]  (4.7) 

where 𝑬;.
[>,?] is the post-processing MT × NS matrix at the UE. The value of the precoding 

and post-processing matrices are determined following an optimization process. 𝒙v;.
[>,?] is 

the estimated data vector retrieved at the end of the process. 

4.3.4 DF-MRN	Signal	Model	
In a similar fashion as in the previous subsection, the downlink transmission model for 

a DF configuration can be described. Two channels are established: in the BE, there is a 
MIMO channel between the DeNB and the MRNs; and in the FE, there is a FDMA channel 
for the k UE. Hence, the signal model for the BE is given by: 

 𝒚]-,_.
[>,?] = 𝑯]-,_.

[>] 𝑭_.
[>,?]𝒙]-,_.

[>,?] + 𝒏]-,_.
[>]  (4.8) 

where 𝒙]-,_.
[>,?]  is the BE NS vector of complex data symbols transmitted, 𝑭_.

[>,?] is the N × NS 
DeNB precoding matrix, 𝑯]-,_.

[>]  is the MR × N BE channel matrix and 𝒏]-,_.
[>]  is AWGN with 

distribution 𝒞𝒩(0, 𝚺); where 	𝚺 is the MR × MR diagonal covariance matrix. The estimated 
data vector at the MRN is given by: 

 𝒙v]-,_.
[>,?] = A𝑬]-,_.

[>,?] C
F
𝒚]-,_.
[>,?]  (4.9) 

where 𝑬]-,_.
[>,?]  is the post-processing MR × NS matrix at the MRN. At the UE-side, the vector 

signal received from the MRN antennas in MT frequency sub-bands can be expressed as: 

 𝒚.-,_.
[>,?] = 𝑯.-,_.

[>,?] 𝑮_.
[>,?]𝒙v]-,_.

[>,?] + 𝒏.-,_.
[>,?]  (4.10) 

where 𝒚.-,_.
[>,?]  is the FE MT vector received by the UE, 𝑯.-,_.

[>,?]  is the MT × MT FE channel 
diagonal matrix, 𝑮_.

[>,?] is the MT × NS matrix which represents the power allocated to each 
sub-band and 𝒙v]-,_.

[>,?]  is the BE NS vector of complex data symbols re-encoded and, then, 
re-transmitted. No MIMO is performed in the FE. Finally, the original vector is retrieved by 
multiplying the received signal with the post-processing matrix: 

 𝒙v.-,_.
[>,?] = A𝑬.-,_.

[>,?] C
F
𝒚.-,_.
[>,?]  (4.11) 

where 𝑬.-,_.
[>,?]  is a post-processing MT × NS matrix at the UE. 𝒙v;.

[>,?] is the extracted data 
vector at the end of the process. Likewise, the value of the precoding and post-processing 
matrices in the DF-MRN are determined following an optimization process. 

4.3.5 Resource	Allocation	with	the	AF-MRN	
In this subsection, the resource allocation of the AF-MRN with the joint topology is going 

to be demonstrated. Hence, we will continue with the signal model explained in subsection 
4.3.3. This algorithm is based on [10, 68]. 

Following (4.7), the two precoding matrices and the post-processing matrix of the two-
hop architecture have to be calculated. An MMSE (Minimum Mean Square Error) estimator 
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is implemented at the UE to recover the original signal. Thereby, the Mean Square Error 
(MSE) matrix can be calculated as: 

 𝑴yz-,;.
[>,?] = 𝜀 {A𝒙v;.

[>,?] − 𝒙;.
[>,?]C A𝒙v;.

[>,?] − 𝒙;.
[>,?]C

F
| (4.12) 

where 𝑴yz-,;.
[>,?]  is the MSE matrix. With no loss of generality, it is assumed for each antenna 

that the symbols power in the baseband are normalized 𝜀 {A𝒙;.
[>,?]C A𝒙;.

[>,?]C
F
| = 𝑰l} . Thus, 

the values of the optimal post-processing matrix and the MSE matrix are respectively given 
by: 

 𝑬;.
[>,?] = ~𝚽;.

[>,?] A𝚽;.
[>,?]C

F
+ 𝚯;.

[>,?]�
0G
· 𝚽;.

[>,?]; (4.13) 

 𝑴yz-,;.
[>,?] = ~𝑰l} + A𝚽;.

[>,?]C
F
A𝚯;.

[>,?]C
0G
· 𝚽;.

[>,?]�
0G

 (4.14) 

where 𝚽;.
[>,?] is the effective end-to-end channel matrix from DeNB to the k UE on subcarrier 

i, and  𝚯;.
[>,?] is the corresponding equivalent noise covariance matrix. The values of these 

matrices are given by: 

 𝚽;.
[>,?] = 𝑯.-,;.

[>,?] 𝑮;.
[>,?]𝑯]-,;.

[>] 𝑭;.
[>,?]; (4.15) 

 𝚯;.
[>,?] = A𝑯.-,;.

[>,?] 𝑮;.
[>,?]C A𝑯.-,;.

[>,?] 𝑮;.
[>,?]C

F
+ 𝑰y�  (4.16) 

The end-to-end reachable data rate can be maximized by minimizing the MSE as 
expressed in [69]. This relation is given by: 

 𝑅;.
[>,?] = −𝑙𝑜𝑔j A�𝑴yz-,;.

[>,?] �C (4.17) 

The real data rate achievable by the architecture will depend on the subcarrier allocation 
policy: 

 𝑅;.
[?] =e𝑠;.

[>,?] · 𝑅;.
[>,?]

<n

>m�

 (4.18) 

where the subcarrier allocation policy shall be expressed as 𝑠;.
[>,?] ∈ {0,1} to guarantee that 

each subcarrier is used only in one UE.  

The precoder matrices 𝑭;.
[>,?] and 𝑮;.

[>,?], and subcarrier allocation variables 𝑠[>,?]  are 
chosen to maximize the sum rate. The resource allocation algorithm, based on alternating 
optimization, is used to find the optimal precoder matrices and subcarrier allocations. Now, 
taking into account the demonstrations of [10], the optimization problem can be 
formulated as: 
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(4.19) 

where PT is the DeNB maximum total transmit power, PMRN is the MRN maximum total 
transmit power per antenna, 𝑇𝑟(𝑭;.

[>,?](𝑭;.
[>,?])F) is the downlink transmit power from the 

DeNB and 𝑇𝑟(𝑳;.
[>,?]) is the downlink transmit power of the MRNs. Hence, 𝑳;.

[>,?]  stands for: 

 𝑳;.
[>,?] = 𝑮;.

[>,?]𝚯;.
[>,?] A𝑮;.

[>,?]C
F

 (4.20) 

yet, the problem formulated has a non-convex objective function, thus there is not a unique 
solution. Furthermore, through (4.20), the precoding matrices are coupled which leads to 
a non-convex feasible solution. In general, there is no systematic approach for solving non-
convex problems. In many cases, an exhaustive search method may be needed to obtain 
the global optimal solution. Consequently, transformations from the literature [10, 68] are 
applied to obtain an asymptotically optimal resource allocation algorithm for high SINR 
values. The structure of the problem is modified by using SVD to decompose into simpler 
terms the channel matrices: 

 𝑯]-,;.
[>] = 𝑼]-,;.

[>] 𝚲]-,;.
[>] A𝑽]-,;.

[>] C
F
; (4.21) 

 𝑯.-,;.
[>,?] = 𝑼.-,;.

[>,?] 𝚲.-,;.
[>,?] A𝑽.-,;.

[>,?] C
F

 (4.22) 

where 𝑼]-,;.
[>] , 𝑽]-,;.

[>] , 𝑼.-,;.
[>,?]  and 𝑽.-,;.

[>,?]  are unitary matrices and 𝚲]-,;.
[>]  and 𝚲.-,;.

[>,?]  are 
matrices which main diagonal represent 𝛾.-/]-,;.,<

[>,?] ; where 𝛾]-,;.,<
[>,?]  and 𝛾.-,;.,<

[>,?]  are the 

Channel to Noise Ratio (CNR) of 𝑯]-,;.
[>]  and 𝑯.-,;.

[>,?] , respectively.. Then, the optimal 
precoding matrices can be rewritten as: 

 𝑭;.
[>,?] = 𝑽�]-,;.

[>] 𝚲.,;.
[>,?] ; (4.23) 

 𝑮;.
[>,?] = 𝑽�.-,;.
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[>,?] C
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 (4.24) 

where 𝑽�]-,;.
[>] , 𝑽�.-,;.

[>,?]  and 𝑼�]-,;.
[>,?]  are the NS rightmost columns of 𝑽]-,;.

[>] , 𝑽.-,;.
[>,?]  and 

𝑼]-,;.
[>,?]  respectively. 𝚲.,;.

[>,?]  and 𝚲�,;.
[>,?]  are diagonal matrices with NS elements that represent 

the optimal power allocation 𝑃.-/]-,;.,<
[>,?]  correspondingly. Interestingly, the optimal power 
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allocation corresponds to a typical water-filling algorithm trying to fill the links depending 
on the 𝛾.-/]-,;.,<

[>,?]  values. 

Another transformation is the data sum rate calculation. Equation (4.4) gives the data 
rate depending on the SINR. The 𝑆𝐼𝑁𝑅.-/]-,<

[>,?]  of each link can be calculated as: 

 𝑆𝐼𝑁𝑅.-/]-,_.,<
[>,?] = 	𝑃.-/]-,;.,<

[>,?] · 𝛾.-/]-,;.,<
[>,?]  (4.25) 

and applying (4.1) the total SINR can be obtained. The objective is to transform the problem 
into a scalar function with respect to the optimization variables. The last transformation 
adopted is time-sharing relaxation as in [70], where 𝑠;.

[>,?]∗ now is a real value between 0 
and 1 instead of a Boolean. With all these elements the final optimization problem is given 
by: 
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(4.26) 

where 𝑤[?] is a positive constant which permits to obtain different types of fairness. The 
optimization problem can be solved by utilizing Lagrange multipliers and the Karush-Kuhn-
Tucker (KKT) conditions [71]. The Lagrangian can be written as: 
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(4.27) 

where the Lagrange multipliers are 𝜆 and 𝛿 respectively for 𝑃]-,;.,<
[>,?]  and 𝑃.-,;.,<

[>,?]  and 𝛽[>] 
with elements 𝑖 ∈ {1,2,… , 𝑛.} is the Lagrange multiplier vector associated with the 
subcarrier usage constraints C3, C4. The solution for the optimal precoding matrices is —
proven in [72]— is: 
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where the optimal solution depends on the Lagrange multipliers 𝜆 and 𝛿. Finally, the total 
SINR and, thus, the data rate can be calculated by (4.1) and (4.4). Yet, the mutual coupling 
between the precoding matrices and the interaction between different variables is not 
completely revealed. Hence, an iterative process, based on alternating optimization, is 
needed to reach a local optimal solution for arbitrary SINR values. In upcoming subsections, 
this process will be further explained. 

4.3.6 Resource	Allocation	with	the	DF-MRN	
Following the same reasoning of the previous subsection, the optimization process of 

the DF-MRN for the joint topology is going to be introduced and solved. In this very case, 
the channel can be completely split into two independent halves, BE and FE. This will 
simplify the power allocation problem. In the BE, using (4.8) and (4.9), the MSE matrix of a 
MMSE estimator can be expressed as: 
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assuming again that the baseband power is normalized: 𝜀 {A𝒙]-,_.
[>,?] C A𝒙]-,_.

[>,?] C
F
| = 𝑰l} . 

Hence, the values of the optimal post-processing matrix and the MSE are: 
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where 𝚪<
[>] denotes the noise correlation matrix. The FE optimization problem is rather a 

classical water-filling problem over a fading channel than a MIMO scenario. Nevertheless, 
the objective function in both links, FE and BE, is throughput maximization, so both links 
can be expressed by the MSE matrix. Thereby, the end-to-end data rate is given by: 

 𝑅_.
[>,?] = −𝑙𝑜𝑔j A�𝑴yz-,_.

[>,?] �C (4.33) 

The global optimization problem in the DF-MRN is practically alike to the AF-MRN 
previously explained. Hence, equations (4.18) to (4.25) are identical and only differ in the 
AF/DF subscript. Subsequently, the same assumptions and transformations are taken into 
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account, which leads to an asymptotically optimal resource allocation problem for the high 
SINR regime. The optimization problem will be denoted by: 
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and, similarly, solving with the KKT conditions and Lagrange multipliers, the Lagrangian will 
be: 
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(4.35) 

Now, we have to solve this problem. Please refer to Appendix A to see the 
demonstration. Then, in (4.36) and (4.37), the solutions to the power allocation are 
presented. 

𝑃]-._.,<
[>,?] = 𝑠_.

[>,?]∗ · »
𝑤_.
[?]

𝜆ln	(2) −
1

𝛾]-,_.,<
[>,?] ¼

P

 (4.36) 

𝑃.-,_.,<
[>,?] = 𝑠_.

[>,?]∗ · »
𝑤_.
[?]

𝛿ln	(2) −
1

𝛾.-,_.,<
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where the optimal solution depends on the Lagrange multipliers 𝜆 and 𝛿. It is worth 
noticing that the power allocated to the FE does not depend on the power allocated to the 
BE and vice versa, thus, the DF-MRN is more versatile than the AF where alternating 
optimization has to be used to find the optimal power allocation as in (4.28) and (4.29). The 
optimal solution will be obtained by iterating until a convergence point is reached. Finally, 
the total SINR can be calculated with (4.3) and, then, (4.4) will be applied to obtain the 
average channel capacity. 
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4.3.7 Description	of	the	Algorithms	
The problem to schedule and allocate resources in the proposed scenario is not trivial. 

In [10, 68], an algorithm is developed to optimize resource allocation in an OFDM 
multicarrier transmission system. It uses DAS behaving as relays in an outdoor-to-indoor 
scenario. These relays follow an AF scheme. The variables to optimize are the subcarrier 
allocation policy of the LTE-A system and the precoding matrices used at the DeNB and at 
the relays. The DAS architecture is similar to our approach. They deploy relays to enhance 
the UEs’ signal quality, and the relays work jointly to distribute system resources. 
Therefore, instead of having them connected physically, they establish a communication 
link between relays for signaling purpose. Thus, their optimization problem can be 
extrapolated to our scenario in the AF case scenarios. 

In this project, we are going to use three algorithms for the study of the AF-MRN from 
the state-of-the-art. The first one [10, 68] being the joint processing algorithm 
abovementioned, whilst the second and third [73, 74] are non-joint processing algorithms. 
On the contrary, a different approach is taken developing a novel DF-MRN algorithm for 
this project. 

In [10, 68] channel matrices are estimated utilizing beacon signals to determine the CSI 
at the BE and at the FE. For simplicity, it is also considered that each relay retransmits in a 
fixed frequency sub-band. Then, optimal precoding matrices are determined and the 
MMSE estimator is implemented at the UE as explained in subsections 4.3.2 and 4.3.4. The 
optimal linear precoding matrices used at the DeNB and at the MRN jointly diagonalize the 
channels on each subcarrier. The same approach is taken for the DF-MRN algorithm. 

The non-joint algorithms have the same structure as the joint algorithms where several 
relays forward the signal to the UEs. However, in this case the relays do not cooperate. Due 
to these similarities between the algorithms, the same optimization process is followed. 
The main difference lies in the calculus of the power allocation. In [73], the three AF-MRN 
algorithms are described and programmed. And in [74], one of the algorithms of the non-
joint topology —named non-joint topology (alternative approach)— is presented. This last 
algorithm is less computationally-complex, but also less accurate. 

For all the algorithms, the optimal power allocation at either transmitters or relays can 
be carried out by using the KKT conditions and applying Lagrange multipliers. In the joint 
algorithms (AF and DF schemes), an equal distribution of the power allocated to the MRNs 
is assumed. With this, the optimal power allocation at the DeNB can be determined and, 
next, at the relays. In the non-joint algorithms, an equal distribution of the power allocated 
to the DeNB is assumed. And then, the optimal power allocation is calculated at the MRNs 
and, subsequently, at the DeNB. However, the global optimization problem is non-convex, 
i.e. it has not a unique optimal solution. Thereby, a suboptimal solution has to be 
determined based on the binary search method and solving iteratively to reach a local 
optimal solution for arbitrary SINR values. 

The three algorithms of the literature have been adapted to be used in the simulator. In 
our scenario, the subcarrier allocation policy and the precoding matrices of the MIMO 
system are optimized. The first algorithm is used for joint topology with an AF-MRN where 
a MIMO channel is established and then, relayed to the UEs using FDMA. On the contrary, 
the second and third algorithms are used in the non-joint topology where VMIMO is 
implemented to manage the MIMO channel and FDMA in the FE. Finally, the novel DF-MRN 
algorithm for the joint topology is used with two separate channels, a MIMO scenario and, 
then, the FE using FDMA. 
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4.3.8 Direct	Link	Approach	
The resource allocation of the direct channel (DeNB-UE) is considered ideal, i.e. there is 

no optimization process to solve. The channel matrix in the direct link is a N × NUE matrix. 
N is the number of antennas in the DeNB and NUE is the number of LTE-A antennas in the 
UE. SVD has been applied to the channel matrix to determine the maximum link capacity 
in (4.38). 

 𝑅½>¾¿À`
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where the capacity is measured in 𝑏𝑖𝑡𝑠 𝑠⁄ ; 𝑃\,<
[>,?] is the total power transmitted by the DeNB 

per spatial stream, per subcarrier and per user; 𝜎<Vj  is the AWGN power which follows a 
CSCN and 𝜎< are the eigenvalues of the channel matrix. Therefore, the link capacity of the 
direct channel can be considered as an upper-bound of the MIMO (N × NUE) capacity. 

4.3.9 Scheduling	of	Train	Passengers	
Apart from the resources scheduling to maximize channel capacity, another important 

aspect to study is the user scheduling in order to share resources between users [75]. Two 
different approaches from the literature have been taken into account: Round-Robin (RR) 
and Best SRS (RS). 

The Round-Robin algorithm assigns the same resources equally to all users, handling all 
processes without priority. Thus, it shares the bandwidth without considering the channel 
quality. Whereas the Best SRS algorithm schedules them depending on the user’s channel 
SINR. SRS is a channel-aware scheduler which favors users under better conditions in a 
determined band. Hence, in a multiple user scenario, subcarriers are allotted to the UE with 
the marginal margin calculated as: 
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and 

 𝑠[>,?] Ä
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 (4.40) 

Best SRS might leave some users without resources if a lower bound is not established. 
Therefore, a minimum rate constraint has been established for each UE. 
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5 SIMULATIONS	&	RESULTS	

he two-hop relay structure uses MRNs outband combining LTE-A communications with 
mmWave technologies in the unlicensed bands. In this chapter, the link-level simulator 

and the results associated with this architecture are going to be described. Firstly, the main 
parts of the downlink-level simulator and its main tools are going to be studied. Secondly, 
the results obtained through this project are going to be presented and analyzed. 

5.1 LINK-LEVEL	SIMULATOR	

In order to verify the throughput gain achieved by the architecture proposed, we have 
developed a link-level simulator for the downlink. Link-level simulations are generally used 
to simulate point-to-point physical layer technologies, where there is one single cell, and 
taking into account accurate scenario models to simulate propagation losses. For the 
simulations, only one DeNB and one train carriage are considered. The train crosses a plain 
field with the DeNB at a distance of 500 meters as depicted in Fig. 5.1. Our simulator 
consists of two parts: calculation of the FE and BE links losses and an optimization process 
with different algorithms to allocate system resources in a fashion manner. This process is, 
then, repeated 10 times iteratively to obtain more accurate results. 

 
Fig.  5.1: Top View Layout of the Railway Scenario 

Fig. 5.2 illustrates the block diagram of the software structure to better discern the 
different parts of the simulator implemented. First a parameter initialization has to be 
carried out. If for example the joint topology is selected, the BE and the FE channel matrices 
have to be calculated. In the case of the FE channel matrix, there are three different channel 
models. Then, in the joint topology, two optimization algorithms, the upper-bound 
algorithm and the joint algorithm, and two relaying types, DF or AF, can be selected. 
Furthermore, as mentioned in the previous chapter, two scheduling algorithms for UEs can 
be selected —Round Robin (RR) and Best SRS (RS). 

The upper-bound algorithm has been designed utilizing the joint topology. The only 
difference between the upper-bound algorithm and the rest, is that it considers that the FE 
channel is ideal and no losses are associated with it. Therefore, either employing AF- or DF-
MRNs, the upper-bound algorithm acknowledges the BE-SINR as the total SINR when 
calculating (4.4). Then, in the results section, it will be proven that the BE links limit the 
total channel throughput. 

T 
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Fig.  5.2: Downlink-Level Simulator Scheme, Software Hierarchy Structure 

In table 5-1, the main initialization parameters of the simulator are depicted. It is 
important to notice that the DeNB maximum transmit power is the total power that the 
DeNB transmits to the MRNs, whilst the transmit power in the MRN is per antenna. The 
latter permits to have the same power independently of the topology utilized. In order to 
compare both topologies, the total number of antennas in transmission and reception per 
carriage will be equal. In most simulations the bandwidth is limited to 10 MHz. Actually, 
the effective bandwidth would be 9 MHz, hence, 600 subcarriers.  

For the sake of the simulations, perfect synchronization and estimation of the channel 
is assumed in the simulator. 

Number of Iterations (NIt) 10 

LTE-A Carrier Frequency (fc) 1800 [MHz] 

System Bandwidth (B) 10, 200 [MHz] 

Number of Subcarriers (nF) 600, 12000 

Train Speed 350 [km/h] 

Distance (DeNB-Rails) 500 [m] 

Train Track 2000 [m] 

Number of DeNB Antennas (N) {2, 4, 8} 

Number of MRN Antennas (MR and MT) 
per Carriage {1, 2, …, 56} 

Number of UEs (K) 1, 2, 3, 5, 10 

Number of UE’s LTE-A Antennas (NUE) {2, 8} 

DeNB Maximum Total Transmit Power 
(PT) 19-46 [dBm] 

MRN Downlink Max Transmit Power per 
Antenna (PMRN) 

20 [dBm] 

8,5-27,5 [dBm]1 

                                                   
1 This parameter value is only used for the last simulation 
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UE Antenna Gain in Sub-6 GHz (GUE,sub-6) 2 [dB] 

Backend Channel Model WINNER II D2a 

Frontend Channel Model 

WLAN IEEE 802.11ad,                   
Conference Room (N)LOS (STA-AP) 

WINNER II D2b 

Wireless InSite Ray-Tracing Tool 

MRN Scheme 
Amplify-and-Forward (AF) 

Decode-and-Forward (DF) 

Scheduling of Users 
Round Robin (RR) 

Best SRS (RS) 

Algorithm 

AF/DF Joint Topology 

Non-joint Topology 

Non-joint Topology (Alternative Approach) 

AF/DF Upper-bound Algorithm 

Direct Link (MIMO Theoretical Approach) 

Table 5-1: Main Parameters of the Simulations 

The antennas employed in the BE channel for transmission are ULAs of different sizes 
where each element is an isotropic radiator, whilst, in the MRNs at reception there are half-
wave dipoles as antennas. In the direct link the antennas for transmission and reception 
are ULAs where each element is an isotropic radiator. In all cases circular polarization is 
used. In Fig. 5.3 is depicted the 2D and 3D diagram pattern and the polar pattern of an 8-
element ULA pointing broadside. 
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Fig.  5.3: 2D (up left), 3D (down) and Polar (up right) Patterns of an 8-Element ULA 

In the FE channel, the antennas implemented in transmission and reception for this 
model are basic steerable directional antennas with an aperture of 30° degrees at half-
power beamwidth. These antennas have a gain of 10 dB approximately. The algorithm used 
for beamforming is maximum power ray algorithm, which searches for the direction of 
maximum power and steers towards it. In all cases linear polarization is adopted. In Fig. 5.4 
is depicted the 2D and 3D diagram pattern of this type of antenna. 

 
Fig.  5.4: 2D (up) and 3D (down) Diagram Patterns of a Basic Steerable Antenna of 30° degrees at Half-Power 

Beamwidth [58] 
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As mentioned in subsection 4.2.4, an alternative channel model program has been 
used to simulate the propagation losses in the FE channel. In the simulations where the 
ray-tracing program WI has been used, the matrix losses of the FE channel has been 
calculated by using the 3D train model of [62]. In Fig. 5.5 is depicted this model in the WI 
program. 

  
Fig.  5.5: 3D Model Representation of the Train Car used in the WI software 

In the simulations, directive antennas have been employed. In WI, the antenna’s editor 
has been used to simulate the same radiation pattern as in Fig. 5.4. The directional antenna 
properties and the radiation pattern used in the simulations are depicted in Fig. 5.6. 
Besides, the polarization is vertical and the waveform is a sinusoid centered in 60 GHz. 

 
Fig.  5.6: Directional Antenna Properties and Radiation Pattern used in the simulations for the FE channel with WI 

As mentioned in section 4.3, AWGN is assumed to be a CSCN vector with zero mean 
and diagonal covariance matrix 𝚺 with each element being equal to 𝑁V. Bearing in mind the 
Boltzmann constant: (𝑘] = 1,38 · 100jË 𝐽 𝐾⁄ ), the subcarrier bandwidth (𝑊 = 15	𝑘𝐻𝑧) 
and considering a temperature of 𝑇 = 300	𝐾and a noise figure in all the antennas of 𝑁𝐹 =
8	𝑑𝐵 (in natural units 𝑁𝐹 = 6,3096); the thermal noise can be calculated: 

 𝑁V = 𝑘]𝑇𝐹𝑊 = 3,9182 · 100GÑ	𝑊𝑎𝑡𝑡𝑠 (5.1) 
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5.2 RESULTS	AND	DISCUSSION	

In this section, results obtained from the link-level simulator are shown. The simulator 
is able to calculate the average system throughput of the two-hop MIMO relay architecture 
that has been discussed over this article. Taking under consideration the parameters shown 
in table 5-1, average capacity can be determined. 

As aforementioned, non-joint topology uses only AF schemes, whilst joint topology 
uses DF and AF schemes. By default, AF-MRNs will be utilized in the simulations, unless the 
contrary is specified. 

5.2.1 Average	Throughput	versus	Transmit	Power	
In this simulation, the algorithms are set to comparison varying the DeNB maximum 

transmit power (from 19 to 46 dBm). The results are the system average capacity optimized 
for each power. An 8 × 8 MIMO channel is established. The DeNB transmits utilizing 8 
antennas, the MRN utilizes 8 antennas at transmission and reception and the UE has one 
antenna that listens in one of the 802.11ad channels. In the direct link, also MIMO is 
performed with 8 antennas at each side. In the FE, LOS conditions are assumed. In Fig. 5.7, 
results are shown. The throughput gain that the joint topology is able to achieve in 
comparison with the non-joint structure is shown. It can be observed that joint topology 
(green plot) achieves a huge performance gain. 

At the beginning, with low power, the joint and non-joint topologies perform almost 
identical. Nevertheless, as soon as the power is raised, the joint topology is able to exploit 
the architecture and perform far better. Additionally, at high powers, the non-joint 
algorithms (blue plots) behave similarly. As a matter of fact, since the alternative approach 
algorithm (cyan plot) is less complex computationally, in general, it is a better choice. The 
upper-bound algorithm (red plot) determinates the maximum throughput achievable 
under ideal conditions intrawagon. Its capacity is almost identical to the joint’s capacity, 
except at high DeNB powers. It is clear from this that the backend channel limits the 
throughput and only with a high power at the DeNB this limitation will be overcome. 

 
Fig.  5.7: Average System Throughput (Mbps) vs. DeNB Maximum Transmit Power (dBm) implementing AF-MRN, Direct 

and Relay Links, (N=8, MR=MT=8, NUE=8, K=1, NIt=10) 
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The direct channel (black plot) performs much worse in comparison with our approach. 
This is because the direct link has to tackle the high propagation losses and the VPLs of the 
HST. Hence, when the signal reaches out the UE, it has poor SINR, so the UE is not able to 
retrieve all the information. 

The bandwidth used for these simulations is 10 MHz. Using CA, which is expected to 
reach out 200 MHz for 5G, a data rate of more than 6 Gbps can be achieved as depicted in 
Fig. 5.8. 

 
Fig.  5.8: Average System Throughput (Mbps) vs. DeNB Maximum Transmit Power (dBm) implementing AF-MRN, Direct 

and Relay Links with CA of 200 (MHz), (N=8, MR=MT=8, NUE=8, K=1, NIt=10) 

5.2.2 Average	Throughput	versus	Number	of	MRN	Antennas	
Fig. 5.9 depicts the average channel capacity versus the number of MRN’s antennas. In 

the graph, the DeNB has N=4 antennas and the MRNs have MR=MT= {1, 2, …, 16} antennas. 
The DeNB power has been set to a medium power of 33 dBm. Besides, it is assumed LOS 
conditions in the FE. The MRNs array size has been kept constant, independently of the 
number of antennas in both topologies. Hence, as the number of antennas is increased, the 
distance between them is also reduced. Bear in mind that the simulations are executed in 
a macro rural scenario with few scatters. Therefore, MIMO gain is much lower than what it 
would be obtained in an urban scenario. 
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Fig.  5.9: Average System Throughput (Mbps) vs. Number of MRN Antennas, implementing AF-MRN,                                       

(N=4, MR=MT ={1, 2, …, 16}, K=1, NIt=10) 

As it can be observed, the system throughput increases with the number of antennas. 
Thus, both topologies achieve high spatial diversity taking advantage of MIMO techniques. 
The joint topology is able to provide a higher throughput than the non-joint. This difference 
is notable with 4 antennas or more. As expected, if the number of antennas keeps 
increasing, less throughput gain will be obtained since there are more spatial channels 
correlated. This will lead to rank deficient matrices, where incrementing the number of 
antennas will barely increment the average throughput. As for example, if the number of 
MRN antennas is largely incremented, the MIMO gain will be lower as depicted in Fig. 5.10. 
Thereby, ultra-dense networks will only make sense in an urban scenario to take advantage 
of the spatial diversity. 

 
Fig.  5.10: Average System Throughput (Mbps) vs. Number of MRN Antennas, implementing AF-MRN,                                       

(N=4, MR=MT ={1, 2, …, 56}, K=1, NIt=10) 
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5.2.3 Average	Throughput	versus	Distance	Traversed	by	the	Train	
The average throughput versus the distance driven by the train is shown in this 

subsection. The initial distance between train and DeNB is 500 meters, and from that point 
the HST goes over a track of 2000 meters. The rails are normal to the imaginary line traced 
between the DeNB and the HST. The scenario layout is illustrated in Fig. 5.1. The DeNB 
power has been set to 40 dBm and the DeNB, the LTE UE and the MRN have 2 antennas. 
Besides, it is assumed LOS conditions in the FE. 

In Fig. 5.11, the impact of the propagation path in the direct link and free space losses 
are noticeable. As expected, the three algorithms perform similar under these conditions. 
It is relevant to note that, as the distance between HST and DeNB is increased, joint 
topology (red plot) and non-joint topology (green plot) algorithms gradually converge. This 
is due to multipath propagation which is clearly predominant at small distances, but not so 
at higher. 

 
Fig.  5.11: Average System Throughput (Mbps) vs. Distance Traversed by the Train (m) implementing AF-MRN, (N=2, 

MR=MT=2, NUE=2, K=1, NIt=10). The x-axis indicates the path that the train follows from the starting point where the link 
DeNB-MRN is perpendicular to the rails 

The average system SINR for the same case is depicted in Fig. 5.12. As expected, the 
SINR resembles the throughput which will be obtained. The joint topology is able to obtain 
a higher throughput when the three algorithms have similar SINR across the simulation. 
However, the direct link has a much lower SINR. Due to the lack of a relay able to amplify 
the signal, the SINR at large distances falls far below 0 dB. 
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Fig.  5.12: Average System SINR (dB) vs. Distance Traversed by the Train (m) implementing AF-MRN, (N=2, MR=MT=2, 

NUE=2, K=1, NIt=10). The x-axis indicates the path that the train follows from the starting point where the link DeNB-MRN 
is perpendicular to the rails 

Moreover, another simulation can be carried out assuming NLOS in the FE conditions 
to see the differences between both. In Fig. 5.13, the same simulation has been depicted, 
but with NLOS conditions. The direct link has not been modified. 

 
Fig.  5.13: Average System Throughput (Mbps) and SINR (dB) vs. Distance Traversed by the Train (m) implementing AF-

MRN with NLOS conditions, (N=2, MR=MT=2, NUE=2, K=1, NIt=10). The x-axis indicates the path that the train follows from 
the starting point where the link DeNB-MRN is perpendicular to the rails 

At first glance, both, the average system throughput and the SINR are lower than with 
LOS conditions. This is evident due to the lack of direct ray in NLOS. Albeit, the performance 
is almost the same, this is the only meaningful difference. Therefore, we will assume LOS 
conditions in the simulations with the 802.11ad channel model henceforth. 
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5.2.4 Performance	of	AF-MRN	versus	DF-MRN	
In Fig. 5.14, AF- and DF-MRNs are compared utilizing the joint topology. The DF 

reconstructs the signal and corrects errors, whereas the AF simply amplifies the signals. 
Both schemes perform in a similar fashion at low powers, but with high DeNB powers, the 
DF scheme slightly outperforms the AF. 

 
Fig.  5.14: Average System Throughput (Mbps) vs. DeNB Maximum Transmit Power (dBm), Comparison of AF-MRN vs. 

DF-MRN, (N=8, MR=MT=8, K=1, NIt=10) 

Differences between AF and DF schemes have been previously researched in many 
studies [64, 66]. In the layout simulated, the BE link is much more sensitive than the FE, 
due to the distance and the harshness of the environment in HSR environments. According 
to (4.1) and (4.3), if both channels —BE and FE— have very different SINR one from the 
other, the total SINR of AF- and DF-MRNs will be equal to the channel with the minimum 
SINR and both schemes will perform similarly. Hence, the DF scheme will outperform the 
AF only at high DeNB powers, where the SINR in the backend (BE-SINR) has a similar value 
to the SINR at the frontend (FE-SINR) as depicted in Fig. 5.15.  

 
Fig.  5.15: Average System SINR (dB) vs. DeNB Maximum Transmit Power (dBm), (N=8, MR=MT=8, K=1, NIt=10) 
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Ultimately, costs have to be taken into account where, in general, DF has a higher price. 
Nonetheless, the AF-MRN in our architecture needs a processor which will increase its final 
cost. If AF-MRNs are to be implemented, a complete novel design shall be developed to 
fully take advantage of the topology and the MIMO channel. On the contrary, if DF-MRN 
are implemented, whilst the design will not be completely novel, extra care has to be 
focused on the backend link to avoid propagation of errors. 

It is clear, in all cases, how the non-joint topology underperforms as it is unable to 
optimize resources between MRNs. 

5.2.5 Scheduling	of	UEs	in	a	Multiple	User	Scenario	
Previously, all simulations have been carried out for only one UE. In this subsection, K 

UEs are placed in the scenario. Therefore, different scheduling algorithms have been 
tested. Additionally, the joint topology is utilized for this very purpose because, as it has 
been shown, in general, it reaches a higher throughput. 

The average channel throughput versus the DeNB transmitted power for 3 UEs is 
illustrated in Fig. 5.16. The Round Robin algorithm has been used for this case. In the graph, 
the three users share equally the OFDM subcarriers obtaining almost the same throughput. 
The sum of the three UEs’ rate has been represented by the Total Throughput (black plot). 

 
Fig.  5.16: Average System Throughput (Mbps) vs. DeNB Maximum Transmit Power (dBm) implementing AF-MRN (left) 

and DF-MRN (right). Round Robin (RR) Scheduling is implemented to split Resources between UEs,                                 
(N=8, MR=MT=8, K=3, NIt=10) 

The Best SRS classifies UEs depending on the channel SINR, where it determines which 
one have better link conditions. As in the previous figure, in Fig. 5.17, the throughput is 
plotted depending on the power which is transmitted for 3 UEs, though utilizing the 
channel-aware scheduling algorithm. Moreover, the average SINR is also plotted.  It is 
interesting to notice that the total throughput obtained with the Best SRS algorithm is 
higher than the total throughput obtained with Round Robin because it allocates more 
resources to the UE with best channel conditions and, thereby, obtains higher SINR and 
higher total throughput. In this very case, UE 2 has better channel conditions, and hence, 
more resources are assigned to him, whilst UEs 1 and 3 are left with a minimum channel 
rate. 
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Fig.  5.17: Average System Throughput (Mbps) vs. DeNB Maximum Transmit Power (dBm) implementing AF-MRN (left) 

and DF-MRN (right). Best SRS (RS) Scheduling is implemented to split Resources between UEs,                                        
(N=8, MR=MT=8, K=3, NIt=10) 

The FE-SINR mainly depends on the MRNs and UEs’ positioning. Thereby, a good MRN 
positioning is critical to have the maximum SINR possible for each UE inside the train. 

5.2.6 Performance	and	Comparison	of	the	Topologies	in	a	Two-User	Scenario	
In this subsection, DF and AF joint topologies and non-joint topology are compared 

with 2 UEs inside one carriage. In a similar manner as in a previous subsection, there is an 
HST placed near a DeNB, concretely at 500 meters. Then, the train starts moving and 
traverses a distance of 2000 meters in a straight line that is perpendicular to the imaginary 
line that creates the DeNB with the MRNs. The DeNB maximum transmit power is set to 40 
dBm. A Round Robin algorithm is utilized to schedule both UEs dividing resources equally 
between them. The three algorithms start to collide at large distances (over 800 m of the 
track). Only the UE 2 with the non-joint topology seems to underperform even at very high 
distances. At small distances, the DF-MRN achieves a higher throughput than the AF-MRNs. 

 
Fig.  5.18: Average System Throughput (Mbps) vs. Distance Traversed by the Train (m). Round Robin (RR) Scheduling is 
implemented to split Resources between UEs, (N=2, MR=MT=2, K=2, NIt=10). The x-axis indicates the path that the train 

follows from the starting point where the link DeNB-MRN is perpendicular to the rails 
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In Fig. 5.19 is depicted the average SINR of the different algorithms for the same 
scenario. It is worth noticing that the throughput of UE 2 with joint topology is higher than 
that of UE 1 with non-joint topology, despite UE 1 having a higher SINR than UE 2. This 
indicates the big difference in performance between the joint topology and non-joint 
topology architectures. 

 
Fig.  5.19: Average System SINR (dB) vs. Distance Traversed by the Train (m). Round Robin (RR) Scheduling is 

implemented to split Resources between UEs, (N=2, MR=MT=2, K=2, NIt=10). The x-axis indicates the path that the train 
follows from the starting point where the link DeNB-MRN is perpendicular to the rails 

5.2.7 Performance	 and	 Comparison	 of	 the	 Topologies	 in	 a	 Multiple	 User	
Scenario	

Finally, a more realistic scenario can be simulated. These simulations will lead to a 
more accurate depiction of the capabilities of the architecture in rural environments. As in 
the previous section, the HST traverses the layout with one DeNB offering coverage to the 
passengers. The track is of 2000 m and there are 10 UEs inside a carriage. A 2 x 2 MIMO 
link is established between the DeNB and the MRN(s) and each UE has only one antenna in 
60 GHz. Three algorithms will be compared: the joint topology with DF-MRN, the joint 
topology with AF-MRN and the non-joint topology. In Fig. 5.20 the average throughput of 
the 10 UEs, the total throughput and the average SINR per UE are plotted for each 
algorithm. The DeNB maximum transmit power is set to 40 dBm and a Round Robin 
scheduling algorithm has been used to allocate resources between users. 
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Fig.  5.20: Average System Throughput (Mbps) and SINR (dB) vs. Distance Traversed by the Train (m). Round Robin (RR) 
Scheduling is implemented to split Resources between UEs, (N=2, MR=MT=2, K=10, NIt=10). The x-axis indicates the path 

that the train follows from the starting point where the link DeNB-MRN is perpendicular to the rails 

Fig. 5.20 depicts the throughput evolution in a multiple user scenario. There are several 
differences between these figures and the plots from the previous section. At first glance, 
the algorithms perform in a similar manner, being the non-joint topology the one with the 
worst performance. The non-joint topology main inconvenient is that it is unable to obtain 
the same MIMO efficiency than that of the joint topology. At small distances, there is a high 
difference between both topologies with only a 2 x 2 MIMO, whereas at larger distances, 
this difference almost disappears. 

The main difference between DF and AF schemes in these figures is that the DF joint 
topology achieves a higher total throughput gain than the AF. This is also clear in the SINR 
graphs where is shown the average SINR between UEs. Furthermore, the DF-MRN 
implementation accomplishes to manage a high number of UEs in a better fashion due to 
its versatility. 

 
Fig.  5.21: Total Spectral Efficiency (𝑏𝑖𝑡𝑠 𝑠⁄ 𝐻𝑧⁄ ) vs. Distance Traversed by the Train (m). Round Robin (RR) Scheduling is 
implemented to split Resources between UEs, (N=2, MR=MT=2, K=10, NIt=10). The x-axis indicates the path that the train 

follows from the starting point where the link DeNB-MRN is perpendicular to the rails 
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The SE is another interesting factor to pay attention to. In Fig. 5.21 the SE of the total 
throughput of the prior simulation is depicted. There are 10 UEs for a bandwidth of 10 MHz 
(effective bandwidth of 9 MHz) and a MIMO scheme with 2 antennas at the DeNB and 2 
antennas at the MRN. In the case of the joint topology with DF-MRN, this leads to a SE peak 
of approximately 11,2 𝑏𝑖𝑡𝑠 𝑠⁄ 𝐻𝑧⁄ 	at the beginning and 4 𝑏𝑖𝑡𝑠 𝑠⁄ 𝐻𝑧⁄ 	at the end. In the non-
joint topology, there is a peak SE of approximately 9,2 𝑏𝑖𝑡𝑠 𝑠⁄ 𝐻𝑧⁄ 	and a minimum of 4 
𝑏𝑖𝑡𝑠 𝑠⁄ 𝐻𝑧⁄ . All algorithms converge at high DeNB powers. 

5.2.8 Performance	of	the	Architecture	in	a	Realistic	Scenario	
In this subsection the FE channel model of the IEEE 802.11ad will be exchanged for the 

WI Ray-Tracing software. Following the first results of subsection 4.2.5, a more complex 
environment can be simulated with this tool. This will permit to obtain more accurate 
results since the model of the IEEE was not meant for train carriages. In all simulations the 
same set up from subsection 4.2.5 has been utilized (reflection order, number of paths, 
atmosphere conditions and diffuse scattering). 

For the first simulation, 4 MRN antennas have been equally distributed through the 
train car’s ceiling and one UE is moving across the car from side to side. This layout is 
depicted in Fig. 5.22. As aforementioned, the antennas are directive with a gain of 10 dB. 
There is no BF process implemented, thus, the MRN antennas point towards the floor and 
the UE antenna points towards the ceiling. 

 
Fig.  5.22: Top View Layout of the Train Carriage, (MT=4, K=1). The UE is moving from Right to Left 

On the other part, the BE channel is a 4 x 4 MIMO channel with 4 antennas in the DeNB 
and 4 antennas in the train carriage. The DeNB maximum transmit power is set to 33 dBm. 
Therefore, in this simulation the BE channel is static. In Fig. 5.23, the non-joint topology 
and the joint topology implementing AF- and DF-MRNs are used. Additionally, the results 
are shown versus the UE path taking zero distance as the starting point of the path. 

The same performance from previous subsection can be appreciated in all the 
algorithms. Non-joint topology underperforms in comparison with the joint topology. In 
addition, the DF-MRN slightly achieves a higher data rate than the AF-MRN. It is interesting 
to notice how at the corners of the train less throughput is reached because there are less 
antennas close to the UE. Comparing quantitatively this figure and Fig. 5.9 for the same 
number of antennas, it can be observed a similar throughput between the two figures. 

 

UE 
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Fig.  5.23: Average System Throughput (Mbps) vs. Distance Traversed by the UE inside the Train (m), (N=4, MR=MT=4, 

K=1, NIt=10). The x-axis indicates the path that the UE follows 

Furthermore, joint topology reaches out an upper-bound. This can be clearly 
appreciated in Fig. 5.24 where the SINR of the different channels is depicted. As 
abovementioned, the BE channel is static, thus the BE-SINR as well. Bearing in mind (4.1), 
(4.3) and (4.4), it can be observed how the BE channel limits the whole system and creates 
an upper-bound. Also, the high directivity of these antennas creates big lobes with high 
SINR peaks. Thereby, power control systems shall be employed to avoid wasting energy. 

 
Fig.  5.24: Average System SINR (dB) vs. Distance Traversed by the UE inside the Train (m), (N=4, MR=MT=4, K=1, NIt=10). 

The x-axis indicates the path that the UE follows 
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For the second simulation most of the same parameters stay equal. But instead of only 
one UE, there are 5 still UEs. There are 4 MRN antennas and 1 antenna per UE. Also, 
directive antennas with no BF process are used. The MRN antennas point towards the floor 
and the UE antennas point towards the ceiling, so, high losses are expected due to 
misalignment. In this simulation, a comparison among UE positionings will be carried out. 
In Fig. 5.25, this layout is shown. The UEs have been positioned in different places to 
compare their individual throughput and SINR. 

 
Fig.  5.25: Top View Layout of the Train Carriage, (MT=4, K=5) 

In Fig. 5.26 is illustrated the path propagation from MRN 3 to UE 1 and UE 4. As 
previously mentioned, losses in 60 GHz are a big drawback for this technology. MRN 3 is 
very close to UE 4, thus, there is not much misalignment and high power is achieved (of 
about -80 dBm). Bear in mind that power transmitted is 0 dBm and there are no line 
transmission losses in transmitters or receivers, so only the path loss and the directivity is 
taken into account. On the contrary, UE 1 receives very low power (of about -200 dBm) due 
to the distance from MRN 3. Although, the high reflectance of the wagon is perfect for a 
multipath scenario taking advantage of the reflected signals, hence, NLOS is problematic 
but not fatal to the system.  

 

 

Fig.  5.26: Rays’ Propagation Path to the Receiver in the Train Carriage from MRN 3 to UE 1 and UE 4, (MT=4, K=5) 

In the simulations with the link-level simulator there is again a 4 x 4 MIMO channel 
with 4 antennas in the DeNB and 4 antennas in the train carriage with a DeNB transmit 
power of 33 dBm. In this case, the MRN total transmit power is varied from 8,5 dBm to 27,5 
dBm. In Fig. 5. 27 the joint topology implementing DF-MRN is used to compare the 
throughput of the UEs in the same scenario layout. Round Robin scheduling is used to share 
resources between UEs. 
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Fig.  5.27: Average System Throughput (Mbps) vs. MRN Total Transmit Power inside the Train (m) implementing DF Joint 

Topology. Round Robin (RR) Scheduling is implemented to split Resources between UEs, (N=4, MR=MT=4, K=5, NIt=10) 

Comparing the layout in Fig. 5.25 with this figure is expected that UE 2 and UE 4 would 
obtain the highest throughputs. Nevertheless, UE 3 reaches very high throughputs with 
high MRN powers. This is because UE 3 is exactly between two MRN antennas (MRN 2 and 
MRN 3), thus power received from both antennas is low at the beginning but increases 
enormously as power is raised. However, this is not the case with UE 5 which is mostly 
under NLOS conditions, though being pretty close to MRN 4. That is why starts with more 
data rate than UE 3, but as soon as power is raised, UE 3 can take advantage of having two 
MRN antennas near and surpasses UE 5 in throughput. In the case of UE 1 is far apart from 
the MRN antennas, thus it has the lowest throughput. 

In Fig. 5.28 is observed the same simulation but with the SINR as output. In this figure 
there are two key points. The first one is that the BE channel is again limiting the total SINR 
and due to this the SINR of UE 2 is constant through the simulation. The second one is the 
difference between UEs with only one transmitter close to them and UEs with more than 
one. UE 5 has a higher average SINR than UE 3. However, as previously commented, UE 3 
at high powers reaches a higher throughput. This is due to the contribution of two MRN 
antennas. This cannot be observed in Fig. 5.28 calculating the average SINR.  

Finally, more simulations of this type shall be performed offering special attention to 
the MRN and UE positioning. Positioning is fundamental at 60 GHz bands due to the high 
losses at these frequencies. 
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Fig.  5.28: Average System SINR (dB) vs. MRN Total Transmit Power inside the Train (m) implementing DF Joint Topology. 
Round Robin (RR) Scheduling is implemented to split Resources between UEs, (N=4, MR=MT=4, K=5, NIt=10) 
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6 CONCLUSIONS	&	FUTURE	SIGHTS	

6.1 CONCLUSIONS	

n this Master Thesis, a new cutting-edge architecture has been studied in order to 
enhance the average system throughput in high speed railways. Besides, a full-review 

process has been carried out to analyze all the current and future technologies and 
architectures that can be applied to high speed environments. 

In order to provide full-coverage in an HSR environment, a multi-vector architecture 
capable of utilizing different technologies like satellite positioning or mobile coverage is 
mandatory due to the multiple scenarios (i.e. tunnels, viaducts, sparse areas, etc.) that such 
an architecture has to deal with. Besides, new standards shall integrate critical and non-
critical communications into the same framework to manage both jointly.  

The system herein presented implements an LTE-A MIMO channel that utilizes MRNs 
outband. These MRNs translate the upcoming signal into mmWave bands (60 GHz) for the 
link inside an HST. Two topologies that suit this structure have been designed. The joint 
topology deploys one MRN per carriage with an array of antennas in transmission and 
reception that work jointly to optimize the final performance. The non-joint topology 
deploys multiple MRNs with one antenna at transmission and one antenna at reception, 
though they do not cooperate. Additionally, AF and DF schemes are studied in this scenario 
with the joint topology. By means of a downlink-level simulator, the reachable channel 
capacity is demonstrated. These results show how both topologies perform under different 
scenarios and configurations. 

In the simulations, joint topology clearly outperforms the non-joint structure. 
Furthermore, joint topology permits to utilize AF- or DF-MRNs. DF-MRNs can accomplish a 
higher data rate than AF, although probably, its cost would be higher. Nevertheless, AF 
relays in the joint topology would need also a processor which would also increase its final 
cost. Therefore, an exhaustive study and design of these two schemes must be carried 
through. Besides, two different scheduling algorithms have been incorporated to the code 
to simulate the performance of this architecture with multiple UEs. The two-hop 
architecture exposes a high throughput gain in comparison to a MIMO direct channel that 
does not use either MRN or mmWave bands. Moreover, this architecture denotes high SE. 

The ray-tracing tool WI of Remcom has been used to obtain more precise results in the 
interior of the train carriage. The simulations where WI has been used to calculate the 
losses matrix that was then imported to the link-level simulator. The results showed how 
critical is MRN positioning, the advantages of multiple transmitters and the exterior 
channel —from the DeNB to the MRN— which creates an upper-bound to the whole 
system. Furthermore, results were similar to those obtained with the IEEE 802.11ad 
channel model. 

The main perks that the two-hop architecture may offer are the use of MRNs outband 
which are able to avoid VPLs and compensate Doppler spread. Besides, DF-MRNs would be 
able to employ more advance MIMO techniques as abovementioned and use group 
handover to save huge amount of processing time. Furthermore, another key technology 
for 5G are the bands above 6 GHz. Mmwave bands could highly increase data rates and 
avoid interferences between users. This novel approach might have a great impact on next-
generation 5G technologies development and for passenger communications in means of 
transportation. 
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6.2 FUTURE	SIGHTS	

owadays, ubiquitous coverage and broadband data access are cornerstones for many 
research studies and communication systems. The objective of this project has been to 

present the perks and opportunities that a new architecture could offer in high speed 
environments such as railway. The analysis of the two-hop architecture has been realized 
by means of a link-level simulator with accurate channel models, different relaying types 
and optimization and scheduling algorithms. 

Nonetheless, there are many aspects that in future works could be explored. For 
example, a study of inter-cell interference and how this affects the whole system. Also, 
other MIMO techniques such as SM or open-loop could be delved into. Moreover, a 
migration to 5G communications using the new array of possibilities that have been opened 
with phase 1 finished, like taking into account other frequency bands or using FC-OFDM, 
could be another interesting addition. 

Another important aspect is the study of the interior of a train carriage in millimeter 
frequencies. In this project, some results have been calculated using the WI ray-tracing 
tool. Nevertheless, more effort could be invested to simulate new scenarios or obtain 
different outputs. Furthermore, a channel measurement on-the-field could be arranged to 
measure in mmWave bands the channel propagation in a train car, so as to adjust the 
results of our channel model accordingly to the results of this campaign. 

Finally, the design of the two relaying types that have been discussed in this Master 
Thesis is key to demonstrate the possibilities of the architecture. Therefore, another future 
objective is to design and analyze relay nodes outband that are capable of working with 
LTE-A communications in sub-6 GHz and mmWave bands. The novel design of the 
architecture of these relays might aid to the standardization of relay nodes in mobile 
communications. 
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8 APPENDIX	

ppendices are presented in this chapter. The demonstration of the power allocation 
problem of the joint topology implementing DF-MRN is provided in the first appendix. 

Regarding the ethical, environmental, social and economic aspects that involve the 
development of this project and their impact are analyzed in the second appendix. 

8.1 APPENDIX	A	

In the following, we offer the solution to the power allocation problem in the DF-MRN 
joint topology case use. As a remainder, we are maximizing the link capacity of a channel 
split into BE and FE and we applied the KKT conditions utilizing inequality constraints. As a 
result, the Lagrangian of the optimization problem could be written as: 
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(8.1) 

Then, (8.1) can be solved differentiating with respect to the power. In the case of the 
BE link, we differentiate with respect to 𝑃]-,<

[>,?], whilst in the FE link we differentiate with 
respect to 𝑃.-,<

[>,?]. Bearing in mind (4.3) and (425), the BE link would end as: 

𝜕ℒ
𝜕𝑃]-,<
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ln	(2)
𝛾]-,<
[>,?]
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[>,?] − 	𝜆 = 0 (8.2) 

Now, we rearrange the terms in order to solve for 𝑃]-,<
[>,?]: 

𝑃]-,<
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Finally, we obtain the power allocation in the DeNB: 
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notice that due to constraint C5, which indicates that power must be equal or greater than 
zero, only a positive number is eligible. The FE link can be differentiating by 𝑃.-,<

[>,?] in a similar 
manner: 
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Rearranging the terms:  

A 
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𝑃.-,<
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In a similar fashion than the BE link, the power allocation can be 
determined by:  
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The optimal solution to the power allocation problem for 𝜆 and 𝛿 is found with a 
standard gradient algorithm. Then, if the Lagrangian is solved to find the optimal subcarrier 
allocation policy, we will obtain the marginal margin (4.39), which, with (4.40), will lead to 
𝑠[>,?]. Finally, as the problem is asymptotically optimal, another iteration process is carried 
out until a convergence point is reached. 

8.2 APPENDIX	B	

8.2.1 Enviromental	and	Socio-Economic	Impact	
A key part of sustainability in current societies lies in the efficient use of energy —EE— 

and encourage environmental awareness. Sustainability should not be overshadowed. 
Instead, it must go hand in hand with progress. 

Comparing rail with road and air transport makes it possible to demonstrate that the 
train is more sustainable, whether in terms of carbon emissions, energy consumption, use 
of space, or noise levels. But rail transport’s environmental footprint can be reduced still 
further. In order to do so, we need to improve EE (efficiency of traction systems, improved 
electrical braking, LED lighting, optimized ventilation systems), reduce atmospheric 
emissions, and use clean, recyclable and natural materials. One part of this relies on the 
use of new and better critical communication systems such as the ones studied in this 
project. The objective of these systems is to provide in an efficient manner information to 
reduce energy consumption, not only focusing in one particular train, but as a whole 
system. For example, increasing efficiency of train transports and reducing infrastructure 
and operational costs. 

This Master Thesis is focused in the development of a novel architecture for HST in-
train communications. This is due to the lack of proper systems dedicated to offer 
broadband data access to train passengers. The deployment of this architecture could solve 
this issue offering high data rates to the passengers as well as steady coverage throughout 
the travel. 

Furthermore, a great part of this project is dedicated to the demonstration and 
explanation of several optimization algorithms that pretend to allocate resources in 
optimal ways and reduce energy waste. These algorithms are dissected to compare its 
advantages and disadvantages. For example, it has been demonstrated that the joint 
topology using MIMO provides higher throughput which leads to less power consumption. 
Besides, some scheduling algorithms can exploit different circumstances. As an example, 
Best SRS can take advantage of selective fading benefiting particular passengers over 
others that are under worse conditions; leading to less power allocation and less power 
consumption thereof. Most of these advantages are due to the inclusion of MRNs in the 
HST. MRNs permit to save energy and offer better services to the passengers. 
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The study of all these technologies in this Master Thesis might have a great impact for 
future communication systems and aid to its development and standardization. 

8.2.2 Budget	Cost	
In this subsection we will estimate the budget cost that this Master Thesis has 

supposed. This project has been dedicated to the study and analysis of several 
architectures for mobile communications and the development of simulator in the MATLAB 
program. Thereby, its contribution is mostly theoretical and no laboratory equipment has 
been used. For this economic plan we have taken into account the software licenses and 
the labor to carry out the project. 

In table 8-1 is depicted the breakdown of the licenses cost annually —which is the time 
that has taken to fulfil this Master Thesis. Besides, the license cost has been considered 
with academic discounts where appropriate. 

Description Price (€) 

MATLAB License 250 

Wireless InSite MIMO License 1290,97 

SketchUp License 102,43 

Table 8-1: Budget Cost of the Software Licenses with Academic Discounts 

This Master Thesis is worth 30 ECTS —half of an academic year— and 1 ECTS equals 28 
hours of work. The labor will be calculated as if a company would have hired an engineer 
to make this project.  The mean salary of a telecommunications engineer in Spain is 27161 
€ per year [76]. One year of work —with 40 work hours per week and 5 weeks of vacations 
per year— is 1880 hours, hence, the total cost to pay for an employee in a company would 
be 12135,77 €. 

Considering all, the total sum of the expenses is: 13779,17 €. 
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