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Wireless technologies have been widely developed in the last
years and now are ready to meet the increasing demand of
communications services of smart transportations systems
like high speed railways, metropolitan railways, buses, and
any other public transportation system.

Nowadays there is a large variety of standard radio
technologies suitable for smart transportation: Wi-Fi (IEEE
802.11xx) and WiMAX 4G-LTE. These technologies can be
used for wireless ad hoc networks, wireless sensor networks,
and particularly future G technology that will highly focus
on the development of terrestrial smart and autonomous
transportation system. These emerging technologies can
significantly improve the operation, efficiency, reliability,
and passenger’s experience; nevertheless each transportation
system demands a wireless communication system specially
designed and configured to meet their special requirements.

The main applications of communications in transporta-
tion systems can be divided into two parts:

(i) Critical communications between vehicles and infras-
tructure to increase efficiency, safety, and reliability

(ii) Wideband communications for payload or passengers
services

On each case, it is necessary to accurately model and design
the communications network, considering node architecture,
handover schemas, relay configuration,MIMO, and diversity.
In all cases it is necessary to accurately design the physical
interface for each special environment, vehicle character-
istics, and passengers or payload requirements. It includes

propagation modeling, waveform selection, and antenna
design for current communications bands (0.5–6GHz) and
for future mmW bands (20–40GHz and 60GHz).

Another important technology issue is the use of wireless
sensors and ad hoc networks for security and monitoring
of vehicles and infrastructure. These networks can also pro-
vide supplementary services to vehicles improving efficiency,
security, and reliability of transportation.

Passengers services like internet or entertainments are
important to improve the competitiveness of railway and
public transportation versus other transportation systems.
On this case 5G communications play an important role for
the development of new communications systems with high
capacity and mobility. For this application, millimeter waves
play also an important role to provide the bandwidth needed
for this applications.

Finally there is a group of technologies that are now
under development that can be very relevant in the future.
We can talk about vehicle-to-vehicle communications, radar
sensors, and onboard communications for different vehicle
applications. These short-range applications also focused on
the use of high mmW and THz frequency bands.

This special issue tries to cover most of the application of
wireless communications for public transportation: network
design, critical communications, passengers communica-
tions, propagation, mobility, spectrum usage, 5G applica-
tions, and sensor and special applications of communications
for public transportation.
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Railway, subway, airplane, and other transportation systems have drawn an increasing interest on the use of wireless
communications for critical and noncritical services to improve performance, reliability, and passengers experience. Smart
transportation systems require the use of critical communications for operation and control, andwideband services can be provided
using noncritical communications. High speed train (HST) is one of the best test cases for the analysis of communication links
and specification of the general requirements for train control and supervision, passenger communications, and onboard and
infrastructure wireless sensors. In this paper, we analyze in detail critical and noncritical networks mainly using the HST as a
test case. First, the different types of links for smart rail transportation are described, specifying the main requirements of the
transportation systems, communications, and their applications for different services. Then, we propose a network architecture
and requirements of the communication technologies for critical and noncritical data. Finally, an analysis is made for the future
technologies, including the fifth-generation (5G) communications, millimeter wave (mmWave), terahertz (THz), and satellites for
critical and high-capacity communications in transportation.

1. Introduction

Wireless technologies have been widely developed in the last
years and now are ready to meet the increasing demands of
communication services for control, operation, and main-
tenance of smart transportation systems [1]. Existing radio
technologies include Wi-Fi (IEEE 802.11xx), WiMAX (IEEE
802.11xx), Long Term Evolution (LTE), wireless sensor net-
works, wireless ad hoc networks, and particularly future
fifth-generation (5G) technologies that will highly focus on
the development of intelligent transportation systems of
terrestrial and aerial vehicles. These emerging technologies
can significantly improve the operation, efficiency, reliability,
and passengers’ experiences, but each communication net-
work must be designed and configured to meet the special
requirements of each transportation system.

Nowadays, transportation systems have an important
demand of communications with very strict requirements of

quality, capacity, and reliability. One of the best “test cases”
for the analysis of communications in transportation systems
is high speed train (HST). In aHST communication network,
we can distinguish two types of communications: critical and
noncritical communications.

Critical communications between HST and infrastruc-
ture are used for the control signaling [2] to increase speed,
efficiency, safety, and reliability. These communications are
critical because they are necessary for the high-performance
operation of the transportation system so that it must have a
very high reliability and availability (>99%). Nevertheless, it
is important to remark that communications are not respon-
sible for the security. Security depends on other systems
installed onboard or in the infrastructure. For example, if we
consider a HST, Global System for Mobile Railway (GSM-
R) communications are used now to transmit telemetry
(position) of the train and to send movement authorizations
to it. This information is necessary to increase the speed of
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the train higher than 300 km/h and must be updated every
100ms. If it is not updated during 1 second, there will be
an emergency process reducing the speed of the train to a
safe value [2]. To guarantee this performance it is necessary
to achieve very high quality communications systems with
redundancy and improved reliability. GSM-R is widely used
in HST, but, currently, railway operators want to improve the
performance of the trains and move to automatic driving so
that they need a new high-capacity wireless communication
system able to include high quality video transmissions from
train to control center.

Another example could be the use of Unmanned Aerial
Vehicles (UAVs) to improve security and reliability of smart
rail transportation. As proposed in [3], these platforms can
be used to enable and improve the communications and
operation of next generation of smart transportation systems
[3]. For these applications, UAVs need also a critical commu-
nication link and a payload link. Critical communication link
is used to send position of the UAV from air to ground, and to
send control commands or waypoints to the UAV [4]. There
will be also a noncritical communication link that can be
used for several purposes like video transmission for railway
incident or infrastructure monitoring, or as a moving relay
for emergency communication.

Thus, in both cases, the use of critical communications
is mandatory, and these communications must have high
quality of service because although security does not depend
on them, frequent fails on communications can reduce relia-
bility. For these reasons, a critical communication system has
very special requirements andmust rely on a very well proved
technology specially customized for the smart transportation
system. For example, HSTs are still using GSM-R standard,
and commercial UAV radios use mainly early frequency
hopping technology.

Noncritical communications are used for payload, sup-
plementary services, and passenger services [5]. In this case,
we require broadband communications for supplementary
services like high-definition video and data services of the
passengers. Some examples could be a video link transmitted
by a UAV or a wideband Internet for the passengers of a
high speed train. In both cases the principal requirement is
capacity, so the design of these communications is completely
different. Currently, these communications are on continuous
development and are one of the principal challenges for the
next years and for 5G technologies.

Finally, wireless sensors and ad hoc networks used for
security and monitoring are now being used to provide
supplementary services to vehicles [5, 6], and the use of
millimeter wave (mmWave), terahertz (THz), and satellites
will be relevant in the future to provide vehicle-to-vehicle
communications, radar sensors, and onboard communica-
tions for different vehicle applications.

The remainder of this paper is organized as follows.
Communications including critical and noncritical commu-
nications for smart rail transportation are comprehensively
discussed in Section 2, in terms of their requirements, state-
of-the-art development, trends, and challenges. Section 3
analyzes the requirements andprinciples of network planning
for critical and noncritical communications. The principal

techniques used and defined for network radio planning are
highlighted as well. Conclusions are drawn in Section 4.

2. Communications for Smart
Rail Transportation

As transportation systems become more automated, vehicles
have an increasing demandon communications and are being
equipped with more wireless communications services and
sensors [7]. However, the maximum data rate of commercial
communication systems (e.g., 4G) is still limited to 100Mb/s
for high mobility, and, therefore, current technologies are
not sufficient to handle the terabyte-per-hour data rates
that can be generated in next generation vehicles. Likewise,
railway communications are required to provide various high
data rate applications for passengers and train service. These
applications need to be implemented in five rail scenarios (see
Figure 1):

(i) Train-to-infrastructure (T2I) (HD video and other
information in real time transmitting among various
infrastructures)

(ii) Interwagon (wireless network between wagons)
(iii) Intrawagon (links between user equipment and access

points of a wagon)
(iv) Inside station (links between access points (APs) and

user equipment (UEs) in train/metro stations)
(v) Infrastructure-to-infrastructure (I2I) (HD video and

other information in real time transmitting among
various infrastructures) (note that whether this I2I
scenario belongs to railway communication depends
on whether this link is managed by railway industry;
in most countries, the I2I link is provided by commu-
nication network operator, but in some countries, like
China, such link is owned and managed by railway
corporations.)

For the scenarios “inside station” and “infrastructure-to-
infrastructure,” the bandwidth requirements are from several
hundred MHz to several GHz, depending on concrete con-
ditions. For the scenarios “intrawagon” and “interwagon,”
1–10GHz bandwidths will be required, respectively. As the
main interface between the network on train and the fixed
network, the scenario “train-to-infrastructure” transmits an
aggregated stream of the inter/intrawagon scenarios. There-
fore, it requires the bandwidth of several GHz to accommo-
date over 100Gbps data rates [8]. Such high data rate andhuge
bandwidth requirements form a strong motivation of explor-
ing the underutilized mmWave and even THz bands [8].
From the wireless channels viewpoint, there are numerous
open challenges and chances on researching and developing
mmWave and THz terrestrial and satellite communications
enabling smart rail transportation [9]. Among all the above
five scenarios, the most challenging one is the T2I scenario.
As the main interface between the network on train and
the fixed network, the T2I channel suffers strong dynamics,
Doppler spread, and shadowing. Thus, it has drawn great
attention, and, therefore, wemainly discuss it in the rest of the
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Figure 1: Five communication scenarios of smart rail transportation.

paper, rather than briefly talking about all of the five scenarios
with equal weight.

2.1. Critical Communications. In contrast to the rapid and
innovative changes in commercial mobile communications,
the development of critical communications in public trans-
portation has been rather more measured, mainly because
of the mission-critical requirements. Among all the critical
communications in railway, the GSM-R is the most widely
used standard, and its stability has been verified for more
than 10 years [10, 11]. The principal specifications of a GSM-
R network for critical communications are summarized in
Table 1. However, due to limited transmission capacity, GSM-
R has been applied mainly to data communications for train
control.

In order to provide new railway services such as video
supervision and real-time monitoring, research efforts are
now oriented towards LTE as the next generation technology
[12–14]. In particular, the capabilities of LTE in terms of

Table 1: Quality of service performances of GSM-R system for
critical communications.

GSM-R QoS parameter for ETCS Requirement

Connection establishment <8.5 s (95%)
≤10 s (100%)

Transfer Delay (TD) ≤0.5 s (99%)

Network Registration Delay (NRD)
≤30 s (95%)
≤35 s (99%)
≤40 s (100%)

Connection Loss Rate (CLR) <10−2/h
Transmission Interference (TI) <10−2

future railway operational needs are currently being reviewed
under the Future Railways Mobile Communications System
(FRMCS) project, which was initiated by UIC in 2013.
Recently, the authors in [15] have proposed LTE Railway
(LTE-R) as an integrated wireless railway communications
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system by validating a deployed testbed of LTE-R. Moreover,
“signal quality on the top of and inside train,” “chain type
network deployment,” and “guaranteeing quality of services
(QoS) for safety services” are themain critical issues that need
further and deeper technical consideration:

(i) Signal quality on the top of and inside train: when
using the direct access mode for both the onboard
terminals (usually on the top of the train or car)
and mobile terminals inside the train or car, the
most critical issue during cell optimization is the
achievement of a target level of received signal
strength for both onboard and mobile terminals.
This is mainly because the signal from the base
station that penetrates directly into the car suffers
the penetration loss up to 24 dB [12]. Such difference
of the two channels, on the one hand, poses much
higher requirements for the transmission power of
the base station and, on the other hand, requires
careful design of the antenna parameters of the two
types of receivers in order to ensure a certain level of
signal quality simultaneously for both onboard and
mobile terminals. When using the two-hop access
mode—one T2I hop and one intrawagon hop—such
challenge coming from the huge penetration loss of
the train body can be avoided.

(ii) Chain type network deployment: rather than the
hexagonal type cell structure in commercial net-
works, railway (or vehicular) dedicated communi-
cation networks use a cell structure of a sequential
chain type. Because of this uniqueness of a dedicated
network, the communication scheme has the chance
to be optimized further with low complexity and
without loss of optimality [16].

(iii) Guaranteeing QoS for ultrareliable low latency appli-
cations: safety-critical vehicular applications can be
broadly classified as vehicle detection, road detec-
tion, lane detection, pedestrian detection, drowsiness
detection, collision avoidance, and so forth [17]. All
these applications assist drivers and reduce potential
accident risks and therefore require ultrareliability
and low latency (e.g., the allowable latency for Traffic
Signal Violation Warning (V2I) is 100ms, while the
allowable latency for vehicle collision warning (V2V)
is 20ms). For railway, typically all safety-based ser-
vices need the highest safety level (SIL4 [18]), low
bandwidth (less than 1 kb/s per train), significant
delay constraints (less than 500–800ms in the worst
case, usually even less), and the traffic pattern is usu-
ally real-time variable bit rate (RT-VBR). Voice calls
need higher data rates (i.e., 64 kb/s depending on the
codec). A good reference for maximum jitter could
be 30ms [19]. Therefore, in order to support these
services, it is important to keep data connectivity at
the highest priority level. To do so, the network design
for critical communications in public transportation
mustmake use of sophisticated networkmanagement
schemes for handling exceptional situations such as
traffic congestion.

Table 2: Principal characteristics of HST and infrastructure.

Characteristics of HST
Number of passengers 1500
Passengers per car 75
Number of cars 20
Maximum length 750m
Maximum speed 350 km/h

Characteristics of the track
Maximum slope 6%
Tunnels 10–30%
Typical curvature radius 1 km
Viaducts 10–30%

2.2. Noncritical, Broadband Communications. High-capacity
communications networks for payload services and passen-
gers on transportation are beginning to develop nowadays.
Passengers on HSTs, metros, airplanes, and boats demand
the use of communications like the ones they have in their
private vehicles or at their homes. Also, transportation system
operators demand supplementary services like the following:

(i) Onboard and wayside high-definition (HD) video
surveillance that is critical for safety and security con-
cerns (e.g., cars stuck on railway crossings, terrorist
attacks).

(ii) Onboard real-time high data rate connectivity for web
browsing, video conferencing, video broadcast, and
so forth.

(iii) Real-time train dispatching HD video between train
and train control centers (TCCs) required for train
dispatching and future driverless systems as well as
journey information that are dynamically updated for
all passengers.

However, the implementation of these communications in
smart transportation systems has an important complexity
because each transportation system has its own special
characteristics: number of users, maximum speed, vehicle
construction, vehicle infrastructure, and others. For these
reasons, it is necessary to design and adapt the communica-
tion network for each specific transport system, and, there-
fore, we can use public networks for critical communications.
As example of general requirements, we can use a modern
HST whose main characteristics are summarized in Table 2.

According to the specifications of the transportation
system, it is necessary to efficiently use the public terrestrial
infrastructure combined with other technologies to increase
capacity and performance. Therefore, the use of 4G LTE
networks must be combined with moving relay solutions
onboard trains [20] and then combined with satellite net-
works and other 5G terrestrial networks to improve capacity
and to reduce cost. It is, therefore, necessary to provide
broadband services to users considering the characteristics
of this means of transport and its peculiarities, which for
HST are summarized in a data capacity close to 1–10Gbps to
provide broadband services up to 1500 users, who are going
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Figure 2: Broadband network for HST noncritical communications.

to maintain an intense connectivity. To this end, there is the
problem of HST which makes it difficult to use terrestrial
networks on desserts or inhabited areas that are frequently
crossed by newHST. On the other hand, the frequent tunnels
make it difficult to use the satellite, so a mixed solution must
be used [21]. An example of architecture of such networks is
shown in Figure 2.

This network must be capable of providing broadband
communications to train passengers; for this purpose it will
have a redundant terrestrial link that connects to the first and
last wagon of the train.This link will use a moving relay solu-
tion in order to achieve reliable communications and reduce
fixed infrastructure requirements. This network allows users
to access a high-capacity terrestrial communications network
that it is distributed inside the train using a wireless network
based on the new high-capacity 802.11 standards such as
802.11ac/ad.

The satellite link is used as backup link for the terrestrial
network. This link currently allows up to 100Mbps using
antennas with automatic azimuth control and low profile
elevation that can be simply installed on top of the train [22],
and in the future, the capacity will be increased to 1 Gbps.

The entire communication system requires the use of
an IP network along the train with a minimum capacity of
10Gbps.This will allowmanaging the traffic of different links:
train-land, train-satellite, and intratrain. Interwagon com-
munications can be also done using short distance 10Gbps
wireless links at mmWave or THz, to allow train assembly
and tominimize wired connections on trains wagons. Table 3
summarizes the requirements of a communication network
for noncritical communications in HST

Trains will have an internal 10Gpbs network formultime-
dia applications of the passengers, with an external connec-
tion of 1 Gbps for Internet connections. Also, in the station,
there will be a 100Gbps network for all the train noncritical
services. This station network can have many infrastructure-
to-infrastructure communications for additional services as
passengers transfer, video surveillance, advertising screens,
digital TV, and other new services.

As an example of terrestrial network, we can describe
the current LTE network that can reach capacities of
100–300Mbps using carrier aggregation on the 1–6GHz

Table 3: Requirements of a communication network for noncritical
communications in HST.

HST Communication Links
Train-to-infrastructure (terrestrial) 1 Gbps
Train-to-infrastructure (satellite) 0.2 Gbps
Intra wagon 1Gbps
Inter wagon 10Gbps
Inside station (all commuters) 100Gbps
Infrastructure-to-infrastructure 10Gbps

band.This performance can be efficiently used on HST using
a moving relay solution on board the train. These links
allow reliable communications up to speeds of 350 km/h
with the problem that throughput is reduced with velocity
when the channel is degraded, as described in [23]. To get
higher throughputs, it is necessary to use lower frequency
and higher frequency networks together. In Table 4, we
include a comparison of the key parameters of four radio
technologies, two suitable for critical communications and
two for noncritical communications. As we can see in this
table, the critical network has been configured for high
quality of service, low delay, and high reliability, while
the noncritical networks are developed for high capacity
and, therefore, have a high demand of bandwidth. For this
reason, noncritical communications are considering the use
of mmWave technologies in the 28–34GHz band because it
is suitable for mobile communications.

The use of mmW for mobile communications in high
mobility environments requires the use of high gain antennas
with phased array technology, and this technology is very
suitable for communications of high capacity in environ-
ments like those of the HST where the coverage is linear.
It will allow the availability of high bandwidth, getting
data rates on the Gbps range [24]. In summary, broadband
communications in a transport system such as the HST
require a complex project where it is necessary to install
a network inside the train and several external networks
combining terrestrial links inmicrowave andmmWave bands
together with satellite links.
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Table 4: Example of different wireless communications systems customized for critical and noncritical communications.

Parameter Critical Noncritical
GSM-R LTE-R LTE WLAN 802.11xx Satellite

Frequency Uplink: 876–880MHz
downlink: 921–925MHz

450MHz, 800MHz,
1.4–1.8 GHz

800MHz, 1.8 GHz,
2.6GHz

2.4/5.7 GHz,
24/28/33mmW 12/14GHz

Bandwidth 0.2MHz 1.4–20MHz 1.4–20 (100)MHz 80 (160)MHz 10–16MHz
Modulation/multiple
access

GMSK QPSK M-QAM M-QAM QPSK
FDD + TDM FDD + OFDM FDD + OFDM TDD + OFDM FDD

Peak data rate,
downlink/uplink 172/172 Kbps 50/10Mbps 100/50Mbps 433.3Mbps 10/1Mbps

Peak spectral
efficiency 0.33 bps/Hz 2.55 bps/Hz 16.32 bps/Hz 4.8 bps/Hz 1 bps/Hz

Maximum
transmission delay <50ms <100ms <1 s <1 s <1.5 s

Data transmission Requires voice call
connection Packet switching Packet switching Packet switching Packet switching

Packet retransmission No (serial data) UDP packets, 0
retransmissions

IP packets with up
to 5 retransmissions

IP packets, up to
5 retransmissions

IP packets, 0
retransmissions

MIMO SISO
2 × 2 2 × 2, 4 × 2, 4 × 4, up to 15 no

(diversity)
Mobility Max. 500 km/h Max. 500 km/h Max. 350 km/h Max. 250 km/h >500Km/h
Handover success rate ≥99.5% ≥99.9% ≥99.5% ≥99.5% —
Handover procedure Hard Soft Hard/soft Hard/soft No handover
All IP (native) No Yes Yes Yes yes

3. Network Design for Critical and
Noncritical Communications

The design of critical and noncritical communications is
completely different from conventional networks. In the
first case, it is necessary to make a special design of the
network focused on QoS and reliability. In the other case,
noncritical communications are focused on capacity. In both
cases, the model and design of the communication network
are completely different, considering node architecture, han-
dover schemas, relay configuration, Multiple-InputMultiple-
Output (MIMO), antennas, anddiversity.Then, it is necessary
to accurately design the physical interface for each special
environment, vehicle dynamic, and passengers or payload
requirements. It includes propagation modeling, waveform
selection, and antenna design for current communications
bands (1–6GHz), mainly for critical communications and
for future mmWave bands (24–34GHz) for passengers and
payload [25, 26].

High quality of service networks is based on the use
of redundant communications to increase reliability and
maintainability. For this purpose, railway critical commu-
nications use two equal terrestrial networks simultaneously.
This solution guarantees an excellent radio coverage and
reliability.

Noncritical communications can also use two or more
networks at the same time, but, in this case, the design of
the network is focused to increase capacity, so two or more
networks work in parallel and at the same time guarantee a
minimum coverage in complex areas. Usually, high-capacity
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Figure 3: Dual layer network measurements for HST critical
communications.

terrestrial network can be complemented with a satellite link
to provide radio coverage on remote areas and with other
terrestrial networks to improve capacity on special parts of
the track like stations or densely populated areas.

Figure 3 shows the measurements of a dual layer network
for HST GSM-R communications [27]. We can see that
the two layers are quite well interlaced in the entire track
except on the tunnel where there is a double repeater on
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Figure 4: An example of realizing network planning of HST
communications based on ray-tracing channels.

the middle of the tunnel. With this design, the train is
continuously connected to both networks, increasing theQoS
and availability to 98%, compared with 86% for a single
network. In case of fail of a base station or a complete layer, the
other can support the communications without degradation
of critical communications.

The design of noncritical communications will require a
different solution. In this case, the two networks will be over-
lapped with the same radio coverage to maximize capacity
of the users instead of QoS and reliability. For both wireless
networks used in critical or noncritical communications, it is
necessary to make a careful network planning using deter-
ministic channel modeling approaches. New techniques of
radio planning, such as ray-tracing and algorithms for railway
propagation as proposed in [29],may act as the first choice for
realizing accurate link budget. Figure 4 illustrates an example
of realizing network planning of HST communications based
on ray-tracing channels. The principal techniques used and
defined for network radio planning can be summarized as
follows:

(i) To include the road/railway features in channel mod-
els: this is an open challengemainly caused by the lack
of standard channel models and reference scenarios
exclusively for roads/railways. Beijing Jiaotong Uni-
versity has defined and constructed a set of reference
scenario modules for mmWave and THz terrestrial
and satellite railway channels [30]. These modules
include all the main objects, such as tracks, stations,
crossing bridges, tunnels, cuttings, barriers, pylons,
buildings, vegetation, traffic signs, billboards, trains,
etc., with their typical geometries and materials in
reality. They can either be independently used for
site-specific verification or be combined in various
ways for doing statistical analysis. Some snapshots of
ray-tracing simulations in these HST scenarios are
shown in Figure 5. The 3D environment models are
publicly available and freely downloadable with the
link http://raytracer.cloud.

(ii) Design of mmWave and THz fixed and mobile net-
works: these frequencies require an accurate and effi-
cient radio planning, and ray-tracing simulations are
very useful at this point but accurate simulations are
very challenging, because a large number of objects
will influence channel properties, and, therefore, they
should be included in the scenarios [31, 32]. In order

to tackle this challenge, to evolve the deployment of
the RT simulator from on PC to on high-performance
computing (HPC) platform is a promising solution.
The authors of [9] present the state-of-the-art devel-
opment of the high-performance RT platform. In
the case study of doing RT simulations in the three
railway scenarios at 30GHz, the high-performance
RT platform is 100 times faster than the laptop-based
RT and without “out of memory” issue.

(iii) In the current road/railway network deployment, very
fast adaptive beamforming will be needed due to
the high mobility of the car/train. However, there
is a chance of avoiding the requirement of such
challenging beamforming, which is deploying the
transmitting (Tx) antennas towards the same direc-
tion along the road/rail and moving the handover
from the middle of two base stations (BSs) to the
region when the train is very near the BS. With
this innovation, both RT simulations (see Figure 6
which is Figure 9 in [9]) and measurements which
are done in Seoul subway line 8 by Electronics and
Telecommunications Research Institute (ETRI) (see
Figure 7 which is Figure 9 in [28]) imply that even
the fixed directional antenna (or beamforming) can
support the link length longer than 1 km under line-
of-sight (LOS) condition and around several hundred
meters under non-LOS (NLOS) condition at 30GHz.

(iv) Compared with the high cost of deploying dedi-
cated mmWave and THz terrestrial communications,
satellites are a good solution because of no need
for a terrestrial network (even though a backup
technology is neededwhen cars/trains are in tunnels).
Many research projects have explored the possibility
of providing Internet access to onboard passengers
[33], but most of them have failed, due to either
the technical complexity or the lack of an adequate
business plan [33]. Recently a new telecommunica-
tion solution based on multiple radio bearers using
cellular and satellite public networks as an alternative
to the deployment of a dedicated infrastructure is
proposed in [21]. A test campaign on 300 km of rail
line (about 10,000 km of tests) has been carried out
to evaluate the performance of cellular and satellite
networks in a railway environment. Results in terms
of achievable link reliability and end-to-end (E2E)
delays are encouraging for the adoption of a public
land mobile network (PLMN)/satellite approach to
export ERTMS/ETCS procedures [22].

4. Conclusions

In this paper, the state-of-the-art wireless communications
in smart rail transportation systems are surveyed and dis-
cussed comprehensively. To begin with, the communica-
tion requirements and scenarios/links of smart rail trans-
portation are defined in terms of train-to-infrastructure,
interwagon, intrawagon, inside station, and infrastructure-
to-infrastructure scenarios. Then, regarding the critical

http://raytracer.cloud
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Figure 6: Signal-noise ratio in the railway urban scenario at 30GHz
using different beamforming strategies [9].

communications, the situation of current GSM-R and the
trend of future LTE-R are reviewed, and the main critical
issues—signal quality on the top of and inside train, chain
type network deployment, and guaranteeing QoS for safety
services—are highlighted for further study. Moreover, mul-
tiple potential solutions of providing noncritical, broadband
communications are analyzed. A complex project is highly
required to install a network inside the train and several
external networks combining terrestrial links in microwave
and mmWave bands together with satellite links. For the

Figure 7: Measured data throughput during 2.4 km run [28].

network planning, usage of redundant communications is the
key solution of guaranteeing an excellent radio coverage and
reliability of critical communications, while deploying two
or more different networks that can work in parallel is of
importance of providing noncritical, broadband communica-
tions to the onboard users. Last but not least, some principal
techniques are highlighted for network radio planning for
smart rail transportation systems, including accurate link
budget using high-performance ray-tracing methods, new
handover scheme avoiding very fast adaptive beamforming
and new telecommunication solutions based on multiple
radio bearers using cellular and satellite public networks.
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The rapid development of high-speed railway (HSR) and train-ground communications with high reliability, safety, and capacity
promotes the evolution of railway dedicated mobile communication systems from Global System for Mobile Communications-
Railway (GSM-R) to Long TermEvolution-Railway (LTE-R).Themain challenges for LTE-R network planning are the rapidly time-
varying channel and high mobility, because HSR lines consist of a variety of complex terrains, especially the composite scenarios
where tunnels, cuttings, and viaducts are connected together within a short distance. Existing researches mainly focus on the path
loss and delay spread for the individual HSR scenarios. In this paper, the broadband measurements are performed using a channel
sounder at 950MHz and 2150MHz in a typical HSR composite scenario. Based on the measurements, the pivotal characteristics
are analyzed for path loss exponent, power delay profile, and tap delay line model. Then, the deterministic channel model in which
the 3D ray-tracing algorithm is applied in the composite scenario is presented and validated by the measurement data. Based on
the ray-tracing simulations, statistical analysis of channel characteristics in delay and Doppler domain is carried out for the HSR
composite scenario. The research results can be useful for radio interface design and optimization of LTE-R system.

1. Introduction

Over the past few years, the world has witnessed the rapid
development of the high-speed railways (HSRs) in China.
The GSM-R system, which is specially designed and stan-
dardized for communication between train and control cen-
ters, could provide voice group call, functional addressing,
location dependent addressing, enhanced multilevel priority
and preemption, train control safety data transmission, and
dispatching non-safety data transmission service. However,
the GSM-R still has some limitations to meet a diversity
of data transmission including security monitoring and
maintenance information in real network operation since
it is only available to narrowband communications. Thus,
the broadband wireless train-ground communication on
HSR plays an important role in train operation control,

monitoring, andmaintenance data transmission andmakes a
great number of applications possible [1, 2]. To satisfy
the increasing demand for railway services, HSR faces the
challenge that is to deploy broadband communication system
called LTE-R [3–6]. The LTE-R has been identified as the
technical direction of the next generation of railway mobile
communication in HSR environments due to its technical
advantages, such as increased performance, flexible quality
of service (QoS) profile, supporting mission critical service,
and high-speed mobility [7, 8]. Currently, a series of studies
on HSR broadband communication system are being carried
out, while radio propagation is the main research hotspot
because the high performance of communication system
relies on excellent wireless network coverage.The sustainable
development of railway broadband mobile communication
system needs to keep abreast of HSR wireless channel
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characteristics [9, 10]. Establishing reliable and credible HSR
channel model is the precondition to realize the efficient,
reliable, and safe data transmission under the conditions of
high mobility and high data rate.

The researches on broadband and narrowband channels
in HSR or subway environments have been conducted over
the last few years. The small-scale fading behavior, which
is defined as signal variations occurring within very short
distances, has been discussed in large numbers of papers for
broadbandmobile communications. Several wireless channel
propagation measurement activities have been performed in
different kinds of HSR scenarios, such as the train station
[11–13], the viaduct [14–17], the cutting [18, 19], the crossing
bridge [20], the railway tunnel [21], the subway tunnel [22,
23], and the passageway tunnel [24]. The empirical path
loss model and small-scale fading parameters have been
obtained at 930MHz. The propagation characteristics in a
small passageway tunnel for non-line-of-sight (NLoS) are
studied in [24], and themodel is given to predict the path loss,
power delay profile (PDP), root-mean-square (RMS) delay
spread, and coherence bandwidth. The tap delay line (TDL)
models and Doppler characterizations for HSR hilly scenario
are put forward in [25]. In [26], the propagation mechanisms
at 2.35GHz have been investigated for the viaduct scenario,
where the path loss, timedelay spread, andK-factor have been
obtained to establish the statistical position-based channel
models. In [27], a cooperative antenna system is built on
separated train carriages and a Doppler frequency offset
estimation and joint channel estimation algorithm exploited
multiantenna diversity gains are put forward. These studies
mainly concentrate on channel parameters in an individual
scenario. However, as a result of the high-speed mobility in
the actual HSR environment, scenarios including the tunnel,
cutting, and viaduct are continuous for wireless communi-
cation. Thus, the mobile station will experience many kinds
of scenarios in a short period of time, and these scenarios
are inseparable for the mobile station. Call drops and data
transmission errors occur in such composite scenarios fre-
quently. In summary, existing studies generally ignore the
quick transition from one scenario to another. Thus, the
channel model for a composite scenario is still inadequate
and the nonstationary characteristic of time-varying and fast-
fading channels inHSR composite scenario still needs further
investigation.

The deterministic modeling technique based on ray-
tracing (RT) simulation is also an importantmethod tomodel
HSR channels [28, 29]. This method takes into account the
direct path, reflections, and scattering and models the propa-
gation channel in a specific scenario using the morphological
and geographical information. However, in a complicated
scenario, the RT method requires a large amount of compu-
tations. In general, for the sake of reducing the computational
time in the complicated scenarios, only the first- and second-
order reflections are taken into consideration. The output of
the deterministic channel models for each link is the time-
varying channel impulse response (CIR) which characterizes
the frequency-selective channel. The 3-dimensional (3D)
scenario reconstruction is the basis of the RT modeling,
which has been studied in the literature, for example, [30, 31].

The main contributions of this paper lie in the following
aspects:

(1) A broadband wireless channel measurement cam-
paign is conducted in HSR composite scenario by
using the channel sounding system at the frequencies
of 950MHz and 2150MHz.

(2) Based on the measurement data, we explicate the
phenomenon of the variation trends of path loss,
PDP, mean excess delay, and the RMS delay spread in
6 typical areas of the composite scenario. Then, the
TDL based channel models are formed, which are
helpful for the characterization of the HSR time-
varying channel.

(3) TheHSR composite scenario is reconstructed and the
3D RT simulator is validated by the measurement
data. Then, the small-scale fading, PDP, Doppler
statistical properties, and the correlation coefficients
between delay and Doppler domain are investigated.
This is helpful for the development of HSR broadband
communication system in the foreseeable future.

The rest of this paper is organized as follows. The mea-
surement scenario, channel sounder configuration, and mea-
surement campaign are provided in Section 2. Section 3
presents the measurement results with statistical analysis,
and a novel TDL channel model for HSR composite sce-
narios is established. Section 4 provides the 3D scenario
reconstruction of the composite HSR scenario; a 3D ray-
optical based channel simulation and stochastic analysis are
introduced as well. In Section 5, the deterministic modeling
of the channel in HSR composite scenario and the statistical
modeling from the measured data in the same scenario are
compared and validated. Moreover, the small-scale fading,
Doppler statistical properties, and correlation coefficients
between delay and Doppler domain are analyzed in detail.
Finally, the conclusions are drawn in Section 6.

2. HSR Channel Measurements

2.1. Measurement System Configuration. The measurement
system consists of a channel sounder including transmitter
(Tx) and receiver (Rx), oscilloscope, and antennas. The
measurement specifications are described in detail below.

2.1.1. Channel Sounder. A channel sounder serves as a sys-
tematic device to measure the behaviors of wireless signals in
the specific environment [32]. The test platform adopts the
narrow pulse technology and can be used for the broadband
channel sounding, with the parameters listed in Table 1. The
Tx is composed of a broadband frequency synthesizer, pulse
modulator, pulse generator, and broadband power amplifier.
The synthesizer is controlled by the customized software on
PC to program the transmission frequency. The transmitted
signal is modulated by pulse modulator to get a narrow pulse
with selectable pulse widths.The high quality pulse generator
is built to synchronizewith the clock signal. Eventually, a high
power amplifier is used to amplify the modulated sounding
signal. The receiver is composed of local oscillator, low noise
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Table 1: Channel sounder parameters.

Parameters Settings
Transmitter

Frequency range 35MHz–3000MHz
Output power 35 dBm
Pulse width 30 ns, 45 ns, and 60 ns
Pulse period 1 us
Rise and fall time 3 ns
Intermediate frequency (IF) bandwidth 100MHz

Receiver
Frequency range 100MHz–4550MHz
IF 150MHz
IF bandwidth 100MHz
Sensitivity −100 dBm
Noise figure 3 dB
Video output 1.2 Vpp

amplifier (LNA), mixer, intermediate frequency filters, and
logarithmic amplifier used as the demodulator. The received
signal is sent to the LNA.Then, the amplified signal is mixed
with a phase-locked loop (PLL) for superhet receiving to get
a +/−150MHz intermediate frequency, through an addition
or subtraction to the transmitted signal frequency. Then, a
100MHz band-pass filter is set to filter out unwanted parts.
Finally, the logarithmic amplifier is used as an envelope
detector, which connects to the oscilloscope to provide the
magnitude of the received signal [33].

2.1.2. Oscilloscope. The output demodulated signal of the
receiver is sent to the digital oscilloscope, which allows cap-
turing digitized PDP in real time and saving data on the hard
disk. In order tomeet the requirements of high sampling rate,
Infiniium MSO9104A from Keysight is used, which offers a
bandwidth up to 1GHz and channels with responsive deep
memory to ensure superior viewing of signals under test.

2.1.3. Antennas. The channel sounder is equipped with the
L-Com HG72714P-090 panel directional antenna whose
polarization is vertical, with 17∘ vertical and 90∘ horizontal
beamwidth, as shown in Figure 1(a) and Table 2. The Rx
antenna is omnidirectional with 3 meters height plus the
bracket. The Rx antenna is L-Com HG72107U, which is also
vertically polarized and has the gain of 4 dBi and 7 dBi in
different bands, as shown in Figure 1(b) and Table 2.

2.2. Measurement Scenario. In the construction of railway
in mountainous region, the cuttings are often used to help
the HSR cross the large obstacles. A standard deep cutting
with the slopes of both sides having the similar inclination
can produce abundant reflection and scattering components.
Viaducts with a height of 10m to 30m are also used in HSR
to ensure flatness and straightness of rails. The height of
the antenna on the roof of the train is increased due to
viaduct, and this reduces the number of scatterers and forms a

Table 2: Tx and Rx antenna parameters.

Parameters Settings
Tx antenna

Frequency range 698–960MHz, 1710–2700MHz
Gain 13 dBi, 14 dBi
Vertical beamwidth 17∘
Horizontal beamwidth 90∘
Polarization Vertical
Front to back ratio ≥23 dB
Dimensions 1568 × 320 × 160mm

Rx antenna
Frequency range 698–960MHz, 1710–2700MHz
Gain 4 dBi, 7 dBi
Vertical beamwidth 55∘ 28∘
Horizontal beamwidth 360∘
Polarization Vertical
Lengths 1.02m

relatively “clear” line-of-sight (LoS) propagation channel.
Therefore, cutting and viaduct have a pronounced effect
on channel propagation characteristics, which provides the
motivation for investigating the composite scenario of cutting
and viaduct in this paper.

The broadband measurements were performed in
Xinzhou section of the “Datong-Xi’an” HSR in China, as
shown in Figure 2. A tunnel with the height of up to 9m,
a cutting of 130m length, a viaduct of 280m length, and a
cutting of 100m length are linked end to end. In this case, it is
more likely to receive multipath components with a higher
height of the upper cutting than that of the receiving antenna.
The numerous multipath components caused by the side
walls result in serious fading. Moreover, a semiclosed space
is generated by the structure of the cutting and the mountain,
which may contain a large number of scattering and re-
flection components.

2.3.Measurement Campaign. This papermainly analyzes and
discusses the effects of multipath components in composite
scenarios. In order to achieve this goal, a series of broadband
measurements at 950MHz and 2150MHz bands which may
be used for LTE-R in future were conducted. The channel
sounder transmitter was installed on the platform at the top
of the cutting, the Tx antenna was 35m high from the rail
surface and 20m away from the tunnel portal. The pitch
angle of transmitting antenna was about 5∘. The channel
sounder receiver with antenna moved along the track, and
measurement data were collected at 50 different locations.

The measurement environment can be classified as four
regions in the composite scenario: locations 1 and 2 belong
to region I, that is, the tunnel portal; locations 3–15 fall into
region II which is cutting 1; locations 16–44 belong to region
III, where a viaduct exists, and region IV, which is cutting
2, includes the rest of the locations. The sampling interval is
50 ns and approximately 20000 CIRs for each snapshot are
collected. Each neighboring snapshot has a distance of 10m.
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Figure 2: The measured composite scenario in Datong-Xi’an HSR.
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Figure 3: Path loss at 950MHz and 2150MHz in the composite
scenario.

3. Measurements Results and Analysis

The knowledge of wireless channel fading behavior is helpful
for designing fading countermeasures. Thus, parameterizing
the fading properties and developing channel model for HSR
are necessary.This section will make a detailed analysis of the
measurement results.

3.1. Path Loss Analysis. The path loss model assumes a linear
dependency between the path loss in dB and the logarithm of
distance 𝑑 [34], shown as

PL [dB] (𝑑) = PLFS (𝑑0) + 10𝑛 log10 ( 𝑑𝑑0) + 𝑋𝜎, (1)

where PLFS(𝑑0) is the frequency-dependent free space path
loss at the reference distance 𝑑0, 𝑛 is the average path loss
exponent (PLE) over distance, and 𝑋𝜎 is a zero-mean Gaus-
sian distributed random variable with standard deviation 𝜎
describing the random shadowing. We find that the 𝑑0 = 1m
close-in (CI) free space reference path loss model is a simple
physically based one-parameter PLE model [35, 36], which
is more stable across frequencies and environments than
the traditional floating-intercept (FI) least-squares regression
equation line. The fixed-intercept is given as

PLFS (𝑑0) = 20 log10 (4𝜋𝑑0𝜆 ) , (2)

where 𝑑0 = 1 and 𝜆 is the carrier wavelength. The CI models
for the two carrier frequencies of 950MHz and 2150MHz are
shown in Figure 3 with the measured data. As can be seen
from Figure 3, the PLE of the composite scenario is 1.6 and
1.7 at 950MHz and 2150MHz, respectively. Such small PLE
values imply the wave-guide effect in the propagation of this
composite scenario. Apart from the direct path between the
Tx and the Rx, numerous reflected components caused by the
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Figure 4: PDP at 950MHz in the composite scenario.
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Figure 5: PDP at 2150MHz in the composite scenario.

cutting slopes and mountains also enforce the propagation,
and, therefore, their superposition decreases the PLE values.
Similar observation at 930MHz inHSR viaduct scenarios has
been reported in [37], in which the PLEs are between 1.5 and
1.7.

3.2. Power Delay Profile (PDP). The PDP is widely used for
modeling multipath fading channel. The extent of multipath
effects on radio channel can be clearly determined by the time
delay spread. Channel parameters such as the first and second
significant multipath components can be extracted from the
PDP curve.

Since the HSR base station is always installed on one side
of the track and the antenna is higher than the track by at least
25m except for tunnel part, railway environment is a typical
scenario with LoS propagation. Usually, the radio wave com-
ing from LoS path offers the dominant component, and the
radio waves coming from other directions are scattered or
reflected by the steep walls or hills, causing the time delay
spread.

From Figures 4 and 5, it is found that the PDP fluctuates
in this composite scenario along the track at the frequency
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Table 3: Parameters of time dispersion at two frequencies.

Region index I II III IV
Corresponding scenario Tunnel Cutting Viaduct Cutting
950MHz Mean excess delay (ns) 374.66 193.11 60.61 31.40
950MHz Average RMS delay spread (ns) 218.67 125.40 50.01 40.20
950MHz Average number of multipaths 6 5 1∼2 1∼2
2150MHz Mean excess delay (ns) 270.68 195.68 66.31 43.62
2150MHz Average RMS delay spread (ns) 120.44 135.18 52.03 38.81
2150MHz Average number of multipaths 4 5 1∼3 1∼2

of 950MHz and 2150MHz. Generally, waves at these two
frequencies have quite similar behaviors, with the distance
changes [33]. In the first 150m, the propagation at both 950
MHz and 2150MHz is with quite clear delay spread. More
significant delay spread is demonstrated when Rx is closer
to the mountain tunnel, which is due to the strong reflection
from the wall above the tunnel.Then, the delay spread has the
tendency to decrease gradually when the Rxmoves to the cut-
ting, which is due to the open space. However, there are still
richmultipath components.The delay spread decreases when
the Rx is close to 150m from the Tx. This point is exactly the
entrance of viaduct in the open area. Thus, a number of the
multipath components disappear, and the propagation is
dominated by the direct ray.

The typical PDPs on different scenarios are demonstrated
in Figures 6(a)–6(f), respectively. Upon the Rx being in
region I, that is, the tunnel portal, due to the direct path
to the Tx being blocked by the tunnel hall in the shadowed
area, it is the NLoS scenario. Radio propagation at both
frequencies shows longer and clearer time delays in the NLoS
area. In particular, the delay spread at 950MHz is longer
and the severe multipath effect is reflected, compared with
2150MHz. Upon the Rx being in the region II, there are obvi-
ous LoS component and multipath components caused by
the cutting steep walls. Upon the Rx being in region III,
which is the viaduct scenario, it is difficult to detect the
multipath components due to the disappearance of reflector.
The contribution of multipath components from distant
mountain scattering can also be ignored. The delay spread
greatly decreases.Upon theRx being in region IV,which is the
cutting 2 scenario, there is only the direct path because the
cutting height is low and the excess delay of reflected signals
is close to that of the dominant signal. The power of reflected
signal originated by the remote cutting is also small, and,
therefore, a clear path cannot be formed.

3.3. Analysis of Time Dispersion. As a general method for
analyzing broadband channel measurements, the PDP can be
quantified by the mean excess delay and RMS delay spread,
which describe the time dispersion characteristics of the
channel in a specific scenario. Delay of the multipath com-
ponent is estimated relatively to the first detectable peak path
[38, 39]. The mean excess delay 𝜏 is the first moment of the
PDP and is defined as

𝜏 = ∑𝐾𝑘=1 𝑃 (𝜏𝑘) 𝜏𝑘∑𝐾
𝑘=1
𝑃 (𝜏𝑘) , (3)

where 𝑃(𝜏𝑘) is the power level of the 𝑘th path and 𝜏𝑘 is the
relative time delay of the 𝑘th path. The commonly quantified
RMS delay spread 𝜎𝜏 is the square root of the second central
moment of the PDP and is presented in (4), which can be used
to extract the number of channel taps [40].

𝜎𝜏 = √𝜏2 − (𝜏)2. (4)

In general, the mean excess delay and the RMS delay
spread rely on the selection of noise threshold, which is
used to distinguish the receivedmultipath components power
from the thermal noise power for raw PDPs. In this paper, the
noise threshold is set to be 6 dB above the noise level of PDP,
as given in [41, 42]. Thus, the peak that is greater than the
threshold is considered as a resolvable path. Meanwhile, to
reduce the implementation complexity of the channel model,
the number of channel taps should be specified. Using RMS
delay spread to determine the number of taps 𝐿 is given by
[38]

𝐿 = [max (𝜎𝜏)𝑇𝑐 ] + 1, (5)

where 𝜎𝜏 is the RMS delay spread and𝑇𝑐 is the pulse duration,
which is 30 ns in this paper.

In Table 3, the average number of multipath components,
the mean excess delay, and RMS delay spread are calculated.
The RMS delay spreads at the two frequencies are illustrated
in Figure 7.The values of RMSdelay spreads for region III and
region IV lie in the range of 0–100 ns. This is due to the
presence of the dominant LoS component, with almost no
more other distinguishable multipath components. For the
region close to the cutting area, RMS delay spread becomes
larger, whereas the RMS delay spread ismainly in the range of
100–300 ns in the cutting scenario, which reflects the severe
fading effects. In this area, there are approximately 5-6 multi-
path components due to the fact that there aremore reflection
and scattering components from the cutting wall and remote
hills.TheRMS delay spread values of different frequencies are
close to each other. Note that similar results about the delay
statistics are shown in [43] for the approximatively 950MHz
and 2150MHz cases.

3.4. TDL Channel Model. The TDL based channel model
is helpful for analyzing the time-varying channel [26]. The
TDLbasedmodels are developed according to the hypothesis;
namely, the distinguishable channel taps are discrete and have
different delays in HSR composite scenario. In this subsec-
tion, the paper parameterizes the tap number, the relative
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(c) Viaduct near cutting 1
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(f) Cutting 2

Figure 6: Typical PDP for composite HSR scenario.
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Figure 7: RMS delay spread at two frequencies.

delay spread, and the average gain in different scenarios on
the basis of a detailed analysis of the measurement data.

3.4.1. TDL Channel Model under Tunnel Portal. Table 4 puts
forward the TDL channelmodel under tunnel portal scenario
with Tx on the roof of the cutting near the tunnel. It can
be concluded that the number of multipath components is
large, and the tunnel portal is very consistent with the NLoS
scenario.The 2.4GHzTDLmodel in [25] is built based on the
similar hilly scenario, where a tap corresponds to a group of
multipath components with similar propagation delays and
gains as we modeled for our 2150MHz data set.

3.4.2. TDL Channel Model under Cutting 1. Table 5 deduces
the TDL channel model under cutting 1. It can be inferred
that there are also several multipath signals; however, the LoS
path plays amore dominant role in this scenario and the RMS
delay spread is smaller than that of tunnel portal.

3.4.3. TDL Channel Model under Viaduct. Table 6 gives the
TDL channel model parameters in the two subsections,
viaduct near cutting 1 and viaduct near cutting 2. We can
observe that when the Rx is near the cutting 1 or cutting 2,
a two- or three-ray model is applied. This is because the scat-
tering and reflection of cutting 1 and cutting 2 contribute to
the second and third paths.When the Rx is in themiddle part
of the viaduct, that is, far from the cutting 1 and cutting 2,
there is only one LoS path which is dominant and almost no
multipath component is detected.

3.4.4. TDL Channel Model under Cutting 2. As can be seen
from Figure 6(f), only LoS path exists in cutting 2 area,
because the Rx is far from the Tx, the distances of the direct
path and the reflection path from cutting 2 are substantially

Table 4: TDL channel model for tunnel portal.

Scenario Tap Relative delay (ns) Average gain (dB)
950MHz

Tunnel portal

1 0 0.0
2 119.7 −29.48
3 353.9 −31.84
4 452.0 −27.25
5 548.8 −25.14
6 695.8 −31.28

2150MHz

Tunnel portal

1 0 0.0
2 77.7 −14.21
3 174.1 −18.23
4 553.5 −19.5

Table 5: TDL channel model for cutting.

Scenario Tap Relative delay (ns) Average gain (dB)
950MHz

Cutting 1

1 0 0.0
2 82.9 −36.86
3 138.1 −51.26
4 192.6 −52.93
5 241.4 −55.66

2150MHz

Cutting 1

1 0 0.0
2 95.7 −32.16
3 180.4 −55.39
4 254.7 −57.35
5 305.1 −55.71

Table 6: TDL channel model for viaduct of both ends’ connecting
cuttings.

Scenario Tap Relative delay (ns) Average gain (dB)
950MHz

Viaduct near cutting 1 1 0 0.0
2 108.3 −37.27

Viaduct near cutting 2 1 0 0.0
2 89.5 −9.5

2150MHz

Viaduct near cutting 1
1 0 0.0
2 106.5 −22.95
3 428.4 −39.6

Viaduct near cutting 2 1 0 0.0
2 107.3 −21.46

equal, and the reflected signals from the remotemountain are
quite weak.

4. Scenario Reconstruction and RT Simulation

4.1. Reconstruction of the Scenario. As a deterministic model,
the propagation is greatly affected by the modeling of the
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Figure 8: Reconstruction of the composite HSR scenario.

scenario. As a result, precisely reconstructing the 3Dpropaga-
tion environment is the key factor for deterministic channel
modeling. With the help of 3D modeling, the radio channel
behavior of the composite scenario has been simulated by the
deterministic propagation model. To begin with, the dimen-
sions of the viaduct, cutting, and buildings are measured
manually.Then, the latitude and longitude information of the
test line is collected and the scenario around the test line is
obtained by the satellite image of Google Earth. Finally, by
gathering all the information, a complete 3D RT channel
model library can be established.

In light of different radio propagation mechanisms, all
the major objects in HSR scenario could be divided into
the large-scale and the small-scale structures. The large-scale
structures, including ballastless track, tunnel, cutting, and
viaduct, are modeled as triangles and polygons with differ-
ent electromagnetic parameters. The small-scale structures,
including pylons and vegetation, are modeled as a conductive
cylinder with a limited length. The scenario is composed of
tunnel, mountain, cutting, viaduct, and ballastless track. It
is essential to know the dielectric properties of materials
for improving the accuracy of simulation. The reflection
coefficients and scattering coefficients of all the materials
above can be determined by the following approaches. First
of all, the standardized parameters are defined in ITU-R
recommendation, like ITU-R P.2040, ITU-R P.1411, ITU-R
P.1238-7, and so on.These parameters can be set to the original
inputs. Furthermore, for specific environmentswheremateri-
als are unavailable or insufficient in standards, measurements
will be used to calibrate the coefficients. In this work, we apply
the proposed approach in [44, 45], and the calibratedmaterial
parameters of cutting, viaduct, and others are implanted
into the RT simulator after measurements. Thus, the RT
simulator can be used for simulation to perform an in-depth
analysis of the channel characteristics in specific scenario.
Reconstruction of the composite HSR scenario for the RT
simulation is shown in Figure 8.

4.2. 3D Ray-Optical Based Channel Simulation. The 3D ray-
optical based channel simulation is used to establish 3Ddeter-
ministic channelmodel. Several propagationmechanisms are
taken into account to model the multipath nature of HSR
channel. Firstly, the direct path between the Tx and Rx is

Traced rays with varying power

Figure 9: A snapshot of the RT simulation.

calculated based on the distance and path loss. Secondly,
specular reflection and diffuse scattering are calculated, with
the bouncing order of reflection up to 2 for reducing the
computational complexity. Furthermore, the contribution of
diffraction is neglected because there is no obstacle between
the Tx and Rx. Thus, the information of each ray can be
obtained, including the type of path, path loss, path delay, and
3D angular properties.The positions of Tx/Rx, the directions
of the antennas, and a snapshot of the RT result are illustrated
in Figure 9. In this figure, the lines of different colors represent
different received power level.

5. Validation of RT Simulation
and Further Analysis

5.1. Validation of RT Simulation. For the purpose of improv-
ing RT algorithm efficiency, the objects involved in the
deterministic channel model are dominant for the HSR,
such as the viaduct, tunnel, and cutting. Hence, the model
has excluded the objects that are remote, unobservable, and
lower than the track. In RT algorithm, 𝜆/16 is taken as the
sampling interval, where𝜆 refers to thewavelength.The other
parameters used in the simulations are the same as those
used in the actual measurements. Assuming that the train
runs at 310 km/h, the time axis indicating the train location
is illustrated in Figure 8.

Figure 10 shows the comparison of path losses between
the measured and the simulated results. Due to the limitation
of RT simulation, for example, the limited order of reflection,
no diffraction mechanismmodeling, and rough scene recon-
struction, there is certain difference between RT simulated
and measured path loss. However, the changing tendency
is in agreement qualitatively at different frequency bands.
Figure 11 shows the PDP based on the measurement data
and the PDP predicted by the deterministic channel model in
one snapshot for 950MHz and 2150MHz.The prediction and
measurement results are well consistent for the normalized
power and multipath delay, except a few points (delay over
400 ns) which do not match so well due to simplification of
the remote scattering object. Indeed, the capability of captur-
ing the dense multipath component (DMC) is the weakness
of the RT simulation methods, which has been pointed out
by numerical publication. In the scenario of this paper, the
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Table 7: Analysis of normalized small-scale fading.

Zone index 1 2 3 4 5
Time segment in s 0∼1.5 1.5∼2.7 2.7∼4.7 4.7∼5.6 5.6∼6.4
Corresponding scenario Tunnel portal and cutting Viaduct Viaduct Joint of viaduct and cutting Cutting
Fading depth in dB (950MHz) 6.1 5.2 2.1 0.7 0.9
Maximum fading depth in dB (950MHz) 46.07 14.87 6.02 1.68 4.38
Fading depth in dB (2150MHz) 15.4 17.9 2.8 15.5 0.7
Maximum fading depth in dB (2150MHz) 48.37 37.87 3.35 59.04 1.37
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Figure 10: Comparison of path losses between the measured and
the simulated results.

tunnel and cutting are typical closed or semiclosed environ-
ments, and, therefore, usually strong multipath components
with extremely long delay are not expected. This is well
reflected in the measurement data as well.Thus, for the target
scenario, the RT simulator is applicative for further analysis.

5.2. Small-Scale Fading Analysis. Based on the above 3D
scenario, small-scale fading characteristics are investigated
through the channel simulation in this subsection.The signal
bandwidth, power, antenna parameters, and location are the
same as field measurement. Figure 12 illustrates the small-
scale fading depth andmaximum fading value as the function
of time at 950MHz and 2150MHz, respectively. Different
time points reflect the different geographical locations in the
composite scenario.The significantly different characteristics
are found for small-scale fading in different locations which
belong to different scenarios, given in Table 7. It can be
observed that the fading depth in zone 2 is greater than in
zone 3 for both 950MHz and 2150MHz, whereas the two
zones are both viaduct region.The reason is that zone 2 is even
closer to the cutting. In zone 4, the maximum fading depth
for 2150MHz is about −59 dB, which is deeper than other
zones, while the same phenomenon is not found so serious

for 950MHz. Similar results about the small-scale fading are
obtained for the 900MHz data set in [43], but the maximum
fading depth in [43] is lower than that in this paper.This result
indicates that the composite scenario leads to more severe
small-scale fading.

5.3. Stochastic Analysis. Wireless communication system
must be developed for various propagation conditions, which
motivates stochastic characteristic analysis that treats a linear
time-varying channel as a randomquantity. Since the channel
has no great change in the stationarity interval which is
assumed to be 10ms [46], the hypothesis of wide-sense sta-
tionary uncorrelated scattering (WSSUS) is rational. Accord-
ing to WSSUS hypothesis in the stationary interval, the sto-
chastic analysis is conducted subsequently.

5.4. PDPProperties Analysis. Based on the RT simulation, the
PDP is studied in this subsection. Figure 13 gives PDP versus
scenario time at two frequencies. In general, the changing
trends and fluctuation from the deterministic model are
similar to the measurements. The PDPs of 950MHz and
2150MHz are similar. When the train is near the transmitter
position where the scenario is the tunnel portal and high
cutting, more diffuse multipath components exist due to the
rich scattering rays from tunnel external wall and the higher
cutting. Dense diffuse multipaths are demonstrated; see
Figure 13. The delay is mainly distributed in 0–200 ns, which
is below the measured delay and the power of multipath is
higher than the measurement data because of the simplifica-
tion of the scenario.

5.5. Doppler Statistical Properties Analysis. Based on the RT
simulation, Doppler statistical properties are analyzed in this
subsection. The mean Doppler shift ] is defined as

] = ∫
+∞

−∞
]𝑃𝐻 (], 𝑓) 𝑑]

∫+∞
−∞
𝑃𝐻 (], 𝑓) 𝑑] , (6)

where 𝑃𝐻 is the Doppler power spectral density, ] is Doppler
shift, and 𝑓 is frequency. The RMS Doppler spread 𝜎] is
defined as the square root of the second central moment of
the Doppler power spectral density and is presented in (7),
which can be used to characterize the time selectivity of the
fading [41].

𝜎] = √]2 − (])2. (7)
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Figure 11: Contrast of the PDP based on the measurement and the deterministic modeling.
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Figure 12: Small-scale fading.
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Figure 13: PDP versus scenario time at different frequencies.
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Figure 14: Doppler power spectrum versus scenario time at different frequencies.
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Figure 15: RMS Doppler spread and mean Doppler shift versus scenario time at different frequencies.

The Doppler power spectrum, mean Doppler shift, and RMS
Doppler spread of the two frequencies are given in Figures
14 and 15. When the train passes through the transmitter, the
mean Doppler shift drifts drastically from 200Hz to −600Hz
for 2150MHz and from 100Hz to −260Hz for 950MHz.
When the RMS Doppler spread is relatively large, the
small-scale fading depth becomes larger, indicating that the
dense scattering components from the cutting lead to severe
Doppler spread. Moreover, if the delay spread is larger, the
fading would be deeper. For 950MHz, the Doppler spread is
not so large as 2150MHz in simulations, so the serious fading
does not occur.Therefore, the mobile station and base station

should be designed to estimate the Doppler shift in real time
and dynamically adjust the system parameters according to
the Doppler shift.

5.6. The Correlation Coefficients between Delay and Doppler
Domain. Based on the RT simulation, the cross-correlation
coefficient between delay and Doppler domain is estimated
in this subsection, which is defined as [47]

𝜌 (𝜎𝜏, 𝜎]) = ∑𝑀
𝑘
(𝜎𝜏 (𝑘) − 𝜎𝜏) (𝜎] (𝑘) − 𝜎])

√∑𝑀
𝑘
(𝜎𝜏 (𝑘) − 𝜎𝜏)2∑𝑀𝑘 (𝜎] (𝑘) − 𝜎])2

, (8)
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Table 8: The correlation coefficients between delay and Doppler
domain.

Scenarios Correlation coefficients
950MHz

Tunnel portal and cutting 1 0.5469
Viaduct 0.0308
Cutting 2 0.1011

2150MHz
Tunnel portal and cutting 1 0.5082
Viaduct 0.0143
Cutting 2 0.3032

where 𝜎𝜏 is delay spread, 𝜎] is the Doppler spread, and 𝜎𝜏
and 𝜎] are the mean value of the data sets 𝜎𝜏(𝑘) and 𝜎](𝑘)
with length𝑀, respectively.The results of the extracted cross-
correlation coefficients are given in Table 8. There is a high
correlation between the delay spread and the Doppler spread
at the cutting area for different frequency bands. Meanwhile,
the delay and Doppler spreads exhibit a low correlation when
the trainmoves on the viaduct as sparse scatterers are on both
track sides.

6. Conclusion

In this paper, the broadband wireless channel measurements
using a customized channel sounder in a real HSR com-
posite scenario at 950MHz and 2150MHz are reported and
analyzed. The path loss exponent and parameters of time
dispersion containing the number of paths, the mean excess
delay, and the RMS delay spread are estimated. The TDL
channel model is proposed for the HSR composite scenarios
containing tunnel portal, cutting, and viaduct based on the
actual measurement data. The analysis reveals some impor-
tant phenomena for the composite scenario: the difference
of RMS delay at two frequencies is very small while the
propagation loss ismore serious; the cutting and tunnel portal
will bring greater RMS delay; the multipath in viaduct is
more influenced by the two cuttings that are connected to
the viaduct, because the interference from the reflection and
scattering of the cuttings produces not only deep fading, but
also Doppler dispersion and delay spread. The deterministic
channel model of the composite scenario, which is recon-
structed using the 3D RT method, is put forward in this
paper. The channel model is compared and validated with
measurement data.The transition regions of different scenar-
ios could be clearly identified by the normalized small-scale
fading and Doppler characteristics analysis. Our future work
will continue to analyze cluster birth and death behavior of
themultipath components in this scenario. As radio channels
have profound impacts on the field strength coverage, relia-
bility, and quality of service of HSR mobile communication
system, the results are useful for providing guidance on
the broadband HSR communication system design, network
planning, and optimization.
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Small- and medium-sized unmanned aerial vehicles (UAVs) can fly for a short distance (<2 km) from a control station in a
nonsegregated air space (altitudes < 100m). It is of great interest to model the propagation channel under such condition, where
there is an important influence from the environment.This paper presentsmultiplemeasurements carried out in low altitudeswith a
medium-sized UAV flying over a semiurban environment. Path loss exponent is given based on the measurements done at different
altitudes and a height-dependent Rician 𝐾 factor model is proposed. The results clearly reveal the existence of two propagation
zones with very distinct channel characteristics. The breakpoint indicates the height where the condition of the channel changes
rapidly. At low altitudes, the obstacles generate a large amount of multipath and the propagation is greatly affected, while at higher
altitudes the influence mitigates. Our results are useful for the modeling of low altitude air-to-ground (AG) propagation channels
and the performance analysis of UAV-enabling AG communication systems, such as the channel capacity and the throughput.

1. Introduction

The usage of unmanned aircraft systems (UASs) has been
increasing significantly in recent years, and a strong growth
of commercial applications is expected in the coming years
[1].Themajority of UASs are expected to be small andmicro-
UASs, which are also called “drones.” Most commercial
drones are usually multiple rotor copters with a structure
different from that of airplanes, which allows them to easily
take off without a long runway. Drones are slow but more
flexible and have high mobility dynamics with the ability to
fly in all directions in 3D space. In most countries, these
UASs are facing more and more regulations. For instance,
in the USA and Europe, civil drones can only fly without
exceeding the regulated altitude (100m) and distance (<1 km)
in nonsegregated air spaces and must be under direct visual
line of sight of the operator [2, 3].

For civil applications, UAVs are promising in numerous
areas such as agriculture, industry, scientific surveys, emer-
gency communications, safety and rescue, package trans-
portation, and video filming. These applications raise high

requirements on high quality communication links for con-
trol and high capacity links for the transmission of payload
information. Also, UASs must be operative in complex
environments such as urban areas and industrial scenarios.
For those communication scenarios, part of the L-band
(1–1.2 GHz) is currently being proposed for the control link
and the C-band (4–6GHz) for the payload [4]. Thus, it is
necessary to carefully model the air-to-ground (AG) channel
at low altitudes in these frequency bands.

The AG channel has been extensively modeled and char-
acterized inmultiple experiments. Generally, the AG channel
has been treated as either a free-space channel or a two-ray
channel [5] that adds a reflection from the earth’s surface
to the direct or line-of-sight (LoS) component. Conven-
tional AG channel measurements and modeling were made
with large aircraft at high altitudes using fixed wing airplanes
[6], balloons [7], or airships [8]. However, the heights and
flight dynamics of those measurements are different and
inadequate to describe the influence of the ground environ-
ment on the propagation channel at low heights. Only a few
measurements conducted at low altitudes can be found in
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the literature [9], yet the altitudes are still higher than 200
m. Therefore, it is necessary to investigate and model the
propagation channel of small UAVs at heights from 0 to
100m. In this range of heights, the propagation is seriously
affected by the environment and the heights of the adjoining
obstacles. There is an increase of the average path losses
due to deep fast fading. Some reports concerned with this
phenomenon at low altitudes have been given [8, 10] and
simulations made by ray tracing methods [11] can explain
the effects of the reflection, diffraction, and scattering of the
environment on low altitude AG channels.

In [12], the author conducted measurements at different
distances and altitudes with a small UAV using 802.11 net-
works, where an interesting phenomenon of the impact of
height on the propagation channel was observed. In [13], a
height-dependent model based on ray tracing methods has
been proposed. However, more literature focuses on the ele-
vation angle of the link distance of UAVs. In [14], the aircraft
was flying circularly around the base station to investigate
the impact of the angle. In [11, 15], ray tracing methods
were applied to investigate the propagation channel in urban
environments, and in [16] wideband measurements were
conductedwith aUAVbeing fixed at a certain position, which
depicts the influence of the ground. In [17], narrowband and
wideband channel measurements were introduced using LTE
signals. In general, there is still limited literature onmodeling
at ultralow altitude for small UAVs.

In our case, we have investigated the variations of the
propagation channel within the flying range of small- and
medium-sized UAVs. Measurements of different flight routes
in a semiurban complex environment have been done to
obtain data of different positions. The analysis of measure-
ment results shows that small-scale fading has high depen-
dency on the flying height instead of the elevation angle or
the distance. The structure of this paper is organized as
follows. Section 2 introduces the measurement equipment
configuration and details of themeasurement campaign. Sec-
tion 3 analyzes the data and proposes a path loss model and
a height-dependent Rician 𝐾 factor model. Then, Section 4
gives a simulation of the model proposed. Conclusions are
given in Section 5.

2. Measurement

2.1. Measurement System. The testbed is composed of a light
continuous wave transmitter installed at the lower part of a
medium-sized UAV. The test transmitter can work in L- and
C-bandswith amaximum transmitting power of 30 dBm.The
frequencies used for measurements are 1200MHz for L-band
and 4200MHz for C-band, respectively. The transmitting
antennas used on the UAV are two cloverleaf antennas,
working in L- and C-bands, respectively. These antennas
have circular polarization with an omnidirectional radiation
pattern on the horizontal plane and a 3 dB beamwidth of 60∘
for L-band and 55∘ for C-band. The antennas were installed
on the bottom of theUAVpointing straight down as shown in
Figure 1 tominimize interferences from theUAV structure. In
our case, the UAV used has a very good azimuthal stability
so that we could have used even linear polarization in

Tx

Rx

UAV

Figure 1: UAV and the test environment.

Building 2

Building 1

Building 3

Containers

Rx
V2

V3
V4

V1

Figure 2: Measurement environment from Google Earth.

the UAV with a minimum error. Nevertheless, cloverleaf
circularly polarized antennas are widely used for small UAVs
and we can minimize the polarization errors using circular
polarization in the UAV and linear polarization in the ground
station.

The receiving system consists of two antennas of type
MGRM-WHF with 20 cm separation. The antenna is ver-
tically polarized with a gain of 3–5 dB and its half-power
beamwidth in elevation is 50∘. The antennas were installed
on a 1.5m mast. The Rx was a standard portable spectrum
analyzer with customized software to record measurements
at a speed of 10 measurements per second. The receiver has
two channels and each was connected to one antenna. Both
channels received the same signal.

The UAV is a hexacopter of 3 kg weight, which is able to
carry a 2 kg payload and has 20 minutes of flying endurance.
The system was controlled with a 2.4GHz link and was
monitored with a ground station where the telemetry data
of height, speed, and position were received. The flights were
made with computer-assisted control software to guarantee
the accuracy of the trajectories.

2.2. Measurement Campaigns. The measurements were con-
ducted in a suburban open environment as depicted in
Figure 2, where there are many buildings, metal containers,
and trees. This environment is a multipath-rich environment
so that we can easily distinguish the influence of the flying
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Table 1: Measurement trajectory details.

Trajectory Direction Distance Height
V1 Vertical 20m 0–25m
V2 Vertical 40m 0–50m
V3 Vertical 60m 0–50m
V4 Vertical 100m 0–100m
H1 Horizontal 20–90m 10m
H2 Horizontal 20–90m 30m

H1

H2

Rx
V1

V2
V3

V4

Containers

Building 1 Building 2

Building 3

100 m

100 m

60m

50m

40 m
20 m

25 m

0m

0m

Figure 3: Flight trajectories.

height on the propagation. Measurements were made with
vertical and horizontal flights. Vertical flight trajectories, as
shown with yellow lines in Figure 3, were conducted at an
altitude from 0 to 100m with the UAV taking off and landing
at several fixed distances from 20m to 100m away from the
Rx, and the horizontal position was stabilized. Vertical flights
guarantee that the influence of the environment remains
constant and can accurately model the influence of the height
with negligible influence from the antennas. Several horizon-
tal flights were also made with the UAV starting at a position
20m away from Rx, following a straight line forward with
constant altitude at 10m and 30m, and landing at a position
90m away from the Rx.

The vertical ascending speed was monitored on the
ground station as 0.7m per second and the horizontal
forward speed was around 1.2mper second.The same flights
were made for L-band and C-band measurements. All flights
ensure that the LoS link between the Tx and the Rx is within
the range of the antenna radiation patterns. Details of the
measurement trajectories are shown in Table 1. To be clear,
we use “V1,V2, . . .” to represent the specific measurement
trajectory in the rest of this paper.

2.3. Calibration. In this section, the radiation patterns of
antennas were measured in an anechoic chamber of 6 × 3 ×
3m3, in order to calibrate the antenna’s influence on the
complete site.

The UAV was installed on a rotating positioner with
the transmitting antennas placed on the bottom of it. Both
azimuth and elevation planes were measured for the two
cloverleaf antennas, one for 1.2 GHz and one for 4.2GHz,
respectively. Depicted in Figure 4(a) are the measured
radiation patterns. It can be observed that the elevation
radiation patterns of these antennas have more than 60∘
of 3 dB beamwidth with a uniform response and have not

Table 2: Path loss exponent 𝑛.
C-band L-band

Height 10m 30m 10m 30m
𝑛 2.7631 2.6433 3.3464 2.9889

been influenced by the UAV. In Figure 4(b), we present
the measurements of the base station antennas, which are
commercial antennas. We present only measurements of the
elevation planes with the base station antennas installed on
themast we used. As we can see, the radiation patterns can be
usedwithminor error for directionswith elevations up to 60∘.

Therefore, we can postulate that the measurements are
accurate until 60∘ elevation angle for the UAV. In fact, the
maximum elevation that we consider in the campaign is up
to 45∘, which is much less than 60∘. The results also show
that the antenna radiation patterns exhibit smooth gains in
the azimuth-elevation ranges considered for acquiring the
data, and thus the measured channel properties are mainly
with respect to the propagation characteristics with negligible
impact from the antennas.

3. Data Analysis and Results

3.1. Path Loss Modeling. The horizontal measurements are
used to determine the path loss exponent (PLE) 𝑛 of the
conventional path loss model in this environment, in which
PL(𝐷) results as follows:

PL (𝐷) = PL (𝐷0) + 10𝑛 log10 ( 𝐷
𝐷0) + 𝑋𝜎 (𝐾) , (1)

where𝐷0 denotes the reference distance and𝐷 represents the
link distance between the Tx and the Rx. 𝐷 equals √𝑑2 + ℎ2,
where 𝑑 is the horizontal distance between Tx and Rx and
ℎ is the height of the UAV. 𝑋𝜎(𝐾) is the small-scale fading
following Rician distribution with different 𝐾. The values of
𝑛 are given in Table 2.

Hence, the fittings of the path loss model based on
horizontal flights at 10m (measurement H1) and at 30m
(measurement H2) for L-band/C-band are given in Figure 5.
The PLEs 𝑛 are from 2.64 to 3.35, which are typical values for
suburban areas.

It is interesting that the value of 𝑛decreaseswhen theUAV
height increases, which is also observed in measurements V3
and V4 shown in Figure 6. It is noted that, in [18], the PLE is
also found to decrease with the increase of the relative height
of the base station in railway viaduct scenarios, and in [19]
the PLE 𝑛 is measured and found to be less than 2 and is
close to free space when UAV is at an altitude higher than
500m in a suburban environment.Thus, we consider that the
path loss has a tendency to declinewith the increasing ofUAV
heights at low altitude, while at a high altitude it approaches
free space.This phenomenon could be the consequence of the
reduction of multipath during the ascending process of the
UAV.

3.2. Analysis of the Vertical Measurements. We have observed
that the properties of the channel remain stable when the
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Figure 4: Radiation patterns of the antennas.

UAV flies within short ranges at a constant height. Thus, ver-
tical measurements were made to investigate the propagation
channel with respect to height.

Illustrated in Figure 6 are the results of measurements
V3 and V4. It is observed that the vertical measurements
conducted at different distances away from Rx show high
similarity. Strong fading is observed in both horizontal and
vertical measurements at low altitudes, which shows high
dependency on UAV’s heights. As observed in Figure 6, there
are two obvious propagation zones.There are deep fading and
extra losses in zone 1, while in zone 2 the power is more
similar to free-space channel. Therefore, we have divided the
channel into two zones defined by a “breakpoint” BP, which
is around 45m in our test environment.

It is noted that the observations about BP in narrowband
measurements in this paper are different from the prelim-
inary work in [17]. This is because the height of the base
station antennas applied in the preliminary work was around
50 cm, which was so low that there was an influence of the
first Fresnel zone. However, in this work, the antennas were
installed on a 1.5m high mast, and thus the effect of the first
Fresnel zone was minimized. Of course, there were other
minor things; that is, the signal-to-noise (SNR) ratio in the
preliminary work was not so high, which also could result in
such differences.

In this work, the measurement equipment was well
calibrated and the influence of antennas has been considered.
Also, the measurements have been repeated several times in
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Figure 6: Comparison of the vertical measurements and the free-
space model for L-band/C-band.

order to rule out the impact of the randomness.Thus, a more
thorough investigation can be conducted compared to the
works presented in [17].

Figure 7 illustrates the fast fading of measurements V3
and V4, where large-scale fading has been removed by
subtracting a 20-wavelength moving average power from the
received signal.

As mentioned earlier, the measurement site in our case
has many scattering obstacles (i.e., containers, buildings, and
lots of trees). According to our measurement results, we
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Figure 7: Fading behavior with respect to height.

notice that the propagation channel at ultralow altitude is
easily affected by those obstacles on the ground. The signal
received is considered as a composition of a large number
of waves originated from the LoS path, multipath, scattering,
and even diffractions.This will challenge the communication
for commercial UASs to carry out multiple missions in com-
plex environments with strict regulations on flying distance
and height.

In L-band/C-band, the fading depths and fading periods
are different, which indicates that the decay of multipath is
also related to the carrier frequency. The modeling of the
small-scale fading is introduced in the following section using
Rice statistics tomodel Rician𝐾 factor with respect to height.

3.3. Small-Scale Fading. The Rician 𝐾 factor is an important
parameter to describe the signal behavior, which has a
significant influence on the channel capacity. It is a measure
of the severity of fading where there is a LoS path from the
Tx to the Rx. Generally, the Rician 𝐾 factor is modeled either
as a temporal variation on the fixed wireless links [20] or as
distance-dependent [21].

3.3.1. Estimation of Rician 𝐾 Factors. Rician distribution is
normally used to describe the small-scale fading when there
is a dominant component such as a LoS path. In our case, the
UAV is in LoS during the whole measurements, and thus the
Rician𝐾 factor is suitable to evaluate the fading behavior. Fig-
ure 8 gives the probability density functions ofmeasurements
V4 and H2 for L-band/C-band using data normalized by a
20-wavelength root mean square [21], which are well fitted in
Rician distributions.𝐾 factor is estimated using themoment-
method approach [22].

𝐾 =
𝜉2𝜎2

𝜉2 = [𝐺𝑎2 − 𝐺V
2]1/2

𝜎2 = 𝐺𝑎 − 𝜉2 ,
(2)



6 Wireless Communications and Mobile Computing

H2 L-band
Rician fitting

V4 L-band
Rician fitting

H2 C-band
Rician fitting

V4 C-band
Rician fitting

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

PD
F

0

0.2

0.4

0.6

0.8

1

1.2

PD
F

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

PD
F

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

PD
F

10 0.5 21.5
Envelope level

10 0.5 2.521.5
Envelope level

1.50 21 2.50.5
Envelope level

1.50 21 2.50.5
Envelope level

Figure 8: Probability density functions of the measurements.

where𝐺𝑎 is the firstmoment of the power gain (𝐺) (which can
be calculated by finite data) and𝐺V is the secondmoment of𝐺
about 𝐺𝑎 indicating the root mean square (RMS) fluctuation.
The RMS is set at a length of 20 wavelengths. 𝐾 factor is
calculated every 5m, which contains around 60 samples in
average and is considered large enough to obtain correct
results in our test environment [23].

3.3.2. Rician 𝐾 Factors Modeling. In [24], the author pro-
posed a Rician 𝐾 factor model for a UAV channel based on
measurement at altitudes from 500 to 2000m. The model
considers the 𝐾 factor as a linear function of distance and
the author states that the 𝐾 factor is nearly constant in his
measurement.

𝐾 (𝑅) = 𝐾0 + 𝑛𝐾 (𝑅 − 𝑅min) + 𝑌, (3)

where 𝐾0 is a constant value for distance 𝑅min and 𝑌 is the
zero-mean Gaussian random variable with standard devia-
tion 𝜎𝑌. We fit the parameters of this model based on the
measurements at heights of 10m (H1) and 30m (H2), respec-
tively, for L-band/C-band. The results are given in Table 3.

Table 3: Fitting parameters of model in (3) based on horizontal
measurements (𝑅min = 30m).

Band Height 𝑛𝐾 𝐾0 𝜎𝑌 Average Estimation

L-band 10m 0.0055 4.29 3.40 4.46 3.60
30m 0.0082 7.28 4.13 7.50 7.25

C-band 10m 0.0805 3.52 2.88 5.80 3.03
30m 0.0136 9.62 3.15 9.98 11.42

The triangle dots in Figure 9 denote the statistic 𝐾 factors of
measurements H1 and H2, and the straight lines are fittings
of the model shown in (3). As observed, the 𝐾 factor is
almost constant during the horizontal flights. However, the
horizontal𝐾 factor varies at different heightswith a difference
of 3–8 dB.

According to the analysis of 𝐾 factor for different flying
trajectories, it is convincing that the fading behavior is more
related to the flying height instead of the distance at ultralow
altitude. When the altitude of UAV is very low, the scatterers
near the ground give strong multipath fading to the channel.
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Figure 9: Rician 𝐾 factor with respect to the horizontal distance for
L-band/C-band.

When the UAV gets higher, the effects of scatterers mitigate.
Once the UAV reaches above BP, the channel gets rid of
the reflection from scatterers on the ground, and hence the
quality of the channel improves greatly and approaches the
free-space model. Considering that the fading characteristics
rely on height instead of the elevation angle or the distance,
a height-dependent Rician 𝐾 factor model is proposed as
follows:

𝐾 (𝑅) = {
{{

𝐶1 + 𝑛1ℎ + 𝑌1 ℎ < BP,
𝐶2 + 𝑛2ℎ + 𝑌2 ℎ > BP. (4)

The parameters fitted are given in Table 4.
𝐾 factor in the last column of Table 3 is estimated using

the proposed model in (4). Comparing it to the average 𝐾
factor calculated by horizontal measurements at 10m and

Table 4: Parameters of the proposed 𝐾 model at L-band/C-band.

Band Height < BP Height > BP
𝐶1 𝑛1 𝜎𝑌1 𝐶2 𝑛2 𝜎𝑌2

L-band 1.77 0.1829 2.65 9.52 0.0294 2.14
C-band −1.17 0.4195 3.68 14.38 0.0345 2.93

30m heights, we can observe that the estimation is good
enough and the error is very small.

The distributions of 𝐾 factor are depicted in Figure 10,
which clearly shows high dependency on height. It also shows
two tendencies in two zones, and the BP estimated is around
50m for L-band and 40m for C-band based on the least
square method. This is due to the lower propagation losses
at lower frequencies, which allows higher order reflections to
affect propagation.

The cumulative probability distributions of the 𝐾 factors
of all measurements are illustrated in Figure 11, which clearly
reveals the effect of height and the difference of the two
frequency bands. Generally, the 𝐾 factor in the C-band is
higher than that in the L-band and is increasing before BP,
while after BP it tends to be constant.

4. Validation of Measurements by Simulation

In this section a simulation was performed to explain the
underlying propagation mechanism of the “breakpoint,”
yet more measurements under different scenarios are still
necessary for further verification.

Assuming there exists a reflection from the sidewall of the
obstacle as depicted in Figure 12, we get a “reversed” two-ray
model, where 𝐻𝑏 is the height of the obstacle and ℎ𝑟 is the
height of the reflection point. During the ascent process of
UAV, the reflection point is synchronously moving up until
the UAV reaches a certain height, after which the reflection
point disappears. Such behavior can result in a decrease
of multipath components, which meets our observations in
measurements. Assuming the distance from the Tx and the
Rx to the reflecting plane of the obstacle is 𝑑𝑡 and 𝑑𝑟,
respectively, by ignoring the height of Rx, which is much
lower than the obstacle, ℎ𝑟 can be calculated as

ℎ𝑟 = 𝑑𝑟 ⋅ ℎ
𝑑𝑟 + 𝑑𝑡 . (5)

Modified from the flat earth two-ray (FE2R) model given in
[25], the multiray model for 𝑁 paths is calculated as

𝑃𝑟 = 𝑃𝑡 ( 𝜆
4𝜋)


√𝐺LoS

𝑙LoS +
𝑁

∑
𝑖=1

𝑅𝑖√𝐺NLoS𝑖𝑒−𝑗Δ𝜙𝑖
𝑙NLoS𝑖


2

, (6)

where 𝑃𝑡 is the transmitting power, 𝐺LoS and 𝐺NLoS are the
total antenna gain for LoS ray and for NLoS ray, respectively,
𝑙LoS is the traveling distance of the LoS path, and 𝑙NLoS is the
traveling distance of NLoS paths.
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Figure 10: Rician𝐾 factor with respect to the heights for L-band/C-
band. Lines refer to the piecewise linear fitting of K factor.

In (6), 𝑅𝑖 is the reflecting coefficient for 𝑖 path which
depends on the impinging angle and dielectric constant 𝜀𝑟.

𝑅 = sin𝜙 − 𝑍
sin𝜙 + 𝑍, (7)

where 𝑍 is written as

𝑍 =
{{{{
{{{{{

√𝜀𝑟 − cos2𝜃
𝜀𝑟 for vertical polarization,

√𝜀𝑟 − cos2𝜃 for horizontal polarization.
(8)

The simulation results were computed based on the FE2R
model and multiray model given in (6).

Considering the fact that there are many obstacles in
our measurement environment, the power we received can
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Figure 11: The distribution of Rician 𝐾 factor for L-band/C-band.

be regarded as a composition of multiple propagation rays,
including the LoS component, the components caused by
ground reflection, and the reflections from obstacles as well
as the scattering and diffractions. Thus, four major obstacles
considered to contribute the most to the power received as
illustrated in Figure 13 are included in the simulation.

The major problem for the simulation is that it is difficult
to find the exact reflecting point of different objects, especially
for the containers since there were many containers and they
were moving during the days when the measurements were
conducted. It is noticed that, in the simulation, the distance
between the reflecting surface and the Tx/Rx as well as
the incident angle has a significant impact on the decaying
behavior of received power as depicted in themultiraymodel,
while the reflection coefficient determines the fading depth of
the interference.

The dielectric constants of the buildings are set according
to [26, 27]. The coefficient 𝜀𝑟 of the cement concrete, which
is the main material of buildings, can vary from 4 to 28.
Considering the aging process of buildings and the influence
of frequency on the dielectric constant, 𝜀𝑟 of building 1, build-
ing 2, and building 3 are all set to 7. Normally, the dielectric
constant 𝜀𝑟 of the grassland depends on the actual water
content and the thickness of the grass. In our environment,
the ground is a dry grassland which cannot serve as an ideal
reflection surface; therefore, the value of 𝜀𝑟 for the ground
reflection is set to 5 in our case.

As observed from the graph in Figure 6, the maximum
fading depth reaches 40 dB, which is the result of a very
high reflection coefficient. Our study shows that only if the
dielectric constant 𝜀𝑟 is set to more than 10000 can the fading
depth reach 40 dB. However, the ground and the buildings
in the environment cannot provide such a high reflection
coefficient, and thus it is postulated that such a phenomenon
was caused by the reflection from the metal containers
nearby. Since the dielectric constant of the ideal conductor
is close to infinity, the coefficient 𝜀𝑟 of the containers which
are made of steel can be very high.
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Figure 13: Sketch of the simulated environment.

In the simulation, we only take into account the LoS and
the single-bounce reflections. The simulated environment is
in accordance with the test environment shown in Figure 2.
The heights are given in Table 6, and the dielectric constants
are listed in Table 5. The antennas used in the simulation
are omnidirectional and vertically polarized in the elevation
plane.

Assuming that the reflections from the obstacles grad-
ually decrease when the UAV ascends, then the disappear-
ing heights for reflections from containers and building 1,
building 2, and building 3 are 30m, 40m, 50m, and 60m,
respectively.

The simulation results for L-band/C-band are depicted in
Figure 14. The red dash-dotted line represents the received
power generated from typical flat earth 2-ray (FE2R) model,
while the blue solid line gives the result of superposition
of the LoS path, the ground reflection, and the single-
bounce reflections from containers, building 1, building 2,
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Figure 14: Simulation results for L-band/C-band.

and building 3, respectively. Note that the black curve is
generated under the condition basically the same as case 3,
only without the ground reflection.

We can observe from Figure 14 a similar pattern of power
variation to the empirical results depicted in Figure 6. In the
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Table 5: The configurations of the simulation.

Coefficient 𝜀𝑟
Antennas

Ground (dry grass) Containers (steel)
Buildings 1, 2, and

3
(cement bricks)

5 10000 7 Omnidirectional, vertically polarized in
elevation

Table 6: The relative height of the objects neighborhood.

Building 1 Building 2 Building 3 Containers
14m 13m 30m 9m

simulation, the received power at first consists of the LoS and
the reflections from containers, building 1, building 2, and
building 3. When the UAV is above the disappearing altitude
of container reflection, the received power contains only
the LoS and the reflections from buildings. With further
increasing of UAV height, less and less reflection remains
until finally the LoS is the only path existing.

This simulation only considers an ideal simplified sce-
nario with objects with smooth surfaces. Multiple-bounce
reflections as well as diffractions are not taken into considera-
tion and therefore there are some inconsistencies between the
simulation results and measurements. However, the overall
tendencies of our simulation results show a high similarity to
the empirical measurement results: it can be observed that
two propagation zones with different fading characteristics
exist at both simulations and measurements. Nevertheless,
more measurements are necessary to investigate the details
of the mechanism leading to the “breakpoint” effect observed
here.

5. Conclusions

In this paper, a measurement campaign dedicated to charac-
terizing AG channels has been introduced. We have noticed
that the complex scatterers near the ground play an important
role in the characterization of the propagation channel. Mul-
tiple measurements on different positions were conducted,
and the analysis of the measurements indicates that the
channel shows an obvious dependency on the height instead
of the elevation angle or the distance. Path loss has been
modeled and small-scale fading has been investigated. The
path loss exponents reveal the channel’s dependency on
height which is previously seldom investigated. The fading
behavior is distinguished obviously in different ranges of
heights, and thus a height-dependent Rician 𝐾 factor model
is proposed, which will be useful in the modeling of UAV
channels and the performance analysis of the UAS wireless
communication systems such as the channel capacity and the
throughput.

An interesting change of the propagation channel after
the so-called “breakpoint” was observed, and a geometry-
based simulation was performed. However, more measure-
ments under different scenarios are necessary to accurately

investigate the underlying mechanism of the “breakpoint,”
which is considered to be useful for guiding the UAVs to find
the best communication altitude to avoid deep fading when
flying over a given environment.
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Due to the complexity and fluctuation of the wireless network statuses in the high-speed railway scenario, the existing works of
the network selection problem in heterogeneous wireless networks face two major challenges, that is, the imprecise statuses and
mobility. In this paper, we propose FSNS, a novel dynamic imprecise-aware network selection approach to solve the problems.The
imprecise statuses are inferred by fuzzy rules and the status-awareness feature of the status monitor module enables a dynamic
network selection. Through the status monitor and fuzzy processing modules, FSNS is formulated as utility functions for meeting
quality-of-service (QoS) requirements. What is more, we carry out plenty of simulation experiments and compare FSNS approach
with an enhanced TOPSIS method and fuzzyMADM (FMADM) scheme through simulation experiments of two types of services.
The results indicate that FSNS outperforms both TOPSIS and FMADM for a good performance improvement and a preferable
decision to keep relative stability and reduce abnormal selections.The conclusion of experimental results has some extent pragmatic
value since the network statuses of the simulation are complex and fluctuate by real-world data from high-speed railways.

1. Introduction

Heterogeneous wireless networks (HWNs) generally inte-
grate multiple wireless access technologies to provide ubiq-
uitous network services [1], such as small cells for 3G, 4G
cellular networks [2], Wi-Fi, and LTE networks [3]. As one of
the pivotal issues in HWNs, the network selection problem
has attracted great attention. It is responsible for selecting
the best one from multiple coexistent wireless networks
that have heterogeneous characteristics, to conform to the
requirements of services. This selection principle is called
always best connected (ABC) [4]. Due to the ABC principle
of network selection, varieties of network selection methods
using mathematical models have been proposed. Wang and
Kuo illustrated several classical mathematical models for
ABC network selection in [5], including utility theory, mul-
tiple attribute decision-making (MADM), fuzzy logic, game
theory, combinatorial optimization, andMarkov chain.These
methods have their own respective characteristics and advan-
tages. However, it is difficult to select the accurate network
since the wireless network statuses are complex and fluctuate
in the high-speed railway (HSR) scenario.

An example of the HSR scenario in HWNs is shown in
Figure 1. A high-speed train drives through an area which
coexists with one Wi-Fi, one 3G, and two LTE wireless net-
works.Theusers with differentQoS requirements on the train
may firstly select 3G as the ABC choice; after a period of time,
they may select LTE2 as the ABC choice since the vehicle
position of the train is changing as time goes by. Hence,
we can see that the network selection problem is dynamic
and it depends on the real-time network statuses in such
environment.

Whereas high-speed mobile communications have some
differences from public land mobile communications [6],
there are two major challenges for the network selection
problem which are urgent to solve. One is the high-speed
mobility during network selection procedure, and the other is
the imprecision of network statuses for making the selection
decision. Firstly, some proposed network selection mecha-
nisms, such as MADM [7], game theory [8], and combi-
natorial optimization [9], are insufficient to solve these two
problems and some improvement should be taken. Secondly,
several approaches supporting dynamic network selection,
such as Markov chain [10] and kernel learning based utility
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Figure 1: An example of high-speed train driving through hetero-
geneous wireless networks.

method [11], still rely on high precise information. An ab-
normal selection result might occur by the reason of the
imprecision of network statuses.Thirdly, some proposals uti-
lizing fuzzy logic [12] or probability logic [13] to handle the
imprecision are inapplicable for high-speed mobility scenar-
ios, since they are designed for either static scenes or a low-/
medium-speed mobile environment.

To address the imprecision and dynamic adaptability of
network statuses in the HSR scenario and meet different
QoS requirements, we propose a novel dynamic imprecise-
aware network selection approach.The proposed approach is
named FSNSwhich derives from fuzzy and satisfaction based
network selection. FSNS jointly considers the imprecision
and the dynamics of network statuses with user requirements
and has three main advantages. Firstly, FSNS implements
a network status monitor module. The network status-
awareness feature of this module enables a dynamic network
selection. Secondly, it uses the well-known theoretical model
of fuzzy logic. Leveraging the inference system of fuzzy
logic, imprecise attributes of network statuses and their vague
weights which represent service preference are primarily
inferred by expert knowledge and service requirements
before the decision-making. Thirdly, utility functions are
used to conform to QoS requirements. The final decision of
network selection is based on the overall satisfaction which is
calculated by several utility functions and preference weights.
The pseudocode of FSNS algorithm is designed to select
the best network with maximal satisfaction. What is more,
we carry out plenty of simulation experiments and compare
FSNS approach with an enhanced TOPSIS method and
FMADM scheme through simulation experiments of two
types of services. The evaluation results indicate that FSNS
outperforms both TOPSIS and FMADM for a good perfor-
mance improvement and a preferable decision to maintain
relative stability and reduce abnormal selections.

In particular, our contributions are summarized below:

(1) We propose a novel dynamic imprecise-aware net-
work selection approach for the HSR scenario. Com-
pared with the existing methods, FSNS is proposed
not only for the imprecision related to the decision-
making selection but also for the dynamical adapta-
tion to high-speed mobility.

(2) We carry out plenty of simulation experiments by
using the real-world data and validate the feasibility
and performance of FSNS mechanism. The experi-
ment configuration imitates the high-speed mobile
environment by real-world data from high-speed
railways, which has some extent practical value.

The remainder of the paper is structured as follows. In
Section 2, we review a number of related works and back-
ground. In Section 3, we briefly outline fuzzy logic and utility
theory as preliminaries. In Section 4, we detail the model and
algorithm of FSNS. In Section 5, we present experimental
results and discussion of performance improvement com-
pared with enhanced TOPSIS and FMADM. Finally, we
conclude the paper and discusses some future directions in
Section 6.

2. Related Work

There are two major challenges for the network selection
problem in high-speed mobility scenarios, namely, the high-
speed mobility and the imprecision of network statuses. In
general, the network statuses are relatively stable and the
measurements of network attributes of selection decision
are reliable. Nevertheless, the wireless network statuses are
complex and fluctuate in high-speed mobility scenarios. For
example, Ai et al. [6] presented the differences between
high-speed mobile communications and public land mobile
communications. Xiao et al. [14] and Li et al. [15] pointed out
that the reasons of the fluctuation of performancemetrics are
the high-speed mobility and handoff.

2.1. Dynamic-Aware Network Selection Solutions. Since the
mobility is a key feature in wireless and mobile networks,
several dynamic network selection solutions were proposed
in mobile networks [11, 16, 17].

Berg et al. [11] proposed a dynamic network selection
method in mobile environments, which took advantage of
online kernel learning algorithm and multiattribute utility
theory. The online learning was designed to adapt to nonsta-
tionary utilities and mobile environments. However, imper-
fect and imprecise information learning might incur a wrong
selection. In addition, the learning speed has a negative effect
on the selection results in high-speed mobility scenarios.

Markov decision process (MDP)was employed in vertical
handoff decision for HWNs [16]. It made a selection decision
based on the status transition probability at each epoch,
which attempted to obtain the maximal reward per connec-
tion.The decision-making speed ofMDP based approach has
been improved compared with [11], but it still relies on a high
precision of decision-making information.

To reduce the abnormal selection in mobile environ-
ments, an enhanced TOPSIS with fast decision speed was
proposed [17]. It decreased the normalization impact of
changes of network statuses on the rank order with several
improved normalized methods. Nevertheless, it still depends
on the accurate information of multiple attributes although
the enhanced TOPSIS is able to adapt to dynamic network
statuses and has a fast decision-making speed.
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2.2. Imprecise-Aware Network Selection Solutions. The impre-
cision or uncertainty of decision-making information is
another key issue. To deal with imprecise information, some
schemes were proposed to leverage fuzzy logic and probabil-
ity theory in [18–20].

Fuzzy logic based scheme was presented to select the
appropriate network for applications in wireless vehicular
network [18]. Distinct from previously mentioned selection
methods, it took received signal strength indicator (RSSI),
network density, vehicle speed, and service cost into consid-
eration to infer a matching network with the corresponding
application. However, the fuzzy inference rules with three
levels had a coarse granularity. Moreover, it focuses on urban
road vehicles while the velocity is not exceeding 100 km/h and
lacks the adaptation to network status change in high-speed
mobility.

A belief function theory (BFT) approach [19] was pro-
posed to cope with conflicting beliefs due to the uncertainty
of network statuses information. Multiple attributes and
their weights associated with a specific application were
considered to rank the available network. However, it is just
numerical analysis in several static scenarios rather than
realistic dynamic experiments and is not adaptive to high-
speed mobility scenarios.

FMADMwas proposed to handle the imprecision related
to decision-making [20]. It combines fuzzy logic andmultiple
attribute decision-making algorithm to make an access deci-
sion. However, it is just the static scene analysis rather than
realistic dynamic results which may be not adaptive for high-
speed mobility scenarios.

2.3. DesignConsideration. Combining the analysis of existing
worksmentioned above with the high-speed railway environ-
ment, the design considerations of selecting an appropriate
candidate network to satisfy users’ requirements are listed
below.

(i) Dynamics: network statuses and performancemetrics
involved with the network selection decision are
dynamically changing. Thus, we need to design a
dynamical network selection mechanism that could
dynamically perceive the status information of can-
didate networks and select the best one of them
according to the updated information.

(ii) Imprecision: during the network selection process,
the heterogeneity of different wireless networks may
lead to the imprecise selection criteria, and service
requirements for network attributes are often vague.
In consequence, the design mechanism needs to cope
with the imprecision of decision-making informa-
tion.

(iii) Complexity: the feature of high-speed mobility re-
quires a fast decision speed. Hence, the time complex-
ity of theoretic algorithms used in the design mecha-
nism cannot be too high. For example, the negotiation
process of game theory and the kernel learning pro-
cess take too much time that should not be consid-
ered.

Fuzzifier Fuzzy inference 
engine

Fuzzy rule 
base

Defuzzifier

Raw 
attributes

High/low

Strong/weak

Attributes

Figure 2: A basic framework of the fuzzy processing.

3. Preliminaries

In this section, we briefly outline fuzzy logic and utility
theory and describe some model settings that are utilized
to formulate the network selection problem in high-speed
mobility scenarios.

3.1. Fuzzy Logic. Fuzzy logic introduces the conception of the
degree in the authorized verification of a condition which
is beneficial to take into consideration inaccuracies and
uncertainties [21]. Hence, fuzzy logic is very suitable to cope
with the imprecise information by an inference system and
series of fuzzy rules during the network selection procedure
[12].

To solve the imprecision of the network selection prob-
lem, fuzzy logic directly infers theABCnetwork (called direct
type) or only infers the status of an imprecise attribute for
other decision-makingmodels (called indirect type).The two
types are the same in terms of the imprecise information
processing; we can only take one of them as an example. Due
to the combination of fuzzy logic and utility theory for the
network selection problem in this paper, we take the indirect
type as the example. A basic framework of the indirect type of
the fuzzy processing is shown in Figure 2 and some concepts
of the fuzzy processing are explained as follows.

Raw Attributes. Raw attributes are the input variables which
are imprecise and would be used to make a decision during
the network selection problem. In this paper, bandwidth
(BW), received signal strength (RSS), and signal to noise ratio
(SNR, or signal to interference and noise ratio (SINR)) are
imprecise attributes. Since different wireless communication
systems have different signal strength standard, such as
SINR, reference signal received power (RSRP) for LTE and
SNR, received signal strength indicator (RSSI) for Wi-Fi,
the parameters of wireless signal quality are imprecise. In
addition, an inaccurate selection result may be obtained as
a result of the vague bandwidth requirement of application
service.

Fuzzifier. It maps a series of crisp numbers of imprecise
attributes (i.e., raw attributes) to a fuzzy set of linguistic
descriptions according to expert knowledge and user involve-
ment [22]. The crisp numbers are the measurement of raw
attributes and the fuzzy set of linguistic descriptions expresses
an acceptable level or relative degree.The frequently used sets
consist of two levels (e.g., “high/low” and “strong/weak”) in
Figure 2. The granularity of status division of bandwidth can
be increased to improve the accuracy of decision-making,
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but the computational overhead of the terminal device will
also increase. From the view of the speed and complexity
of making the decision, five levels (i.e., “very-low,” “low,”
“medium,” “high,” and “very-high”) are introduced in this
paper.

Fuzzy Rule Base. It covers a series of fuzzy rules to infer the
scope of output variables by these linguistic descriptions. A
basic form of fuzzy rules is if-then.

Fuzzy Inference Engine. It uses the fuzzy rule base to infer the
linguistic status of output variables. It infers the correspond-
ing statuses of output variables by the input variables and if-
then rules.

Membership Function. It is the mapping function during the
defuzzifier process. Chen and Hwang [22] proposed several
scales of membership functions to convert fuzzy variables
into crisp numbers.

Defuzzifier. It is an inverse process of fuzzifier that maps
the linguistic descriptions to crisp numbers valued in [0, 1].
The mapping relationship is called membership function.
According to the conversion of the defuzzifier procedure [22],
the five levels are converted into triangular fuzzy numbers{0.091, 0.283, 0.5, 0.717, 0.909}.
Attribute. Attributes are the output crisp variables which
are used to make a decision during the network selection
problem.They are valued in [0, 1] standing for the acceptable
degrees.

At the beginning of the fuzzy processing, the imprecise
attributes are fuzzified to a fuzzy set of linguistic descriptions.
Then, the output variables are inferred to the corresponding
statuses by using the fuzzy inference engine. Finally, the
linguistic statuses of out variables are converted into crisp
numbers by membership functions. Since the fuzzy set and
fuzzy rules could be set in advance, the fuzzy processing will
not take too much time. Therefore, from the point of the
speed and complexity of making the decision in high-speed
mobility, fuzzy logic is suitable to deal with the imprecision.

3.2. Utility Theory. Utility theory utilizes the satisfaction of a
service provider to the decision-maker for making the deci-
sion [23] and the candidate with the best satisfaction always
is selected. The satisfaction is always calculated by several
utility functions involved with multiple requirements and
the preference of the decision-maker. Consequently, utility
theory is suitable for dealing with various QoS requirements
during the network selection problem.

In this paper, the attributes of QoS requirements used
to calculate the satisfaction cover the network performance
metrics and wireless link quality parameters. The set of these
attributes is assumed as X = {BW, delay, jitter, PLR, RSS,
SNR}, while jitter means delay jitter and PLR means packet
loss ratio. The utility function of an attribute generally is
different from others. For example, the upward attribute
and downward attribute have the adverse impact on making
the decision. The higher value of the upward attribute

x
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Figure 3: Examples of utility functions.

corresponds to a higher value of utility and the lower value
of the downward attribute corresponds to a higher value
of utility [5]. We notice that the upward attributes in X
include BW, RSS, and SNR, and the downward attributes
include delay, jitter, and packet loss ratio. In addition,
the utility can be formulated into several functions. For
the upward attribute, some utility functions are shown in
Figure 3, including logarithmic, exponential, sigmoidal, and
linear functions. Since the selection decision is influenced
by multiple attributes, the overall satisfaction is calculated
by a combination of utilities of multiple attributes. The
combinational function integrates not only diversified utility
functions of all the attributes, but also their weights involved
with service preference.

4. FSNS Mechanism

In this section, the details of the proposed fuzzy and utility
based network selection approach are presented. We first
model the fuzzy processing for the imprecision of network
statuses and the vagueness of service preference during the
selection procedure. Then we utilize the utility functions of
multiple attributes which contain the fuzzified and raw pre-
cise attributes to compute the satisfactions of the candidate
networks to services. Finally, we present FSNS algorithm
using pseudocode.

In our proposed model, FSNS algorithm integrates two
classical theories to solve the network selection problem in
the HSR scenario. Different from the fuzzy processing in
Figure 2, we use fuzzy logic only to cope with the imprecise
information during the decision-making procedure not to
rank the available networks. For final decision-making, utility
theory is utilized for satisfying users’ QoS requirements.
Abbreviations section displays the parameters used in the
model with their descriptions.

4.1. Fuzzy Processing. Taking into consideration imprecise
information of network statuses in high-speed mobile envi-
ronments and vague weights of service preference, the fuzzy
logic and inference system are required before the decision-
making.
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Table 1: The fuzzy set of imprecise attributes.

Very-low Low Medium High Very-high
RSRP (dBm) (−∞, −115] (−115, −105] (−105, −95] (−95, −85] (−85, 0)
SINR (dB) (−∞, 3] (3, 10] (10, 15] (15, 25] (25,∞)
RSSI (dBm) (−∞, −110] (−110, −101] (−101, −90] (−90, −75] (−75, 0)
Bandwidth (Mbps) [0, 0.1] (0.1, 1] (1, 5] (5, 15] (15, 50]

In this paper, bandwidth, RSSI/RSRP, and SNR/SINR
first need to be inferred to the appropriate levels through
the fuzzy processing as shown in Figure 2, since they are
regarded as imprecise attributes in the network selection
model. The other three attributes delay, delay jitter (or jitter
for short), and packet loss ratio are directly used in the
satisfaction calculation for the final decision-making. Note
that the measured bandwidth is the available bandwidth
(ABW) in fact; ABW stands for bandwidth without extra
explanation in the rest of this paper.

For ease of description, we will use the fuzzy set with
five kinds of acceptable levels during the fuzzifier process
in Table 1, which are set by expert knowledge and service
requirements. RSRP and SINR for LTE and RSSI and SNR
for other wireless networks are fuzzified into linguistic
descriptions according to the widely accepted conclusion of
previous research [24]. The −∞ and ∞ symbols in Table 1
stand for the infinite lower and upper bound, respectively,
while a finite value will replace them according to the
situation in practice.The fuzzy set of BW is based on the QoS
requirements of application services [25]. Besides 50Mbps is
the maximum uplink bandwidth of LTE, and 100Mbps is the
downlink bandwidth. Since there are over 200 kinds of high-
speed rail-related services (e.g., train control signals, safety
monitoring video, and remote fault diagnosis) [6] that need
to be transmitted to the ground server, wemainly focus on the
upload data from the mobile terminal aboard in this paper.

Similarly, fuzzy logic also is used to determine the
weights of multiple attributes considering service preference.
Linguistic variables of weights standing for users’ preference
are converted into crisp numbers using the conversion scale
mentioned in [22]. For example, the preference weights of
attribute set X = {BW, delay, jitter, PLR, RSS, SNR} for
video transmission service are 𝑤𝑓V = {“high”, “very-high”,
“high”, “medium”, “medium”, “medium”}, corresponding
to a crisp weight 𝑤𝑐V = {0.717, 0.909, 0.717, 0.5, 0.5, 0.5}.
The preference weights for file uploading service are 𝑤𝑓𝑓
= {“medium”, “low”, “medium”, “very-high”, “medium”,
“medium”}, corresponding to a crispweight𝑤𝑐𝑓 = {0.5, 0.283,
0.5, 0.909, 0.5, 0.5}. Since the weights should be normalized
which means ∑𝑖 𝑤𝑖 = 1, the crisp weights are normalized as𝑤V = {0.1865, 0.237, 0.1865, 0.13, 0.13, 0.13} and 𝑤𝑓 = {0.1565,
0.089, 0.1565, 0.285, 0.1565, 0.1565} by the following formula.

𝑤 (𝑖) = 𝑤𝑐 (𝑖)∑𝑖 𝑤𝑐 (𝑖) . (1)

The attributes and weights handled by the fuzzy processing
are further used to calculate the satisfaction of a network to a
service in the next subsection.

Table 2: QoS requirements of services.

Video File uploading
Bandwidth (kbps) [1000, 6000] [50, 500]
Delay (ms) [0, 25] [100, 1000]
Jitter (ms) [0, 25] [0, 100]
Packet loss ratio [0, 0.01] [0, 0]
4.2. Satisfaction Calculation. We now describe the satisfac-
tion calculation by utility functions with the consideration
of QoS requirements of services. Moreover, the different
services have different preferences for the same network.
Therefore, the preference weights of multiple attributes are
considered.

As [25] analyzes, the QoS requirements of video trans-
mission and file uploading services are exhibited in Table 2,
including bandwidth, delay, jitter, and packet loss ratio.
Besides, a mobile terminal (MT) generally has thresholds of
signal-related attributes to ensure the normal reception of
data. We suppose 𝜃𝑘 denotes the threshold of RSS or SNR/
SINR. The weights of all these attributes for two services are
expressed as 𝑤V and 𝑤𝑓, respectively.

We use the utility function to calculate the satisfaction of
a candidate network to a service. We assume the service set
as S = {𝑠1, 𝑠2, . . .}, which is served by the candidate network
set CN = {CN1,CN2, . . . , }. Here, two types of satisfaction
calculation formulations (i.e., utility functions) are required:
(1) interval type; the value of attribute 𝑘 is limited in a certain
interval, that is, [𝑙𝑘𝑗 , 𝑢𝑘𝑗 ]; (2) threshold type. The attribute has
a threshold value 𝜃𝑘𝑗 , to satisfy the minimal requirement.
In consideration of upward and downward attributes, the
satisfaction of network CN𝑖 to service 𝑠𝑗 is defined as follows:

Sat𝑘𝑖𝑗 =
{{{{{{{{{{{{{

1, 𝑥𝑘𝑖 > 𝑢𝑘𝑗𝑥𝑘𝑖 − 𝑙𝑘𝑗𝑢𝑘𝑗 − 𝑙𝑘𝑗 , 𝑙𝑘𝑗 ≤ 𝑥𝑘𝑖 ≤ 𝑢𝑘𝑗0, 𝑥𝑘𝑖 < 𝑙𝑘𝑗
(2)

Sat𝑘𝑖𝑗 =
{{{{{{{{{{{{{

1, 𝑥𝑘𝑖 < 𝑙𝑘𝑗𝑢𝑘𝑗 − 𝑥𝑘𝑖𝑢𝑘𝑗 − 𝑙𝑘𝑗 , 𝑙𝑘𝑗 ≤ 𝑥𝑘𝑖 ≤ 𝑢𝑘𝑗0, 𝑥𝑘𝑖 > 𝑢𝑘𝑗
(3)

Sat𝑘𝑖𝑗 = {{{
1, 𝑥𝑘𝑖 ≥ 𝜃𝑘𝑗0, 𝑥𝑘𝑖 < 𝜃𝑘𝑗 (4)
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Require: 𝑙𝑘𝑗 , 𝑢𝑘𝑗 , 𝜃𝑘𝑗 , 𝑤𝑓𝑘𝑗 of attribute 𝑘 for service 𝑠𝑗;
(1) while each period of monitoring do
(2) Import measurements X of attributes;
(3) for CN𝑖 ∈ CN do
(4) for 𝑥𝑘𝑖 ∈ X do
(5) 𝑥𝑓𝑘𝑖 = Fuzzy(𝑥𝑘𝑖 );
(6) end for
(7) end for
(8) for 𝑠𝑗 ∈ S do
(9) 𝑤𝑘𝑗 = Fuzzy(𝑤𝑓𝑘𝑗 );
(10) end for
(11) for 𝑠𝑗 ∈ S do
(12) for CN𝑖 ∈ CN do
(13) Calculate Sat𝑘𝑖𝑗;
(14) Sat𝑖𝑗 ∗ 𝑤𝑗 ⇒ Sd𝑖𝑗;
(15) end for
(16) if ∀Sd𝑖𝑗! = 0 then
(17) Select CN𝑙 with best value Sd𝑖𝑙;
(18) else if ∀Sd𝑖𝑗 == 0 then
(19) Select CN𝑙 with best value of preferential attribute 𝑘;
(20) end if
(21) end for
(22) end while

Algorithm 1: FSNS algorithm.

Sat𝑘𝑖𝑗 = {{{
0, 𝑥𝑘𝑖 > 𝜃𝑘𝑗1, 𝑥𝑘𝑖 ≤ 𝜃𝑘𝑗 , (5)

where 𝑘 represents a network attribute. Formulas (2) and
(3) both belong to the interval type, but they are applied
for inverse attributes. Formula (2) is for positively related
attributes (i.e., bandwidth) to compute the satisfaction and
formula (3) is for negatively related attributes, such as delay,
jitter, and packet loss ratio. Formulas (4) and (5) belong to the
threshold type and formula (4) is suitable for attributes like
RSS and SNR. Given that RSS, SNR, and BW are processed
through the fuzzy processing, 𝑢𝑘𝑗 , 𝑙𝑘𝑗 , and 𝜃𝑘𝑗 can be defined as
the fuzzified linguistic statuses or defuzzified crisp numbers.
Therefore, we set the interval [𝑙BWV , 𝑢BWV ] as [“medium”,
“high”] for video, [𝑙BW𝑓 , 𝑢BW𝑓 ] as [“very-low”, “low”] for file,
and the threshold 𝜃𝑗 of RSS or SNR as “medium” learning
from Tables 1 and 2.

For the purpose of computing the overall satisfaction of
network CN𝑖 to service 𝑠𝑗, the weight set w𝑗 of service 𝑗
is obtained through fuzzy logic discussed in the previous
subsection. Then we can obtain the preference satisfaction
according to the following formula.

Sd𝑖𝑗 = 𝑛∑
𝑘=1

Sat𝑘𝑖𝑗 ∗ 𝑤𝑘𝑗 . (6)

Depending on theABCprinciple, the candidate networkwith
the best value of overall satisfaction Sd𝑖𝑗 is selected.

Status monitor 

HWNs’
attributes 

Fuzzy 
processing

Satisfaction 
based network 

selection

Service 
requirements

Weights

PreferenceNetwork states QoS

BW,
RSS, 
SNR, 
etc.

Delay, jitter, PLR, etc.

BW, RSS,
SNR, etc.

Wi-Fi, 3G, 4G,
etc.

Figure 4: The functional modules of MT.

4.3. FSNS Algorithm. According to the above fuzzy model
and satisfaction formulas, we design FSNS algorithm in this
subsection. We suppose that FSNS algorithm is deployed
in a mobile terminal (MT) equipped with multiple wireless
network cards. Consequently, the MT enables us to satisfy
multiple services by using several heterogeneous wireless
networks. We discuss the functional modules of MT with the
help of Figure 4 and present FSNS algorithm in Algorithm 1.

The MT inwardly converges QoS requirements of dif-
ferent services and dynamically monitors network statuses
of connected HWNs outwardly. The status monitor module
dynamicallymonitors each available wireless network forMT
periodically and transmits network statuses into the next
module. The HWNs’ attributes module is used to integrate
the latest measurements with history’s measurements and
import the raw attributes into the fuzzy processing module



Wireless Communications and Mobile Computing 7

Onboard device

CN1

Internet

Server

CN3

CN2

(a) Topological graph
Onboard device AP PC

Parameter

Value

Measurement 
period

Network
mode

Velocity

LTE3 s 300 km/h

(b) Actual setting and deployment

Figure 5: The experimental topological graph and real deployment in high-speed railways.

and the satisfaction based network selection module. The
fuzzy processing module converts imprecise attributes into
several levels of linguistic descriptions and finally into crisp
triangular numbers. Meanwhile, it determines the weights of
the attributes for service preference. Finally, the satisfaction
based network selection module selects the best network
ranking by the overall satisfaction.

With consideration of the above functional modules, the
algorithm can be implemented by the pseudocode shown
in Algorithm 1. It supposes that the interval and threshold
of an attribute for a specific service are known in advance.
Lines (1)-(2) periodically import latest and historical mea-
surements to the system. Lines (3)–(10) fuzzify the imprecise
attributes of each candidate network CN𝑖 and vague weights
in the fuzzy logic module. Lines (11)–(15) calculate service
satisfaction for service 𝑠𝑗 by using formulas (2)–(6). Lines
(16)-(17) decide the best network for service 𝑠𝑗 by the
overall satisfaction primarily and lines (18)–(20) suggest that
a preferential method is an alternative to avoid an empty
selection.

5. Implementation and Evaluation

In this section, we describe how we collect the practical data
from a real-world high-speed railway. Then we evaluate the
performance of FSNS compared with two classical methods
TOPSIS and FMADM using these truthful data.

5.1. Data Collection. We have carried out plenty of experi-
ments on real high-speed railways in the recent two years.
The lines of actual test coveredBeijing-Shanghai, Zhengzhou-
Wuhan, Hefei-Wuhan, and Dalian-Dandong. We collected a
large number of real data along the railways. Note that the
measurement and collection of multiple attributes including
delay, jitter, packet loss ratio, bandwidth, RSRP, and SINR
were performed along Beijing-Shanghai high-speed railway
with the velocity up to 300 km/h. In consideration of the

wide popularity of LTE communication technologies among
users [26] and HSR communication systems [27], we choose
three LTE cellular networks as candidate networks, which
belong to China Mobile (CM), China Unicom (CU), and
China Telecom (CT) operators, respectively.

Figure 5 illustrates the experimental topological graph
and an actual experimental scene including the equipment
deployment and setting. In the topological graph shown in
Figure 5(a), CN𝑖 (𝑖 = 1, 2, 3) denotes a cellular network
attached to one of three major operators.The onboard device
and ground server correspond to the testing client and server
(C/S), respectively. Figure 5(b) displays an actual experimen-
tal equipment deployment and setting on a train. The table
in Figure 5(b) shows three parameter settings: the measure-
ment period was 3 seconds; the network modes of three
candidate cellular networks were LTE; the velocity of HSR
was up to 300 km/h. In the real experimental deployment,
the facilities on the train included an onboard device, an
access point (AP), and several personal computers (PCs).
The equipment on ground included a server. The onboard
device was a multichannel router with Intel ATOM D525
quad core 1.8 GHz CPU, 1G memory, and 32G hard-disk
storage. The onboard PCs were Lenovo Thinkpad T series
which connected to the onboard device via an AP.The server
was a DELL PowerEdge R720 rackmount server with Intel
Xeon E5-2609CPU, 32Gmemory, and 1TB hard-disk storage.
In addition, the onboard device had been installed with the
operating systemofUbuntu 12.04 LTSwith Linux kernel 3.6.0
[28]. It also had been embedded with data measurement and
collection software to realize these main functions. The PCs
and server had been deployed with a variety of test software
and measurement tools (e.g., iptraf and ftp client/server) for
experiments. Since the onboard device was a middleware
of C/S and was connected with CNs through base stations,
it could capture real-time data packets and channel signals
during the C/S communication. These captured data finally
were calculated and collected as network and channel quality
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Figure 6: Practical measured data collected from Beijing-Shanghai high-speed railway.

parameters by using the data measurement and collection
software.

The practical measured data collected from three LTE
cellular networks in Beijing-Shanghai high-speed railway are
shown in Figures 6(a)–6(f), where 𝑥-axis is the elapsed time.
Similar to the measurement method of round-trip time in
[29], 3000milliseconds (ms) is the upper bound of delay and
jitter which is the monitoring period. We show the packet
loss ratio as a range of percentage valued [0, 100]. Therefore,3000, 100, and 0 indicate the extreme values of delay, packet
loss ratio, and bandwidth, respectively. From the figures, we
observe that the delay, RSRP, and SINR of these networks
fluctuate obviously and all the metrics can be extreme values
occasionally. For example, the delays are 3000ms at 153
seconds of CT, 1176 seconds of CU, and 117 seconds of CM.
The jitter is 3000ms at 1197 seconds of CT. The packet loss
ratios are 100% at 252 seconds of CT and 2025 seconds of

CU. The throughputs are 0 at 183 seconds of CT and 438
seconds of CU. These data will be used in the simulation
experiments to imitate network statuses in the high-speed
mobile environment in the next subsection.

5.2. Performance Evaluation. We carry out experiments that
compare FSNS algorithm with an enhanced TOPSIS method
and FMADM approach. The simulation experiments gener-
ate video transmission service with a random rate valued in[1000, 6000] and file uploading service with a random rate
valued in [50, 500], where the unit is kbps. The practical data
collected from real-world high-speed railways are utilized to
simulate network statuses of the HSR scenario during the
experiments.

5.2.1. Performance Metrics. For convenience, the number
of extreme values and statistical analysis (i.e., mean and
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Figure 7: The delay comparison of three algorithms.

standard deviation) of simulation results are used to evaluate
our proposed mechanism.

Number of Extreme Values. These extreme values stand for
the poor quality of selected networks. The lower number of
extreme values means the better performance of a network
selection algorithm. In this paper, 3000, 100, and 0 indicate
the extreme values of delay, packet loss ratio, and bandwidth,
respectively.

Mean and Standard Deviation. The mean and standard
deviation are both statistical parameters.Themean represents
the average of a set of data. The standard deviation is the
arithmetic square root of the variance, which represents the
degree of deviation from the expectation. It suggests the
stability performance in terms of delay, jitter, packet loss ratio,
and throughput. The formulas of the mean and variance are
shown in (7).

𝑥𝑘 = 1𝑛
𝑛∑
𝑖=1

𝑥𝑘 (𝑖)
sd𝑘 = √ 1𝑛 − 1

𝑛∑
𝑖=1

(𝑥𝑘 (𝑖) − 𝑥𝑘)2.
(7)

5.2.2. Evaluation Results. The evaluation results of FSNS in
comparison with TOPSIS and FMADM by using video and
file services are shown in Figures 7–10, consisting of network
delay in Figure 7, jitter in Figure 9, packet loss ratio in

Figure 8, and throughput in Figure 10 successively. In (a)
and (b) subgraphs of Figures 7–10, the 𝑥-axis stands for the
sequence number of simulation results, where 1000 results
correspond to 3000 seconds of elapsed time in the actual
environment. The 𝑦-axis is the value of a performance
criterion. The upper bounds of these performance metrics
are mainly incurred by the poor quality of selected networks.
With the comparison of TOPSIS and FMADM, we analyze
the performance improvement of FSNS from the following
points.

Firstly, Figure 7 shows the delay performance of FSNS is
superior to TOPSIS and FMADM from the following aspects:
(1) FSNS decreases the overall delay compared with TOPSIS
and FMADM. FSNS only has 7.4% of results up to 400ms,
in comparison with 8.9% using TOPSIS and 29% using
FMADM. (2) FSNS reduces the number of extreme delays
compared with TOPSIS and FMADM.The number of results
reached to 3000ms which are marked by pink circles and is
reduced by using FSNS. The numbers of file service are 2, 5,
and 9 by using FSNS, TOPSIS, and FMADM, respectively.
The numbers of video service are 3, 5, and 7, correspondingly.
(3) FSNS improves the performance of delay metric from the
point of overall differences compared with FMADM.

Secondly, Figure 8 shows the packet loss ratio perfor-
mance of FSNS has advantage over TOPSIS and FMADM in
the following: (1) FSNS decreases the overall packet loss ratio
compared with FMADM. FSNS only has 2.8% of results up
to 5%, in comparison with 7.4% using FMADM. (2) FSNS
reduces the number of extreme packet loss ratios compared
with TOPSIS and FMADM. The number of results reached
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Figure 8: The packet loss ratio comparison of three algorithms.
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Figure 9: The jitter comparison of three algorithms.
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Figure 10: The throughput comparison of three algorithms.

to 100% which are marked by pink circles and is reduced by
using FSNS. The numbers of file service are 2, 5, and 9 by
using FSNS, TOPSIS, and FMADM, respectively. The num-
bers of video service are 3, 5, and 7, correspondingly. (3) FSNS
improves the performance of packet loss ratiometric from the
point of overall differences compared with FMADM.

Thirdly, Figure 9 shows the jitter performance of FSNS
outperforms TOPSIS and FMADM in the following aspects:
(1) FSNS decreases the overall jitter compared with TOPSIS.
FSNS has 10.4% of results up to 50ms, in comparison
with 16.8% using TOPSIS and 9.0% using FMADM. (2)
FSNS reduces the number of extreme jitters compared with
FMADM. We observe that the 399th results of jitter are the
extreme value in Figures 9(a) and 9(b). It shows that FSNS
can better avoid the extreme jitter compared with FMADM
in spite of the inconspicuous improvement.

Fourthly, Figure 10 shows that the throughput perfor-
mance of FSNS has an advantage over TOPSIS and FMADM.
The number of results reached to 0 kbps which are marked
by pink circles and is reduced by using FSNS. The numbers
of file service are 1, 5, and 11 by using FSNS, TOPSIS, and
FMADM, respectively.The numbers of video service are 3, 5,
and 7, correspondingly.
5.2.3. Mean and Standard Deviation Comparison. We further
analyze the stability of FSNS, TOPSIS, and FMADM by the
statistical analysis of their simulation results. The means
and standard deviations of network delay, jitter, and packet
loss ratio are shown in Figures 11-12. The average values of
three algorithms calculated by two services represent the
improvement trend. In Figure 11(a), the mean values of delay

for three algorithms (i.e., FSNS, TOPSIS, and FMADM)
are 125.13, 136.31, 255.08 for file service, respectively. They
are 122.29, 125.64, 238.34 for video service, respectively.
In Figure 12(a), the standard deviation values of delay for
these three algorithms are 215.18, 242.60, 391.64 for file
service, respectively.They are 243.34, 270.63, 377.86 for video
service, respectively.We can observe that FSNS is only slightly
better than TOPSIS but it is remarkably better than FMADM
from the point of delay performance. FSNS has an average
5.5% decrement of mean and 10.7% decrement of standard
deviation compared with TOPSIS. FSNS has an average
49.9% decrement of mean and 40.4% decrement of standard
deviation compared with TOPSIS. In Figure 11(b), the mean
values of delay for three algorithms are 0.57, 0.82, 2.52 for
file service, respectively. They are 0.67, 0.75, 2.05 for video
service, respectively. In Figure 12(b), the standard deviation
values of delay for these three algorithms are 4.69, 7.11, 11.40
for file service, respectively.They are 5.88, 7.11, 9.87 for video
service, respectively. In Figure 11(c), the mean values of delay
for three algorithms are 25.13, 28.89, 32.57 for file service,
respectively. They are 30.30, 32.20, 35.02 for video service,
respectively. In Figure 12(c), the standard deviation values
of delay for these three algorithms are 19.38, 22.18, 107.03
for file service, respectively. They are 41.65, 44.18, 112.31
for video service, respectively. We can observe that FSNS is
better than both TOPSIS and FMADM from the point of
jitter performance. FSNS has an average 9.1% decrement of
mean and 8.0% decrement of standard deviation compared
with TOPSIS. FSNS has an average 18.0% decrement of
mean and 72.2% decrement of standard deviation compared
with TOPSIS. We can observe that FSNS is only slightly
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Figure 11: The mean comparison of performance metrics of three
algorithms.
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Figure 12: The standard deviation comparison of performance
metrics of three algorithms.

21.0% decrement of mean and 25.7% decrement of standard
deviation compared with TOPSIS. FSNS has an average
72.7% decrement of mean and 50.3% decrement of standard
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deviation compared with TOPSIS. All these results indicate
that the performance ranking of three network selection
algorithms is FSNS > TOPSIS > FMADM. Therefore, with
relative low mean values and relative low standard deviation
values of delay, jitter, and packet loss ratio, FSNS can be
relatively stable to meet QoS requirements.

In conclusion, we find that FSNS is superior to both
TOPSIS and FMADM in three ways no matter video or file
service: (1) FSNS improves the network performance to some
degree on the whole, mainly in terms of delay and packet
loss ratio; (2) FSNS is better to avoid to select the poor
wireless network; (3) FSNS can be relatively stable to meet
QoS requirements.

6. Conclusion

In this paper, we first propose FSNS, a novel dynamic
imprecise-aware network selection approach for the HSR
scenario. The fuzzy logic is introduced to deal with the
imprecise attributes for the network selection problem.
Moreover, utility functions are presented for the calculation
of overall satisfaction of multiple attributes to select the
best network by integrating QoS requirements with actual
network quality. We carry out plenty of simulations by using
real-world data to validate the effectiveness and performance
of FSNS. The results of the evaluation indicate that FSNS has
a good performance improvement and a preferable decision
compared with TOPSIS and FMADM for both video and
file transmission services. The preferable decision of FSNS
mechanismmaintains relative stability and reduces abnormal
selections. Since the data is collected from the real world,
we think it has some extent pragmatic value. This paper
has alleviated the abnormal network selection due to the
imprecision and mobility problems in high-speed railway
scenarios. The load balancing problem is also an important
issue in this field. For future work, we plan to consider a
dynamic adaptive load balancing mechanism based on our
actual measurement environment.
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High-speed train (HST) communications atmillimeter-wave (mmWave) band have received a lot of attention due to their numerous
high-data-rate applications enabling smart railmobility. Accurate and effective channelmodels are always critical to theHST system
design, assessment, and optimization. A distinctive feature of the mmWave HST channel is that it is rapidly time-varying. To depict
this feature, a geometry-based multipath model is established for the dominant multipath behavior in delay and Doppler domains.
Because of insufficient mmWave HST channel measurement with high mobility, the model is developed by a measurement-
validated ray tracing (RT) simulator. Different from conventional models, the temporal evolution of dominant multipath behavior
is characterized by its geometry factor that represents the geometrical relationship of the dominant multipath component (MPC)
to HST environment. Actually, during each dominant multipath lifetime, its geometry factor is fixed. To statistically model the
geometry factor and its lifetime, the dominant MPCs are extracted within each local wide-sense stationary (WSS) region and are
tracked over different WSS regions to identify its “birth” and “death” regions. Then, complex attenuation of dominant MPC is
jointly modeled by its delay and Doppler shift both which are derived from its geometry factor. Finally, the model implementation
is verified by comparison between RT simulated and modeled delay and Doppler spreads.

1. Introduction

Characterized by high mobility, the high-speed train (HST)
scenario is expected to be a typical scenario in the fifth-
generation (5G) wireless communication systems [1]. To
enable intelligent transportation system, various high-data-
rate services are required in this scenario [2–4], for example,
high definition (HD) video surveillance, and onboard real-
time connectivity. For satisfying these services, applying
advanced technologies in HST communications, including
millimeter-wave (mmWave), mobile relay station (MRS),
and smart antennas, has been studied in the literature [5–
8]. Beforehand, to design these advanced technologies and
evaluate their performance, accurate channel models are
necessary. However, existing channel models at mmWave
band mostly focus on indoor and static scenarios [9–13],
without considering the rapidly time-varying HST channels
between transmitter (𝑇𝑥) and MRS in open space scenario.

Due to these facts, mmWaveHST channel modeling has been
underresearched in the literatures.

Formodeling approaches, the current HST channel mod-
els can be roughly classified into three categories [5]: deter-
ministic, stochastic, and geometry-based stochastic model-
ing.

Deterministic modeling is mainly based on geometrical
optics or, more generally, on solving Maxwell’s equations.
Scenario reconstruction is the first and key step, which gives
detailed geometries, specific locations of 𝑇𝑥 and receiver
(𝑅𝑥), and so on. Then, combining with antenna configura-
tion the complex attenuation, delay, angle, and polarization
information of the propagation waves are obtained through
intensive electromagnetic simulation. Therefore, the deter-
ministic models are approximately exact. For HST channels
deterministic modeling is proposed in [14–18]. In [14], the
temporal evolutions of delay spread and Doppler spread
at 5.2 GHz in orthogonal frequency division multiplexing
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(OFDM) HST communication system are evaluated based
on ray tracing (RT). Similarly, [15, 16] using RT analyze
HST channel characteristics, for example, path loss (PL),
delay spread (DS), and angle spread (AS), at 930MHz and
5.25GHz, respectively. As for these studies, time-varying
characteristics in HST channels are analyzed in the non-
mmWave band. Moreover, in [17] a linear HST environment
is conducted and RT simulation at 60GHz for analysis
of DS and AS changing over time is performed. In [18],
adopting RT at 60GHz as well, six HST scenario modules
are modeled and the DS for different modules are compared.
However, in [17, 18] the validation by measurement in the
HST deterministic models at mmWave band, which is crucial
in channel modeling, is not performed. Furthermore, such
modeling approach represented by RT fails in the situation
as it is too complicated to reconstruct the exact scenario. In
addition, the extensive computational resources are needed,
which is not suitable for communication link-level and
system-level simulations. Thus, stochastic modeling which is
void of exact geometrical assumption and is computationally
less demanding has been proposed.

Stochastic modeling provides the statistical manner and
conditional dependencies between different channel param-
eters. Although such modeling approach gives very little
insight in an instantaneous channel structure, it is useful in
presenting the general characteristic of a typical scenario [19].
From this point of view the stochastic modeling is practically
useful. The existing stochastic models for HST channels
mainly focus on the narrowband [20–24]. For example, at
930MHz, the PL, shadow fading, Rician𝐾-factor, and decor-
relation distance are stochastically modeled based on various
HST measurements [20–23]. Their time-varying character-
istics are described by Markov-chains [24]. Moreover, for
wideband HST channels, the rough position-based tapped
delay line channel models with specified Doppler shifts for
open space scenario and hilly scenario are proposed in [25,
26], respectively. Nevertheless, comparing with deterministic
modeling the stochastic models cannot keep the spatial
consistency which is crucial in time-varying HST channel
modeling [27]. Furthermore, the nonstationarity caused by
high mobility of MRS is not characterized in these HST
stochastic models.

To address the nonstationarity in time-varying channel,
Bello proposed the wide-sense stationary (WSS) concept
[28]. Under the WSS assumption the channel can be sta-
tionary over a limited time region and therein the stochastic
modeling becomes physically meaningful. Particularly, the
power delay profile (PDP) in delay domain and Doppler
power spectral density (DSD) in Doppler domain completely
describe the second-order statistics of time-varying channels
[29, 30].

The third modeling approach, the geometry-based
stochastic channel model (GSCM), is useful in nonstationary
channel [31]. This is the type of modeling approach we
aim for in this paper. Within the GSCMs specific locations
of 𝑇𝑥, 𝑅𝑥, and scatterers are incorporated, where the
distribution for scatterers is predefined by the statistical law.
The standard channel models, like rural macrocell (RMa)
scenario in the WINNER II channel model [32] and moving

networks scenario in the IMT-A channel model [33], have
considered the HST scenario. However, they are for the
non-mmWave band. In [34], the narrowband GSCM is
modeled and the scattering components are represented
by the measurement-defining cluster. In [35], the regular
shaped GSCM is developed by considering time-varying
model parameters, that is, angle of departure (AoD) and
angle of arrival (AoA). It provides the insights into the
relationship of channel characteristics and certain geometry.
However, due to oversimplified propagation environment
the parametrization work frommeasurements would be hard
[36]. In [37] the GSCM with random-cluster is proposed
in delay and Doppler domains at 2.14GHz. And yet for
the limited bandwidth, multipath components (MPCs) are
unresolvable and only a LoS cluster is modeled according to
LoS geometry. While these GSCMs might not be scalable to
the mmWave HST channels, they provide some geometrical
insights for the HST channel modeling.

In this paper, we propose a geometry-based dominant
multipath model for the mmWave HST channel. It fully
depicts the temporal evolution of dominant multipath in
the delay and Doppler domains. The modeling approach
is simple and effective. Without using intensive RT or
numerical simulations, the proposed modeling approach is
based on the geometry factor extracted from the propaga-
tion environment. Through the right triangle constructed
by the geometry factor, 𝑇𝑥 location, and instantaneous
location of MRS, the time-varying delay and Doppler shift
can be derived. The amplitude of dominant multipath is
modeled by the delay and Doppler shift which is pre-
sented first. The amplitude modeling implies the correlation
between the delay and angle domains in the mmWave HST
channel.

The proposed modeling approach shows insight into
the relationship between the delay and Doppler shift for
dominant MPCs in the mmWave HST channels. A similar
modeling approach is introduced in [19, 38], where only
single bounced rays were included. The proposed approach
is capable of modeling first-order reflected paths (FRPs) and
second-order reflected paths (SRPs), and the reflected paths
strictly obey specular reflection law. Moreover, the number
of newly dominant paths, their lifetimes, geometry factors
(for the delay and Doppler shift calculation), and complex
attenuation are statistically modeled and parameterized. A
detailed implementation of the proposed model is presented,
which is verified by comparison withmeasurement-validated
RT. This simple and effective modeling approach is practical
for system-level simulation and communication network
evaluation.

The remainder of this paper is structured as follows.
In Section 2, the RT simulator is validated through the
measured data obtained in the mmWave HST channel and
then the temporal evolution of PDP and DSD simulated by
the validated RT in the mmWave HST scenario is discussed.
Section 3 describes the structure of the proposed model,
and the dominant paths are detected and tracked using
geometry factors. Section 4 shows the model parameters.
Section 5 presents the model implementation and validation.
This paper concludes in Section 6.
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Figure 1: Top view of mmWave HST scenario deploying the MRS.

2. Ray Tracing Validation and Simulation

The typical mmWave HST scenario is shown is Figure 1,
whose construct is proposed in the 3rd Generation Partner-
ship Project (3GPP) [6]. The remote radio head (RRH) is
placed 5m from the track. The MRS is deployed on the top
of the train. In addition, with the longitudinal separation of
580m three RRHs are organized as a group connected to
the baseband processing unit (BBU), which is a new cellular
architecture for the mmWave HST communication system.

Due to deficient mmWave HST channel measurement
with high mobility, development of the modeling approach is
based on RT simulator.Therefore, first we will validate the RT
simulator by the channel measurement which is performed
in the mmWave HST scenario. In detail, the measurement
campaign conducted in Japan was performed at 93.2 GHz
and with 2GHz bandwidth [39]. The frequency band was
chosen in this measurement for two primary reasons. One is
to consider the coexistence with active and passive services
in the HST scenarios [40], and the other is for the high
data transmission rate. The authors in [41] demonstrate that
the attenuation of the 90GHz band millimeter-wave in the
atmosphere is small compared with millimeter-waves of the
other frequency bands. The MRS moved along the track and
the RRH-MRS distance ranged from 20m to 350m. 𝑇𝑥 and𝑅𝑥 antennas were installed on RRH and MRS with the same
half power beam width (HPBW), respectively. The antenna
settings are summarized in Table 1. Note in RT simulation the
antenna pattern is inserted by the Jones vector at all the angles
of arrival or departure. These Jones vectors cover the gain
and the polarization of the antennas.The same operation was
done and reported in [15]. Moreover, the front view of typical
structure in the measured scenario is shown in Figure 2.

2.1. Ray Tracing Validation. RT simulation was executed
in the measured scenario with settings listed in Table 1.
Specifically, the LoS path, reflected paths (up to the third
order), and scattering rays are simulated. Since there is no

12
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3450 Unit: mm

Barriers

Rx

Tx

Figure 2: Front view of typical structure in the measured mmWave
HST scenario.

Table 1: 93.2 GHz HST channel measurement settings.

Parameter Setting𝑇𝑥-𝑅𝑥 antenna types Directional horn antenna𝑇𝑥-𝑅𝑥 antenna gains 25 dBi𝑇𝑥-𝑅𝑥 antenna HPBWs 10∘/10∘ (Az./El.)𝑇𝑥-𝑅𝑥 antenna heights 0.92m𝑇𝑥 output power −5 dBm
Center frequency 93.2GHz
Bandwidth 2GHz

obstacle between 𝑇𝑥 and 𝑅𝑥, the diffraction mechanism is
not included in the RT simulation. Since the mmWave HST
channel was not measured dynamically, the measured chan-
nel characteristic in Doppler domain cannot be obtained.
In addition, only the received power has been presented
in [39] with no information about the delay domain. Due
to the limitations for the measurement campaign, just the
large-scale and small-scale parameters between measured
and simulated channel are compared for validation.
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Figure 3: Directional path loss models estimated by measured and
RT simulated channels, respectively, and compared to the free space
propagation model.

We separate large-scale fading and small-scale fading by
a sliding/overlapped window (size of 20 wavelengths) with an
interval of ten wavelengths [25, 42].

2.1.1. Large-Scale Fading Validation. The decibel-valued path
loss (PL) model is given by a linear Least Squares (LS)
regression of the large-scale fading

PL [dB] (𝑑) = PL (𝑑0) + 10𝑛 log10 ( 𝑑𝑑0) + 𝑋𝜎, (1)

where 𝑑 is the distance between the 𝑇𝑥 and 𝑅𝑥 in meters
and PL(𝑑0) is the frequency-dependent free space path loss
at reference distance 𝑑0, generally 𝑑0 = 1. 𝑛 refers to the
average path loss exponents (PLE) over the observed distance.
Moreover, for modeling the shadow fading, 𝑋𝜎 denotes the
zero-mean lognormal random value with standard deviation𝜎, that is, shadow factor (SF). If 𝑑0 and frequency are known,
PL(𝑑0) in (1) is fixed. Hence, for large-scale fading validation,
we compare the two parameters, that is, PLE and SF.

Themeasured and simulated large-scale fading are shown
in Figure 3, where their respective PLE and SF are given and
the free space path loss at 93.2 GHz is added for comparison.
The same PLE, that is, 1.6, is estimated from the two channels.
The SF for the measured channel is 2.7 dB, which is just
slightly higher than the simulated SF of 2.0 dB. The good
match of the PLE and SF indicates reasonable agreement in
large-scale fading. In addition, due to the superposition of
MPCs, the PLE in the HST scenario is lower than the PLE
from free space.

2.1.2. Small-Scale Fading Validation. The empirical cumu-
lative distribution functions (CDFs) of measured and RT
simulated amplitudes for small-scale fading are shown in
Figure 4. There is a good match between measured and
RT simulated statistical properties in small-scale fading.
Moreover, the mean vales of the measured and RT simulated
amplitudes are just slightly different; that is, 𝜇meas = 0.98 and
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1.510.50
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Figure 4: Comparison of CDFs between measured and simulated
amplitude of small-scale fading. The Rician distribution is given for
modeling.

𝜇simu = 0.97. Due to existent LoS path, the Rician distribution
is adopted to fit the distribution. Figure 4 shows that the
Rician distribution can accurately characterize the amplitude
of small-scale fading. The Rician fitted curve is derived from
the measurement data.

The validation confirms that the RT simulator is able
to accurately reproduce mmWave channel characteristics in
HST scenario. It is worth noting that this scenario is charac-
terized by its effective reflectors, most of which are trackside
walls. Actually, the trackside walls are not necessarily from
the barriers next to the track. Assuming that in the scenario
the main effective reflectors are perpendicular to the ground,
such as buildings and tunnel walls, the RT simulator should
work adequately. Due to the measurement-validated RT we
have the opportunity to extend the limitedHSTmeasurement
scenario to a general mmWave HST scenario.

2.2. Ray Tracing Simulation. The simulated scenario is a
typicalmmWaveHST environment shown in Figure 1. For the
general RT simulation, the antenna heights and patterns in
measured scenario have been changed and different antenna
heights are set, that is, 3.2m at 𝑇𝑥 and 3m at 𝑅𝑥. The
antenna heights for the RT simulation are raised compared
with the measurement settings and exceed the heights of
the trackside barriers as shown in Figure 2. Specifically, to
raise the antenna heights is aimed at breaking the semiclosed
space constructed by trackside barriers. Then, the impact
of trackside buildings (blue blocks in Figure 1) can be
increased, just like in the general propagation environment.
To characterize the propagation channel in themmWaveHST
scenario, the omnidirectional, vertically polarized pattern is
used at 𝑇𝑥 and 𝑅𝑥, instead of the directional patterns. The
movement range of MRS is from RRH2 to RRH1 with length
of 580m, shown in Figure 1.TheMRS speed is set to 500 km/h
that is the top speed discussed in 3GPP [6]. In addition, the
parameter setting for the RT simulator is the same as above.

In this paper, we focus on the channel characteristics
in delay and Doppler domains which are crucial in frame
structure design (time domain) [43] and subcarrier spacing
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Figure 5: The temporal evolution of power spectral density in Doppler and delay domains for the mmWave HST channel, respectively.

selection (frequency domain) [44]. Particularly for Doppler
analysis, the sampling interval should be less than half-
wavelength, that is, 1.6mm (carrier frequency is 93.2 GHz),
which indicates the huge data volume for RT simulation.
During the MRS movement 720747 snapshots are simulated
with a snapshot repetition time of 5.79𝜇s. Note that, for
reducing the volume of simulated data, only the IRs in time
and frequency domains for each snapshot are stored and
the multipath property, that is, rays absolute delay, angle,
electrical field, and so on, has not been exported from RT.
The simulated data are stored in the same format as the data
recorded in the channel measurement campaign, and then
needed channel characteristics are extracted from the IRs,
which makes the proposed approach general.

Analyses of the RT simulated data showed that the
observed fading process in mmWave HST channel is non-
stationary. Due to the propagation environment changing
with a finite rate, the nonstationarity can be overcome
by consecutive local WSS regions [45], that is, WSS time
windowsΔ𝑊.The local scattering function (LSF) introduced
in [46] is used to determine the size of Δ𝑊. To ensure the
stationarity analysis throughout, the minimum stationary
time interval 3.6ms is chosen for Δ𝑊. Therefore, within each
WSS timewindow the statistics of delay andDoppler domains
are locally stationary and we can average the local PDP and
DSD within each WSS time window as introduced in [47].

For the mmWave HST channel the temporal evolutions
of DSD and PDP are shown in Figure 5. Within each WSS
time window, we normalize the instantaneous DSD and PDP
to their own maximum values and set the cutoff threshold
of 50 dB below the strongest peak. The continuous Doppler
and delay trajectories of the time-varying LoS path can be
easily distinguished in Figures 5(a) and 5(b), respectively.
Obviously, the LoS path always exists. The other discontin-
uous Doppler trajectories in Figure 5(a) present at certain
consecutive WSS time windows and then vanish. Their
corresponding delay trajectories are shown in Figure 5(b).
Since the continuous or discontinuous trajectories seem to
follow certain curves, the underlying geometry for them will
be found hereafter. Moreover, it is obvious that the multipath
resolution is higher inDoppler domain than in delay domain.
Thus, for clarity, the following illustrations are mostly in
Doppler domain.

3. Geometry-Based Dominant Multipath
Channel Model and Data Processing

3.1. Geometry-Based Dominant Multipath Channel Model.
The channel model is based on the channel spreading
function [37]. At time 𝑡𝑖, the channel spreading function is
expressed as the superposition of𝑁(𝑡𝑖) paths

ℎ (𝑡𝑖; 𝜏, ]) = 𝑁(𝑡𝑖)∑
𝑙=1

𝑎𝑙 (𝑡𝑖) ⋅ 𝛿 (𝜏 − 𝜏𝑙 (𝑡𝑖)) ⋅ 𝛿 (] − ]𝑙 (𝑡𝑖)) , (2)

where 𝛿(⋅) is the Dirac delta function and 𝑎𝑙(𝑡𝑖), 𝜏𝑙(𝑡𝑖), and
]𝑙(𝑡𝑖) represent the complex attenuation, delay, and Doppler
shift of the 𝑙th path observed at time 𝑡𝑖, respectively. For the
HST channels, the behavior of each path, that is, complex
attenuation, delay, and Doppler shift, changes over time.
Particularly, due to the high-speed MRS, the MPCs, except
LoS path, frequently appear in the “birth” and “death”
process, shown in Figure 5. For convenience, we define three
sets of the path in (2) as follows [45]:

(i) L𝑖→𝑖 is the set of dominant paths that are firstly
detected at time 𝑡𝑖, whose path index is denoted by𝑙𝑖→𝑖.

(ii) L𝑗→𝑖 is the set of dominant paths that are firstly
detected at time 𝑡𝑗 (∀𝑗 = 1, 2, . . . , 𝑖 − 1) and still exist
at time 𝑡𝑖, whose path index is denoted by 𝑙𝑗→𝑖.

(iii) L𝑖 is the union set of the above two sets, which
contains all the dominant paths that exist at time 𝑡𝑖.

By detecting and tracking dominant paths in time-varying
PDP and DSD, L𝑖→𝑖 and L𝑗→𝑖 can be constructed and the
dominant multipath channel model can be reconstructed at
time 𝑡𝑖. The dominant multipath number at time 𝑡𝑖 can be
expressed as

𝑁(𝑡𝑖) = 𝑁 (𝑡𝑖→𝑖) + 𝑖−1∑
𝑗=1

𝑁(𝑡𝑗→𝑖) , (3)

where 𝑁(𝑡𝑖→𝑖) represents the number of dominant paths
being newly detected at time 𝑡𝑖, that is, the number of
elements inL𝑖→𝑖; the last term of (3) refers to the dominant
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multipath number which was detected before 𝑡𝑖 and still
exists at time 𝑡𝑖. Therefore, during the MRS movement, the
proposed channel model is able to describe the birth and
death process of dominantMPCs. Furthermore, by modeling
the temporal evolution of dominant multipath behaviors in
(2) during their lifetime, the proposedmodel can generate the
exactly time-varying HST channels. Note, when a dominant
path vanishes, its lifetime ends.This assumption simplifies the
channel modeling and does not significantly affect the model
accuracy [48].

For time-varying HST channels, parameters in (2) are
generated by random geometry factors. To statistically model
the geometry factor, a WSS time window should be used in a
way that the statistics of geometry factor can be characterized
within each WSS time window [49–51] and thereby channel
modeling becomes physically meaningful. The size of WSS
time window has to be defined previously. As shown in
Figure 5, dominant MPCs exist in multiple consecutive WSS
windows. Therefore, the lifetime of dominant path can be
characterized by the WSS window number. In the proposed
channel model, we use two distinct timescales to describe
each path:

(i) Large-scale: the geometry factor is indexed by the
WSS window index, which indicates that the propa-
gation environment remains changeless within aWSS
time window.

(ii) Small-scale: the delay, Doppler shift, and complex
attenuation of dominant path are derived at each time
instant using the geometry factor.

To summarize, we statistically model the following parame-
ters:

(i) The size of dominant multipath lifetime in terms of
WSS windows

(ii) The number of dominant path being newly detected
in each WSS time window

(iii) The geometry factor for the newly dominant path in
each WSS time window.

The developed dominant multipath model contains LoS
path, FRPs, and SRPs. In practical terms, the channel model
includes FRPs, SRPs, and third- or higher-order reflected
paths. However, during MRS movement the energy ratio of
third- or higher-order reflected paths is generally lower than2%as shown in Figure 6. At each time instant the energy ratio
is calculated as the sum power of certain order reflected path
divided by the total power of all existent reflected paths.Thus,
in the proposed channel model the third- or higher-order
reflected path contributions are ignored. Note that this figure
is obtained from the downsampling RT simulation with the
output of multipath properties. The downsampling interval
is 3.6ms and the corresponding distance sampling interval is
0.5m (the speed of 500 km/h). Considering that the distances
among the RRH, physical objects, and the MRS are much
larger than 0.5m, it is reasonable to assume that during the
interval no reflected path slipped away. Moreover, due to
lower power contribution of diffuse multipath components
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Figure 6: Energy ratio statistical distribution for different order
reflected paths (order up to 5th) during the MRS movement.

(DMCs) at mmWave band DMCs are not modeled [52–
54]. To sum up, for the dominant multipath channel model,
modeling LoS path, FRP, and SRP is sufficient.

3.2. Data Processing. Generally, inHST channel the FRPs and
SRPs are reflected from the trackside walls whose normal
is perpendicular to the track. As illustrated in Figure 7 the
potentially geometrical characteristic is fully explored for
the dominant MPCs, and the geometry factor is explicitly
presented. For each dominant multipath type there is a
specific right triangle, where the length of the right-angle side
(which is parallel to 𝑦-axis) is defined as the geometry factor,
that is, Δ𝑦LoS, Δ𝑦FRP, and Δ𝑦SRP. With the moving MRS𝑅𝑥(𝑡𝑖), the lengths of the other two sides are time-varying.
It is worth noting that for LoS path the hypotenuse is equal
to the path distance, while, for the FRP and SRP, the length
of the hypotenuse is, according to the specular reflection law,
also equal to the path distance. Hence, the multipath delays𝜏LoS(𝑡𝑖), 𝜏FRP(𝑡𝑖), and 𝜏SRP(𝑡𝑖) are able to be derived from the
right triangles. Additionally, the respective angle between the
path arrival at MRS and the MRS moving direction refers to𝜃LoS(𝑡𝑖), 𝜃FRP(𝑡𝑖), and 𝜃SRP(𝑡𝑖), by which the Doppler shifts
for dominantMPCs can be estimated.Therefore, through the
right triangles, defined mainly by the geometry factors, the
delay and Doppler shift of dominant MPCs can be derived at
time 𝑡𝑖.

Based on the analysis, the dominant multipath model
can be fully characterized by the geometry factor. Moreover,
by corresponding geometry factor, the temporal evolution of
multipath delay and Doppler shift can be derived. Hence, we
detect and track dominant MPCs by geometry factor and its
geometrical relationship.

3.2.1. Dominant Multipath Detection. Before detecting the
information of each dominant path (e.g., 𝑎𝑙, 𝜏𝑙, and ]𝑙),
the analytical expressions for the delay and Doppler shift
involving the geometry factor have to be clarified. For unifor-
mity and convenience, the subscript indicating propagation
mechanism in Figure 7 is replaced with the path index 𝑙,
where 𝑙 = [1, . . . , 𝑁(𝑡𝑖)]. Note that the physical significance
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Figure 7: Illustration of dominant multipath geometry: (a) LoS path, (b) first-order reflected path (FRP), and (c) second-order reflected path
(SRP).

for the geometry factor does not change. The position of𝑇𝑥 is [𝑥𝑇, 𝑦𝑇, 𝑧𝑇], and the time-varying position of MRS is𝑅𝑥(𝑡𝑖) = [𝑥𝑅(𝑡𝑖), 𝑦𝑅, 𝑧𝑅]. Moreover, at 𝑡𝑖 = 0 the initial 𝑥-
value of MRS is 𝑥𝑅(𝑡𝑖) = 𝑑𝑐, where 𝑑𝑐 − 𝑥𝑇 = 580m, that
is, the separation of adjacent RRHs.The length of right-angle
side (which is parallel to 𝑥-axis) is given as

Δ𝑥 (𝑡𝑖) = 𝑑𝑐 − V ⋅ 𝑡𝑖 − 𝑥𝑇, (4)

where V denotes theMRS speed 500 km/h. As the hypotenuse
length is equal to the travel distance of dominant path, the
delay 𝜏𝑙(𝑡𝑖) is derived as

𝜏𝑙 (𝑡𝑖) = √Δ𝑥2 (𝑡𝑖) + Δ𝑦2
𝑙
(𝑡𝑖)𝑐 , (5)

where 𝑐 refers to the speed of light and Δ𝑦𝑙 denotes the
geometry factor for 𝑙th path. Furthermore, the Doppler shift
]𝑙(𝑡𝑖) can be given through 𝜃𝑙(𝑡𝑖)

]𝑙 (𝑡𝑖) = V𝑐 ⋅ cos (𝜃𝑙 (𝑡𝑖)) ⋅ 𝑓𝑐, (6)

where𝑓𝑐 represents the carrier frequency of 93.2 GHz. Due to
little height difference between𝑇𝑥 and𝑅𝑥 the elevation angle
is not considered. The analytical form of cos(𝜃𝑙(𝑡𝑖)) is

cos (𝜃𝑙 (𝑡𝑖)) = Δ𝑥 (𝑡𝑖)𝜏𝑙 (𝑡𝑖) ⋅ 𝑐 . (7)

Afterwards, by involving the geometry factor, the dominant
path is detected in delay and Doppler domains. Benefitting
from the dilation and erosion mathematical morphology of
binary images, the trajectories in Figure 5 are refined as being
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Figure 8: Temporal evolution of refined DSD and the Doppler
trajectories for marginal geometry factors obtained (solid line).
Detected geometry factor’s availability is illustrated by the example
trajectory (dashed line).

more clear, smooth, and coherent, as shown in Figure 8,
which is beneficial for peak search. Specifically, for the image
processing the time-varying DSD and PDP in Figure 5 are
firstly transformed to binary image with threshold 25 dB [55].
The pixel with power 25 dB lower than the maximum power
is set to 0; otherwise, the pixel is set to 1. In the 𝑠th WSS
time window including time instant 𝑡𝑖, by identifying the
peaks in the refined DSD and PDP, Doppler shift and delay
as well as the associated power are obtained. Each piece of
peak information is stored in a peak set []̂𝑙(𝑡𝑠), 𝜏𝑙(𝑡𝑠), 𝑝𝑙(𝑡𝑠)].

Subsequently, using the geometrical relation determines
whether the detected peak belongs to dominant MPCs. By
combining (5), (6), and (7), Δ𝑥 in (4) can be rearranged as

Δ𝑥 (𝑡𝑠) = ]𝑙 (𝑡𝑠) ⋅ 𝜏𝑙 (𝑡𝑠) ⋅ 𝑐2
V ⋅ 𝑓𝑐 . (8)
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To pick the dominant path from the detected sets, the
detected peak set in (8) has to be incorporated and the
threshold 𝜖 has to be used

Δ𝑥𝑙 (𝑡𝑠) = ]̂𝑙 (𝑡𝑠) ⋅ 𝜏𝑙 (𝑡𝑠) ⋅ 𝑐2
V ⋅ 𝑓𝑐 .Δ𝑥𝑙 (𝑡𝑠) − Δ𝑥 (𝑡𝑠) ≤ 𝜖, (9)

where | ⋅ | denotes absolute value and the value Δ𝑥(𝑡𝑠) is
obtained from (4), which is according to time-varying posi-
tion of the MRS, the truth value. If the inequality is satisfied,
the peak set is stored inL𝑠 for dominantmultipathmodeling;
otherwise, the peak set is discarded. In this analysis, we
selected 𝜖 = 0.9m and the choices have to be done on a
rather empirical basis. Afterwards, the geometry factor can
be calculated as

Δ𝑦𝑙 (𝑡𝑠) = Δ𝑥 (𝑡𝑠) ⋅ √ V2 ⋅ 𝑓2𝑐
]̂𝑙 (𝑡𝑠) ⋅ 𝑐2 − 1. (10)

After the detecting, for the 𝑙th path within 𝑠th WSS time
window, there is a set [Δ𝑦𝑙(𝑡𝑠), ]̂𝑙(𝑡𝑠), 𝜏𝑙(𝑡𝑠), 𝑝𝑙(𝑡𝑠)] stored in
extended set L𝑠. For each WSS time window, the detection
process will be repeated. According to the detecting, the
marginal values of geometry factors are obtained, that is, the
minimum andmaximum values. Figure 8 shows twoDoppler
trajectories for marginal values (derived by (6)) and the area
confined by the two which includes all the Doppler trajec-
tories of dominant MPCs. Moreover, the example trajectory
(dash line) in Figure 8 is generated by the geometry factor
observed in multiple WSS time windows. Its trajectory is
discontinuous with birth and death process several times,
which indicates the interruptedly distributed trackside walls.
Furthermore, due to applying mathematical morphology, the
temporal evolution of DSD in Figure 8 is clearer and with less
thin protrusions compared to the DSD in Figure 5(a).

3.2.2. Dominant Multipath Tracking. To capture the dom-
inant multipath evolution within individual lifetimes, the
tracking based on the geometry factor is performed. In
two successive WSS windows, if the same geometry factor
appears, its associated paths are considered to be the same
path. This can be used to track the dominant path and
estimate its lifetime.

For two arbitrary dominant paths 𝑙𝑢 and 𝑙V, from the two
successive WSS time windows, the sets of the two dominant
paths are given as

𝑙𝑢 ∈ L𝑠 : [Δ𝑦𝑢 (𝑡𝑠) , ]̂𝑢 (𝑡𝑠) , 𝜏𝑢 (𝑡𝑠) , 𝑝𝑢 (𝑡𝑠)]𝑙𝑤
∈ L𝑠+1 : [Δ𝑦𝑤 (𝑡𝑠+1) , ]̂𝑤 (𝑡𝑠+1) , 𝜏𝑤 (𝑡𝑠+1) , 𝑝𝑤 (𝑡𝑠+1)] .

(11)

To enhance the tracking, the aforementioned threshold 𝜖 is
adopted. The tracking algorithm is described as follows.

Step 1. Calculate the absolute differences between any geom-
etry factors fromL𝑠 andL𝑠+1 and obtain the matrix𝐷 with
dimension𝑁(𝑡𝑠) × 𝑁(𝑡𝑠+1).
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Figure 9: Dominant path tracking in Doppler domain.

Step 2. If the condition

𝐷𝑢,𝑤 ≤ 𝜖
𝑢 = argmin

𝑢
(𝐷𝑢∈𝑁(𝑡𝑠),𝑤)

𝑤 = argmin
𝑤

(𝐷𝑢,𝑤∈𝑁(𝑡𝑠+1))
(12)

is satisfied, the𝑤thMPCat 𝑡𝑠+1 is considered as evolving from
the 𝑢thMPC at 𝑡𝑠. Formatching, a unique path ID is assigned
to them. Examine all other paths in the two successive WSS
windows andmatch the paths evolving over time. Afterwards,
if the path at 𝑡𝑠+1 has no ID, a new path ID is also assigned for
the newly observed path.

Step 3. Repeat Steps 1 and 2 for L𝑠+1 and L𝑠+2, and inherit
the path ID for the path evolving over multiple WSS time
windows according to (12). Likewise, if new path has been
observed, the new path ID is given.

Step 4. Repeat the steps for the WSS time windows after 𝑡𝑠+2,
and coherently match in every two consecutive indices of
WSS windows. Assign path IDs for all dominant paths.

Step 5. Average the geometry factors collected from the same
path ID and assign the mean value as the unique geometry
factor to the path ID.

Step 6. Cope with small temporal “gaps,” where the infor-
mation of the dominant path is missed in one or a few
(smaller than𝑁gap) consecutiveWSS windows.The set of the
missed dominant paths can be covered through the geometry
factor in adjacent WSS time windows, that is, involving the
geometry factor in (5) and (6) to calculate the delay and
Doppler shifts and then deriving the power by the power
model presented in the next section.

The tracking algorithm starts from 𝑠 = 1 and the dom-
inant paths at initial time are assigned to unique path IDs.
In our analysis 𝑁gap = 5 is selected. By grouping dominant
paths with the path ID, we obtain the lifetime and the
temporal evolution for each dominant path. Figure 9 shows
the outcome of the tracking algorithm in Doppler domain
for the mmWave HST channel. The tracking trajectories
calculated by the geometry factors (within their lifetimes) are
in agreementwith the time-varyingDSD fromRT simulation.
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Table 2: Conditional probabilities for newly emerging dominant multipath number.

𝑁(𝑡𝑠2−1)
1 2 3 4 5

𝑁(𝑡𝑠2→𝑠2 ) 0 0.9975 0.9979 0.9990 0.9996 1
1 0.0025 0.0021 0.0010 0.0004 0

RT simulated
CDF of  (71.5, 48.5)

0 20 8040 60 120 180100 140 160

Δs

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

CD
F

Figure 10: Empirical CDF of Δ𝑠 and its fitted curve with analytical
expression. For the fit, two bounds at 95% confidence level are
constructed (dash lines).

The good match validates the geometry-based detecting and
tracking algorithm.

4. Model Parameters

The channel parameters are first estimated within each WSS
time window Δ𝑊 and then statistically modeled.

4.1. Dominant Multipath Lifetime. If the dominant path is
first observed within the 𝑠1th WSS window and is last
observed within the 𝑠2th WSS window (𝑠1 < 𝑠2), its lifetime
is expressed as

𝑇 = Δ𝑊 ⋅ Δ𝑠 = Δ𝑊 ⋅ (𝑠2 − 𝑠1) , (13)

where the index difference Δ𝑠 is used to indirectly model
lifetime 𝑇. Note that the LoS path is not included in Δ𝑠
modeling due to its existing throughout. Figure 10 shows the
empirical CDF of Δ𝑠 and it is well fitted by the truncated
Gaussian distribution N(71.5, 48.5), where 71.5 and 48.5
represent the mean value and stand deviation, respectively.
In Figure 10Δ𝑠 ranges from 6 to 180 and thus the truncated
Gaussian distribution is bounded within [6, 180]. The fit is
implemented by a nonlinear LS regression. To evaluate the fit,
the Kolmogorov-Smirnov (KS) test at 95% confidence level is
used and it fails to reject the null hypothesis, which validates
the fit. In addition, the two blue dash lines shown in Figure 10
are the confidence boundswhich are constructed by the given
confidence level. Obviously, the empirical CDF ofΔ𝑠 is within
the area limited by the two boundaries.

4.2. Newly Dominant Multipath Number. Recall (3); at time𝑡𝑠2 the totally dominant multipath number 𝑁(𝑡𝑠2) is deter-
mined by the number of new dominant paths 𝑁(𝑡𝑠2→𝑠2) and
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Figure 11: Empirical CDF of Δ𝑦 for newly dominant path and its
fitted curve derived by Extreme Value distribution.

the number of old dominant paths. The old dominant paths
have been observed before time 𝑡𝑠2 and their disappearance is
determined by their lifetime. Hence, only the number of new
dominant paths should be modeled within each WSS time
window.

For accurate modeling, the number of newly emerging
dominant paths within the 𝑠2th time window is estimated
based on dominant multipath number within the (𝑠2 −1)th time window. In detail, according to the conditional
probabilities 𝑃(𝑁(𝑡𝑠2→𝑠2) | 𝑁(𝑡𝑠2−1)) the number of newly
emerging dominant paths 𝑁(𝑡𝑠2→𝑠2) can be given. In Table 2
the conditional probabilities are provided. It is evident form
the table that one dominant path can be newly observed
within each time window at most. Moreover, the probability
of generating new path decreases when the dominant multi-
path number at previous time window is increased.

4.3. Newly Dominant Multipath Geometry Factor. The geom-
etry factor is fixed during dominant multipath lifetime, and,
through it, the temporal evolution of delay andDoppler shifts
can be calculated by (5) and (6). Hence, when a dominant
path is newly observed in a WSS time window, the geometry
factor should be generated for it. It is found that the PDF of
the geometry factor for the newly emerging dominant path
can be modeled by Extreme Value distribution:

𝐸 (𝑥; 𝜇, 𝜎) = 𝜎−1 exp(𝑥 − 𝜇𝜎 ) exp(− exp(𝑥 − 𝜇𝜎 )) , (14)

where 𝐸(⋅) denotes the PDF function of Extreme Value
distribution and location parameter 𝜇 and scale parameter𝜎 are model parameters that can be estimated by nonlinear
LS regression method. Figure 11 shows the empirical CDF
of geometry factor for newly dominant path, that is, Δ𝑦,
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Figure 12: 3D scatterplot of power in dB versus delay and Doppler
shift using the data extracted from RT simulated results.

and the LS fit for it, where the good match indicates the
reasonable fit. Parameters 𝜇 and 𝜎 are estimated as 10.5 and
3.7, respectively. Moreover, the upper and lower confidence
bounds (dash lines) obtained by 95% confidence level are
presented for comparison. Furthermore, the KS test at the
confidence level to evaluate the fit is adopted and the null
hypothesis is accepted, which validates the fitted Extreme
Value distribution for Δ𝑦.
4.4. DominantMultipath Complex Attenuation. Recalling the
parameters in (2), the number of dominant MPCs, delay, and
Doppler shift have been modeled above while the complex
attenuation of dominant MPCs is investigated here. Note
that the parameters, that is, delay, Doppler shift, phase, and
complex attenuation, are modeled using the small time-scale,
that is, 𝑡𝑖. Figure 12 shows the 3D scatterplot of delay, Doppler
shift, and power of dominant MPCs, which are obtained
from RT simulation. Obviously, the dominant multipath
path power is dependent on delay as well as Doppler shift.
Generally, for the attenuation ofMPCs the travel distance and
angle information are the major factors. The travel distance
can be obtained by the geometrical relationship, which is
characterized by the delay obtained from (5). The angle

information is included in Doppler shift that is derived from
(6). Specifically, when the carrier frequency is given, the
Doppler shift is mainly determined by the angle information.
Hence, in this paper the complex attenuation is molded with
combination of delay and Doppler shift.

To have a good fit to the RT simulated results, the
amplitude |𝑎𝑙(𝑡𝑖)| is modeled in decibel scale and can be
divided into two parts, that is, delay-dependent part and
Doppler-dependent part. Particularly, amplitude of LoS path
only contains delay-dependent part

20 log 10 (𝑎𝑙 (𝑡𝑖)) = −20 log 10 (4𝜋𝑓𝑐 ⋅ 𝜏𝑙 (𝑡𝑖)) . (15)

The amplitude model for the other MPCs is expressed as
(16), where Δ𝑦bp denotes breakpoint for the geometry factor
and the parameters 𝑝1, 𝑝2, 𝑝3, and 𝑝4 for modeling Doppler-
dependent part are fitted using nonlinear LS regression.
Note that the Doppler shift in (16) is in decibel scale.
After removing the delay-dependent part from the raw data,
the power of Doppler-dependent part obviously presents
piecewise behavior, shown in Figure 13, which is the reason
for applying piecewise fitting. We postulate that this behavior
is due to the different orders of reflection as the higher
orderwith higher path loss.Through the geometrical analysis,
the two RT simulated curves comprised of black points can
be separated well from each other by the geometry factor.
It is reasonable that the higher order reflected paths shall
be separated with larger geometry factors, as illustrated in
Figure 7. Hence, when 𝑦 < Δ𝑦bp indicates the FRPs, the other
in (16) is for SRPs. As shown in Figure 13, the piecewisemodel
using exponential functions offers a reasonable fit. Moreover,
we note that the fitting curves for Doppler-dependent power
have the same shape but different “positions.” It can be
considered as the exponential function with same shape
parameters, that is, 𝑝1, 𝑝2, moving to different “positions.”
The “positions” are determined by 𝑝3 (along 𝑥-axis) and 𝑝4
(along 𝑦-axis). In (16), the 𝑦-value of “positions” for SRPs
is the double of the FRPs’. The fitting result gives 𝑝1 = 1.2,𝑝2 = 3.0, 𝑝3 = 45.2, and 𝑝4 = −16.0 and the breakpoint Δ𝑦bp
is set as 65m in HST scenario.

20 log10 (𝑎𝑙 (𝑡𝑖)) = {{{
−20 log10 (4𝜋𝑓𝑐 ⋅ 𝜏𝑙 (𝑡𝑖)) + 𝑝1 ⋅ exp (𝑝2 ⋅ (]𝑙 (𝑡𝑖) − 𝑝3)) + 𝑝4, Δ𝑦 < Δ𝑦bp−20 log10 (4𝜋𝑓𝑐 ⋅ 𝜏𝑙 (𝑡𝑖)) + 𝑝1 ⋅ exp (𝑝2 ⋅ (]𝑙 (𝑡𝑖) − 𝑝3)) + 2𝑝4, Δ𝑦 ≥ Δ𝑦bp. (16)

The phase for dominant paths is expressed as

𝜑𝑙 (𝑡𝑖) = −2𝜋𝑓𝑐𝜏𝑙 (𝑡𝑖) . (17)

To sum up, the complex attenuations of dominant paths can
be calculated as 𝑎𝑙(𝑡𝑖) = |𝑎𝑙(𝑡𝑖)| ⋅ exp(𝑗𝜑𝑙(𝑡𝑖)).
5. Model Implementation and Validation

5.1. Implementation. The implementation steps of the pro-
posed model are summarized as follows. Note that the LoS

path throughout exists and thus its generation is determinis-
tic; that is, its lifetime is equal to the duration ofMRSmoving;
geometry factor is equal to Δ𝑦LoS (see Figure 7).

(1) Initialization: set the initial dominantmultipath num-
ber (range from 1 to 5) and the total number of mod-
eled WSS time windows. The lifetime and geometry
factor of each dominant path (except LoS path) are
initialized by the results generated in Sections 4.1
and 4.3, respectively. Then, by the geometry factor,
using (5) and (6), the dominant multipath delay and
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Figure 13: Power of Doppler-dependent part for dominant reflected path and its piecewise model obtained by nonlinear LS regression
method.

Doppler shift are calculated.The complex attenuation
of each initial dominant path is derived by its delay
and Doppler shift by (16) and (17).

(2) Modeling for “old”MPCs: in the secondWSSwindow
the lifetime for the old dominant multipath is first
checked to determine whether to be deleted. For the
remaining dominant multipath, involved with the
inherited geometry factors from the previous WSS
window, their instantaneous delays, Doppler shifts,
and complex attenuations are derived the same way
as the above step.

(3) Modeling for “new” MPCs: in the second WSS
window, a new dominant path generation by the
procedure in Section 4.2 is checked. If new one
is generated, its lifetime and geometry factor are
initialized following the initialization process and
then instantaneous delay, Doppler shift, and complex
attenuation are derived.

(4) Temporal evolution: by repeating steps (2) and (3),
the time-varying delays, Doppler shifts, and complex
attenuations in spreading function (2) are derived
within the consecutive WSS time windows.

5.2. Validation. The validity of the proposed model is exam-
ined by comparing the extensive model simulation with the
measurement-validated RT simulation. In order to resemble
the RT simulation environment, the same system parameters
are set, that is, frequency, locations of𝑇𝑥 and𝑅𝑥, MRS speed,
and moving range. We modeled the spreading functions
for 1160 consecutive WSS time windows. Initial dominant
multipath number is according to RT simulated results set
to 2. Here, within each WSS window, we drop the dominant
MPCs with power 25 dB lower than the maximum power
[55]. To evaluate the accuracy of our proposed channel
model, the empirical CDFs of the Root-Mean-Square (RMS)
delay and Doppler spreads of the modeled channels are

compared to the RT simulated ones. The RMS delay spread
can be calculated as

𝜎𝜏 (𝑡𝑠) = √∑𝑁(𝑡𝑠)
𝑙=1

𝜏𝑙 (𝑡𝑠)2 𝑎𝑙 (𝑡𝑠)2∑𝑁(𝑡𝑠)
𝑙=1

𝑎𝑙 (𝑡𝑠)2 − 𝜏 (𝑡𝑠)2, (18)

where the mean value 𝜏(𝑡𝑠) is calculated as

𝜏 (𝑡𝑠) = ∑𝑁(𝑡𝑠)
𝑙=1

𝜏𝑙 (𝑡𝑠) 𝑎𝑙 (𝑡𝑠)2∑𝑁(𝑡𝑠)
𝑙=1

𝑎𝑙 (𝑡𝑠)2 . (19)

Similarly the RMSDoppler spread 𝜎](𝑡𝑠) can be calculated by
(18)with the variable 𝜏𝑙(𝑡𝑠) replaced by ]𝑙(𝑡𝑠). Figure 14 depicts
the empirical CDFs of𝜎𝜏 and𝜎], which are fromRT simulated
andmodeled channels in Figures 14(a) and 14(b), respectively.
It is shown that the model is fairly close to the RT simulation.
Note that when 𝜎𝜏 < 5 ns some differences are found between
the RT simulated and modeled delay spread, which could
emerge because of the model error of the geometry factor
that is difficult to accurately model real scenario. Anyway, the
overall performance of the mmWave HST channel model is
satisfactory.

6. Conclusion

In this paper, a geometry-based multipath model for
mmWave HST channels has been proposed. The model
is developed by the RT simulator which is validated by
HST measurements at 93.2 GHz. For dominant MPCs, by
modeling their birth and death processes and temporal
evolutions in delay and Doppler domains, the model is able
to handle the time-varying characteristic in HST channels.
The PDFs of the lifetime and geometry factor are fitted to
truncated Gaussian distribution and Extreme Value distri-
bution, respectively. The number of newly dominant MPCs
is modeled by the conditional probabilities. To describe the
complex attenuation for each dominant MPC, a new model
with combination of delay and Doppler shift is proposed. In
the model, delay and Doppler shift are both derived from
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Figure 14: Comparisons of RMS delay spread 𝜎𝜏 and Doppler spread 𝜎] between RT simulated and modeled channels.

geometry factor. The model implementation is detailed, and
it is verified by comparing the delay and Doppler spreads
of the modeled channel with the RT simulated channel. The
presented work shows insight into the geometry of dominant
MPCs in mmWave HST scenario. Moreover, it provides an
effective channelmodel for design and evaluation of networks
in such scenario.
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During the last few years, several approaches have been proposed to improve early warning systems for managing geological risk
due to landslides, where important infrastructures (such as railways, highways, pipelines, and aqueducts) are exposed elements.
In this regard, an Artificial intelligence Camera Prototype (AiCP) for real-time monitoring has been integrated in a multisensor
monitoring system devoted to rock fall detection. An abandoned limestone quarry was chosen at Acuto (central Italy) as test-site
for verifying the reliability of the integratedmonitoring system. A portion of jointed rockmass, with dimensions suitable for optical
monitoring, was instrumented by extensometers. One meter of railway track was used as a target for fallen blocks and a weather
station was installed nearby. Main goals of the test were (i) evaluating the reliability of the AiCP and (ii) detecting rock blocks that
reach the railway track by the AiCP. At this aim, several experiments were carried out by throwing rock blocks over the railway
track. During these experiments, the AiCP detected the blocks and automatically transmitted an alarm signal.

1. Introduction

Gravity-induced instabilities from cliffs represent a topic
of interest regarding the monitoring of fast to very fast
failures, including rock slides or rock falls from natural and
artificial slopes [1]. The relevance of such events is mainly
related to the short “advice-time” that should be necessary to
transmit alarm signals for early warning in case of exposed
infrastructures (such as railway, highways, pipelines, and
aqueducts), since no displacement is generally detectable
before failure occurrence.

To manage the geological risk that involves main infras-
tructures, different strategies can be adopted: the first one
(focused onhazard) consists inmonitoring precursors of rock
failures by micro- or nanoseismometer recording systems as
well as by acoustical emission recording [2–5]; the second
one (focused on vulnerability) consists in observing the
exposed infrastructure by optical devices (among which
cameras, laser scanner, and/or interferometer) suitable for
detecting fast changes due to objects/obstacles that impact the
infrastructure [6–10].

This paper exemplifies an application of the second
approach in a test-site designed to host a multisensor mon-
itoring system for detecting rock falls that involve a railway
track-target.The experiment aims at evaluating the suitability
of an optical device as early warning system for managing
infrastructures [11]. Several experiments were carried out
using an Artificial intelligence Camera Prototype (AiCP)
installed in the Acuto test-site (central Italy) where a railway
track was posed close to an unstable rock wall in an aban-
doned quarry. Main goal of these experiments was detecting
obstacles which could reach the track-target, simulating an
impact on a railway that threatens train traffic and passenger
safety. The tested AiCP is a completely wireless and self-
powered device that continuously observes the railway track-
target and the near rock cliff to detect possible blocks or
debris fallen from the quarry wall and to transmit alarm
signals.

The experiments carried out until now at Acuto consisted
in inducing rock falls and detecting if the fallen blocks
reached the railway track-target. These experiments are part
of a project of the ResearchCenter forGeological Risk (CERI)
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of “Sapienza” University of Rome, in cooperation with the
Italian Railway Network (RFI). The project aims at installing
the tested monitoring devices along the national railway net,
where fast-landslide events can cause obstacles to impact the
railway tracks.

The challenge of this research is to integrate the AiCP into
a multisensor network for detecting natural fast-landslide
processes from precursors to failure.

2. Description of the Optical
Monitoring Device

The experienced monitoring approach is based on the inno-
vative AiCP originally developed by the “Istituto di Scienza
e Tecnologia dell’Informazione (ISTI)” of the National
Research Council of Italy (CNR) [12, 13].

2.1. Hardware and Materials. The AiCP was developed to
carry out real-time monitoring applications based on optical
vision techniques of change detection analysis. The AiCP is
particularly suitable for investigating landslides hazard sce-
narios and it has enough computational power to accomplish
the computer vision task envisaged for monitoring railways.

The device consists in a customized embedded comput-
ing board, equipped with an HD webcam. An on-board
computer vision algorithm, developed by CNR-ISTI of the
National Research Council of Italy, is installed for real-time
analysis of the acquired images.The in-site processing results
are transmitted through a suitable wireless communication
system. The AiCP uses a low-cost technology, very easy to
be installed. All hardware components have a low-energy
use device and are manageable through open-source Linux
libraries and drivers. This allows customization of the proto-
type according to different purposes.

A main board, managing vision and networking tasks
by an integrated wireless communication module (RF
Transceiver), is installed on the AiCP. The prototype also
contains a power supply system which controls charge and
allows setting the optimal energy-saving policies and includes
a battery pack and a photovoltaic panel for harvesting
energy, guaranteeing the energy autonomy of the monitoring
system.The components of the optical monitoring system are
summarized in Figure 1.

In the vision board design, an embedded Linux archi-
tecture was selected to have a suitable computational power,
as well as make the programming easier. Different kinds
of Linux-based libraries were evaluated in terms of com-
puting power, flexibility, expandability, price/performance
ratio, and technical support. A good solution was achieved
by using a Freescale CPU based on the ARM architecture,
with support for MMU-like operating systems GNU/Linux.
Linux OS are the most stable and compatible with the
proposed AiCP. Moreover, compatible libraries are much
more customizable. An average consumption, measured at
highest speed (454MHz), guarantees lowpower performance
of AiCP. An on-board step down voltage regulator, featuring
high efficiency to ensure a range of voltages from 6 to 25V
very suitable for battery powered system, was included in
AiCP.Themain boardworks through several communication

interfaces among which there are a RS232 serial port, a Serial
Peripheral Interface (SPI) port, and a USB port. It supports
some networking interfaces including Ethernet, Wi-Fi, and
3G. For the here presented applications, a 3G communication
module has been selected and an USBmodem offering speed
up to 7.2Mbits/s has been integrated [12].

The above described main board and the HD webcam
are housed into an IP66 cam shield. The HD webcam used
for experiments presented here is an HP HD 2300 with
50∘ FOV in 800 × 600 pixel resolution (4 : 3) and 60∘ FOV
in 1280 × 720 pixel resolution (16 : 9). Another important
component of the AiCP (Figure 2) is the LED spotlight (12 V,
10W, 800 Lumen, 120∘ of beam angle) that allows operations
of the device also at night-time and in low illumination
conditions. For this reason, the algorithmhas been optimized
to guarantee a high resolution of RGB colour images. The
use of the LED spotlight does not introduce energy criticality
in the system, ensuring continuous operation, even in low
lighting conditions.TheAiCP hosts a power supply unit (12V,
65Ah acid battery and 25Wp, 21.5 V harvesting module)
that allows the complete autonomy of the device powering.
Battery voltage is monitored through one Analog to Digital
Converter (ADC) installed on the main board, which allows
the optimal setting of the energy-savings policies.

2.2. Software and Image Analysis. The AiCP is based on
computer vision approaches [13], which concern detection
and real-time alert of dangers strictly related to rock blocks
or debris that covers the railway track. The image processing
is carried out on-board in three steps: (1) background image
subtraction, (2) object detection and classification, and (3)
object tracking and final data extraction.

The algorithm for change-detection analysis is applied on
images acquired in a Region of Interest (RoI) with respect to
the total field of view only, that is, where the presence of an
obstacle is expected to be detected. Based on this detection,
flow information is derived using an innovative tracking
algorithm implemented by the CNR-ISTI of the National
Research Council of Italy [13] applied in this experiment
to preserve both railways and train passenger safety. The
algorithm performs a change detection analysis between
two consecutive frames in which the background scenario
is automatically updated to filter the environmental noise:
when the difference exceeds the presetted pixel threshold,
the AiCP is able to remotely transmit an alarm signal. The
subtraction of the background scenario can be performed
also on a specific convex quadrangular RoI. Within the RoI,
lightweight detection methods are used to classify a pixel
like “modified” (in this case it is assigned to the foreground-
image) or “not modified” (in this case it is considered in
the background scenario). The two options are selected after
a subtraction procedure. More in particular, the analysis of
the railway scene and the estimation of the level of service
were usually carried out by collecting data about the events
of the railway track scene in terms of occurrence, typology,
duration, and intensity [14].

The analytic strategy for updating the background sce-
nario guarantees that the RoI does not include external
objects. At this pourpose, algorithms featuring adaptive
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Figure 2: Hardware components of the AiCP.

backgrounds are used: the background scenario is constantly
updated by merging the old background scenario with new
captured images [12]. There are three main solutions to
perform the adaptive background strategy, with different
levels of computational complexity. The first solution uses
an average image in which the background scenario is on-
board modelled by averaging the captured frames within a
timewindow, though an equal threshold for all the pixels.The
second solution applies a statistical model of the background
scenario including the standard deviation of pixel intensities,
that is, considering the dataset of pixel properties as a
single Gaussian distribution, where a constant threshold
is used based on the probability that an observed pixel
could represent a sample drawn from background distri-
bution. The statistical approach also includes the Gaussian
Mixture Models (GMM), consisting in merging Gaussian
distributions obtained for different pixels instead of using a
unique Gaussian distribution obtained for each pixel. GMM
allows performing a change detection analysis on background
scenario also in case of occurrence of disturbance processes
(i.e., trembling shadows or tree foliage that generally can

perturbate the monitored scenario) [15]. The codebooks
strategy [16] is a third solution for adaptive background
modelling that presents computational advantages for real-
time background analysis with respect to GMM. Sample
background values at each pixel are quantified in codebooks,
which represent a compressed form of backgroundmodel for
long image sequences. This allows to capture each complex
structural background variation in a long-time window.
In the AiCP several ad hoc procedures, implemented by
CNR-ISTI of the National Research Council of Italy, can be
expected starting from the above described approaches. The
background scenario is modelled on the recorded frames in a
specific time window by performing an integrated on-board
computational background adaptive analysis. As a result, a
certain pixel is considered like “modified” if it exceeds a given
threshold (that is unique for the entire pixel) with respect to
the corresponding pixel in the background scenario [14].

TheAiCP is designed to performcomputer vision analysis
in real-time. To this aim, the approach adopted consists in
analyzing the RoIs corresponding to an alert area (i.e., rock
walls corresponding to trenches along the railway) and an
alarm area (i.e., railway tracks where possible obstacles can
impact).

The algorithm, implemented byCNR-ISTI of theNational
Research Council of Italy, is based on the general motion
paradigm, applied only to the area under control, and it
is calibrated for real-time monitoring. More in detail, the
algorithm analyses both the RoI of alert and the RoI of
alarm, so performing a change detection analysis between the
actual frame and a dynamically update background scenario
[13]. The algorithm checks frames within the RoI of alert
at time 𝑡 (named 𝑓(𝑡)) and compares them with a dynamic
background frame db𝑓(𝑡), which is constantly updated as a
weighted mixture of db𝑓(𝑡 − 1) and 𝑓(𝑡) [13]:

db𝑓 (𝑡) = (1 − 𝑤) db𝑓 (𝑡 − 1) + 𝑤𝑓 (𝑡) , (1)

where 𝑤 is a weight computed in the range [0⋅ ⋅ ⋅ 1]. The pixel
threshold for the comparison and motion detection needs
to be calibrated: depending on dimensions and typology of
the obstacle to be detected. Once the alert is given (i.e.,
threshold overcome for at least 𝑛 consecutive frames) the
control system focuses on the real railway monitoring target
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(RoI of alarm) where the same algorithm is applied and the
same dynamic policy for updating background scenario is
adopted. Possible obstacles are expected to reach the railway
track within certain number of “waiting frames” (i.e., time
needed for the obstacle to pass from the RoI of alert to
the RoI of alarm). These waiting frames depend on the
specificity of the case study (i.e., the distance between RoI of
alert and RoI of alarm or the distance of the camera from
the monitored area). If the expected time expires but no
obstacles are detected on the railway track, a false alarm is
sent. If obstacles have been detected on the railway track,
the algorithm continuously monitors motion in the RoI of
alarm, by performing a change detection analysis between
the present frames and the previous one and carring out
a comparative analysis with the assumed pixel threshold. If
obstacles move inside the RoI of alarm, the algorithm detects
it and it is continuously monitored over 𝑛 frames. If obstacles
come out of the RoI of alarm, nothing is changed with respect
to the initial monitored scenario. If obstacle stops moving
inside the RoI of alarm, after 𝑛 frames, the check on the RoI
is performed by detecting a difference of motion between
the present frame 𝑓(𝑡) and the previous one 𝑓(𝑡 − 𝑛). A
comparison between the check results and the considered
threshold is performed. If a detected object is endangering
the real railwaymonitoring area, an alert signal is transmitted
(Figure 3) [13].

The functional flow of the monitoring system (Figures
2 and 3) is based on a cloud for security purpose and
data replication. The AiCP forwards optical data and images
to Internet server configured by LAMP (Linux, Apache,
MySQL, and PHP) for real-time managing of transmitted
data. Three different virtual machines (VM) are hosted on
LAMP server and they allow the data collection from AiCP
and the data management. The first VM (IoT—Internet of
Things) is dedicated to all data intercommunication opera-
tions, the second VM (Database) is used for collecting data
and provides a cloud database, and the third VM (Web-
App) is used for projecting data to the user. Clients can
access the front-end, that is, to all applications developed for
data management and related alarm signals. Finally, a client
application allows data visualization and alarm notification
on web and/or mobile phone through specific applications
(Figure 4).

3. Experimental Tests in the Acuto Test-Site

Preliminary results were obtained during the 2016 in the
Acuto test-site where the AiCPwas installed.Themultisensor
monitoring system installed at Acuto was focused on testing
and verifying the reliability of the AiCP for detecting rock
block or debris over the railway track-target.

Three experimental goals were pursued at Acuto for
testing the AiCP device: (i) detecting obstacle (i.e., rock
block and debris) in the RoI of alarm which came from a
known direction; (ii) controlling the RoI of alert to identify
movement of objects which can impact the railway track-
target (i.e., entering in the RoI of alarm); (iii) monitoring the
two RoIs over a long time (i.e., several months) to check the
dynamic updating of the background scenario.

3.1. Acuto Test-Site. A portion of the Acuto quarry wall was
selected because of the presence of several joint sets thatmake
the rock mass prone to rock slide or falls, generating blocks
that can reach the railway track-target positioned 4m far
from the rock wall.

The quarry area has been excavated in a limestone hill
where Mesozoic limestone outcrops [17]. The quarry wall is
SE exposed and it is characterized by heights ranging from
15m up to 50m (Figure 5).

Geomechanical scanlines and remote surveys with total
station have been performed on the quarry wall to provide
a geomechanical characterization of the outcropping rock
mass. Five joint sets were distinguished: S0 (93/4; dip direc-
tion, dip) corresponding to the limestone strata, S1 (131/82),
S2 (91/64), S3 (4/80), and S4 (198/86). As it resulted by
Point Load tests, the average uniaxial compressive strength
of the outcropping rock is 84MPa. According to Deere &
Miller [18], this result corresponds to a stiffness value of
about 6 ⋅ 104MPa. The rock mass characteristics have been
described using RMRb classification [19], assigning a rank of
68 to the Mesozoic limestone. Slope stability analysis allowed
us to identify 18 potentially unstable rock blocks, of which
average volume is in the order of 10−2m3, on the quarry wall
adjacent to the posed railway track-target.

The installed multisensor monitoring system includes (i)
weather station equipped with rain-gage, air thermometer,
hygrometer, and anemometer for wind speed and wind
direction; (ii) geotechnical system including thermometer
for rock mass temperature, strain-gages for monitoring
microfractures on rock mass, extensometers on open joints
for detecting changes in both rock mass parameters, and
stress-strain conditions; (iii) seismic monitoring device for
detecting possible microseismic precursor events of rock
falls on the cliff slope. The AiCP was installed about 13m
far from the quarry wall and about 6m far from a 1m
length railway track-target specifically provided by the Italian
National Railway Agency for this experiment (Figure 6).

All the recorded data are stored in a local CR1000
Campbell Scientific datalogger, set at 1-minute acquisition
time. The device is also equipped with an automatic data
transmission system, through a GPRS wireless connection
on the local server that allows a complete data storage each
4 h and enables a remote control of both the dataset and
the setting parameters. All the sensors are recording in
continuous mode since March 2016.

All the components of the AiCP were installed on a 4m
height pillar, reproducing a ”self-standing configuration.”The
pillar head hosts one shield containing the main board and
theHDwebcam of the AiCP, the 10WLED spotlight, and one
25Wp photovoltaic panel for powering the system in daylight
hours. At the pillar bottom a one IP66 steel box housing a
65Ah acid battery for powering the system during the night
and one solar charge controller to switch power to solar panel
from acid battery or vice versa were installed (Figure 7).

The field of view (FOV) of the camera is almost 20m
× 15m extended and two RoIs were defined: (1) a RoI
of alert, including the monitored quarry wall, where rock
detachments are expected; (2) a RoI of alarm, including only
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Figure 3: Functional flow diagram illustrating the computer vision algorithm solution. When an obstacle is detected within RoI of alert, the
algorithm is initialized on AiCP main board. After 𝑛 waiting frames (that is the time needed for the obstacle to pass from RoI of alert to RoI
of alarm), the obstacle reaches the RoI of alarm. If the expected time which expires without any obstacle is detected on the railway track, a
false alarm is issued (a); if the obstacle gets out the RoI of alarm after 𝑛 waiting frames (user-defined), nothing is changed (b); if the obstacle
stops moving inside the RoI of alarm after 𝑛 waiting frames (user-defined), an alert signal is automatically transmitted.

the railway track-target that the fallen blocks are expected to
reach (Figure 8).

3.2. Ai Camera Prototype Experimental Tests. The experi-
ments were carried out in three phases: (A) calibration of the
pixel threshold requested by the algorithm for alert/alarm;
(B) detection of rock blocks reaching the railway track-
target in RoI of alarm and control of the RoI of alert to

identify possible debris movement towards the railway track-
target; (C) monitoring of the two RoIs over a long time (i.e.,
several months) to carry out a continuously change detection
analysis on dynamically update background scenario.

During phase (A), the pixel threshold values used by
the algorithm for calculating the minimum detectable block
size on the RoIs have been calibrated. These values are a
function of rock block size, distance between the AiCP and
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Figure 5: (a) Photo view of the Acuto quarry with (b) geological sketch; (c) equiareal Schmidt stereonet of the surveyed rock mass joints.

the monitored target, and pixel resolution of the captured
image. An accidental obstruction of the camera FOV can
also cause a variation of the algorithm threshold values. To
perform the pixel threshold calibration tests, several rock
blocks of different size (Figure 9) were manually placed
against the railway track-target, that is, within the RoI of
alarm, to check the AiCP start recording.

The experimental phase (B) was carried out on July of
2016 in order to simulate rock blocks reaching the railway
track-target. At this aim, several rock blocks were launched

against the railway track-target, through a parabolic trajec-
tory (Figure 10) across the RoI of alert; this activated the
change detection algorithmonbothRoIs and caused an alarm
signal to be transmitted.

The obtained results prove the high-quality performance
of AiCP for detection since all the launched blocks were
reported (Figure 11). In only four cases, the blocks were not
detected because of the following three reasons: (1) size of
the blocks below the algorithmic functionality thresholds, (2)
blocks crumbled after the impactwith the railway track-target
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Figure 6: Monitored rock block (red frame) and the railway track-target (d, blue frame) used as original target for the AiCP detection device
(f). Sensors installed on rock block: (a) rock thermometer, (b) strain-gage, and (c) extensometer. In situ devices are connected to datalogger
CR1000 Campbell Scientific that incorporates a weather station (e).
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Figure 7: “Self-standing configuration” of the AiCP installed at
Acuto: IP66 shield of main board and HD webcam (a), LED
spotlight (b), photovoltaic panel (c), and IP66 box hosting acid
battery and solar charge controller.

reducing their size below the detectable threshold, and (3)
blocks crossing the RoI of alarm and stopping outside of it. In

RoI of alert

RoI of alarm

Figure 8: Point of view of AiCP. The RoI of alert is in the yellow
frame and the Roi of alarm in the red one.

these cases the AiCP did not detect the rock block (i.e., case 1)
or detect it but did not correctly launch the alarm signal (i.e.,
cases 2 and 3).

Another experiment regarded the detectability of fallen
blocks over the railway track-target at night-time, that is, with
the LED spotlight operating.The results demonstrate that the
LED spotlight allows the detection algorithm to be operative.
Nevertheless, in night hours a histogram adjustment on the
acquired image was adopted and new threshold values for
detection have been set applied. Based on the results obtained
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Figure 9: Rock blocks launched against the RoI of alarm (a); minimum size of rock block detectable by the AiCP (b).

(a) (b) (c)

Figure 10: Example of parabolic trajectory of a launched rock block (orange frame). The launched block crosses the RoI of alert (yellow
frame) and the algorithm of the AiCP checked it (a); the block falls into the RoI of alarm and rests (red frame; c). The change detection
analysis quantifies the modified pixels and an alert signal is remotely transmitted to the control station. The smiling emoticon indicates the
block pitcher.

(a) (b) (c)

Figure 11: Detection of fallen blocks during the experiment of Figure 10: (a) background scenario; (b) size-defined rock block on the target
(red frame) and ballast moved due to block rock impact (blue frame); (c) results obtained by the algorithm operation: changes of pixel are
detected (red frame) and an alarm signal is send.

so far (Figure 12), the dynamic variation of the detection
threshold induces negligible effects in terms of false alarms
since they can be minimized without decreased sensitivity.

The experiments performed at the Acuto quarry test-site
were also focused on the efficiency and durability of thewhole
assembled device. The used hardware components resulted
suitable to a continuous use in open field. Moreover, the

remote data transmission has been allowed by a commercial
Subscriber Identity Module (SIM chart). Alarm signals, and
the annexed image frames, were transmitted with regularity.
The energetic efficiency of the power supply unit was also
tested by periodic manual checks of the lithium battery
voltage, carried out during the daily hours as well as during
different experimental phases (Figure 13).During the daylight
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Figure 12: Example of images acquired by theAiCP at night-timewithout the adjustment performed by the algorithm (a) andwith adjustment
for grey scale calibration performed through the real time histogram (b). Detectability of an obstacle on the RoI of alarm, highlighted with
red frame, is also shown (c and d).
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Figure 13: Check of energy efficiency of the AiCP. The lithium
battery voltage in charging/discharging cycles was checked by using
a digital voltmeter during the experiments and during random
days, characterized by different weather conditions. The operation
and efficiency of the photovoltaic panel have been also tested by
measuring the volts in input to the solar charge controller.

hours, the photovoltaic panel always powered the AiCP
so that the excess of voltage allows the lithium battery
to be charged and to power the AiCP device during the
night and/or when daylight conditions did not allow the
efficiency of the photovoltaic energy supply unit. At this
aim, the photovoltaic panel and the lithium battery are adapt
to overbalance each another with respect to the energetic
demand of the AiCP device.

4. Conclusions

An Ai Camera Prototype (AiCP) device, developed by CNR-
ISTI of the National Research Council of Italy, was tested to
detect obstacles reaching railway tracks from rock walls. At
this aim, it was installed in an abandoned quarry at Acuto
(Italy) where several experiments were performed to check
the device reliability and efficiency to detect rock blocks over
a railway track-target and to transmit alarm signals.

The experiment results demonstrate the following:

(a) the suitability of the AiCP device in the site-test
conditions for detecting obstacles over a railway
track-target;
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(b) the flexibility of the operating pixel threshold, which
has been calibrated taking into account the rock block
size, for performing change detection analysis;

(c) the reliability of the detection algorithm for detecting
rock blocks down to 20 cm length;

(d) the reliability of the network transceiver installed on
the main board of the AiCP for transmitting alarm
signals, resulting from on-board change detection
analysis;

(e) the suitability of the LED spotlight that allowed
the AiCP device to operate in continuous mode,
also during night hours and/or in adverse weather
conditions;

(f) the efficiency of the power supply unit through
periodically voltage check.
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Rail traffic is widely acknowledged as an efficient and green transportation pattern and its evolution attracts a lot of attention.
However, the key point of the evolution is how to develop the railway services from traditional handling of the critical signaling
applications only to high data rate applications, such as real-time videos for surveillance and entertainments.The promisingmethod
is trying to use millimeter wave which includes dozens of GHz bandwidths to bridge the high rate demand and frequency shortage.
In this paper, the channel characteristics in an arched railway tunnel are investigated owing to their significance of designing reliable
communication systems.Meantime, asmillimeter wave suffers fromhigher propagation loss, directional antenna is widely accepted
for designing the communication system.The specific changes that directional antenna brings to the radio channel are studied and
compared to the performances of omnidirectional antenna. Note that the study is based on enhanced wide-band ray tracing tool
where the electromagnetic and scattering parameters of the main materials of the tunnel are measured and fitted with predicting
models.

1. Introduction

Mobile communication is one of the most essential and suc-
cessful technology progress types, which becomes an indis-
pensable part of more than 5 billion people [1]. With the
mobile data demand exponentially growing [2–5], wire-
less communication systems working at millimeter wave
(mmWave) have attracted much more attention in many
mobile communication scenarios. For mmWave, it poten-
tially contains a large amount of spectrum resources for
achieving multi-Giga bps data rate for wireless communica-
tion systems [6–8].

As a typical application scene of mobile communication,
high speed railway (HSR) with speed of more than 300 km
per hour challenges the constantly improved mobile com-
munication systems [9]. The most influential challenges for
HSRmmWave communication system include frequent han-
dovers, difficult signal processing as very high speed, andhigh

penetration loss of signal from base-station to intrawagon
user [10]. However, for achieving multi-Giga bps data rate in
high speed railway (HSR), the existing HSR dedicated com-
munication systems are no longer satisfactory. For example,
the maximum data rate for the Global System for Mobile
Radio Communications for Railway (GSM-R) is less than
200 kbps. Even for the Long Term Evolution for railway
(LTE-R), it cannot provide more than 100Mbps data rate.
Therefore, an interest group of High Rate Rail Communica-
tion (HRRC) has been established in the IEEE 802.15 work-
ing group for developing advanced mobile communication
technologies, and it targets final achievement of very high
data rate for HSR wireless communication system. Also, a
distributed antenna system (DAS) [11] has been designed
and it becomes a very promising communication system for
HSR andmetro system [10]. However, all these desiderate full
understanding of the channel and an adequate and reliable
channel model [12].
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Since channel sounding measurements are treated as a
priority when studying channels, in the era of 3G and 4G
communication system, the channel parameters and models
are extracted mostly from massive measurement campaigns
[13]. But the measurement at mmWave band greatly chal-
lenges the existent sounding systems, especially for high-
dynamic channel measurement. The HSR mmWave channel
measurement data is even rare [3]. So, we propose an
approach that enhances the capability of deterministic chan-
nel model for obtaining mmWave HSR channel. Then, some
important channel characteristics are studied and modeled
for guiding future HSR mmWave communication system
design.

In this paper, we simulate an important wireless chan-
nel by an enhanced ray tracing simulator where the elec-
tromagnetic (EM) and scattering parameters of dominant
materials in the scenario aremeasured and fittedwith suitable
models. The simulation configuration practically follows the
communication system demands in [15]. Meanwhile, a time-
interpolation method is employed for promoting the simula-
tion capability for high-dynamic channels. Based on exten-
sive simulations, the channel characteristics in an arched
tunnel are completely exposed in two defined regions. More-
over, the channel feasibilities of using different antennas are
investigated for determining the most suitable one.

The remainder of this paper is organized as follows:
Section 2 describes principles of the proposed ray tracing
tool with material measurement and time-interpolation. In
Section 3, simulation scenario and system setups will be
presented with more details. Section 4 demonstrates the
feasibility of communication system with different antenna
setups. Section 4 also illustrates the necessity of partition of
regions in radio channel analysis. Then, characteristics of
radio channel are provided in Section 5. Finally, Section 6
gives the conclusion.

2. Ray-Optical Based mmWave Channel
Modeling for High-Dynamic Scenario

The wireless channel is simulated by utilizing ray-optical
based deterministic propagation model, that is, ray tracing
(RT) model. As it differs from other traditional RT, the
enhanced RT used in this study has been calibrated in
various frequencies and scenarios [16–19]. We make a spe-
cial measurement for extracting electromagnetic (EM) and
scattering parameters of the most influential materials in the
HSR tunnel. The extracted parameters will be implemented
into RT simulator. Moreover, for investigating the detailed
channel characteristics in such high-dynamic scenario, a
well-studied RT time-interpolation algorithm is employed to
expose the channel small-scale characteristics.

The RT, in this study, is developed based on ray-optical
algorithm [20] at Technische Universität Braunschweig [21].
It is three-dimension (3D) channel simulator which is per-
formed in 3D digital map. For an integrated channel mod-
eling, several radio propagation mechanisms are taken into
consideration as line-of-sight (LOS) ray, reflection rays, and
scattering rays. The LOS ray is known as free-space wave
propagation between transmitter (TX) and receiver (RX). Its

power is calculated by free-space path loss model in RT. The
LOS path, if it exists, will dominate the received power in the
RX.Then, the reflectionwhich is defined as the incident angle
and reflected angle of EMwave from a surface is the same. Its
power is calculated by solving the well-known Fresnel equa-
tions and the related reflection point in the 3D digital map is
obtained by applying the image method [20]. Still, in the case
of reflection, 𝑛th order multiple reflections will be practically
considered for capturing dominant power contributions of
total received power. For the diffuse scattering, the power
contribution of diffuse scattering is evaluated by adopting
the “effective roughness” (ER) scattering models [22]; the
ER models generally include Lambertian Model, Directive
Model, and Backscattering Lobe Model for predicting dif-
ferent types of scattering patterns [22]. Owing to the special
structure of the tunnels where no obstacles are situated,
the transmission through the materials and diffraction from
edges of obstacles are omitted in the simulation.

Based on ray-optical principle and several propagation
mechanism models, the final output of the RT is a time-
variant channel impulse response (CIR) ℎ(𝜏, 𝑡) which is the
sum of powers of all the determined rays [23]:

ℎ (𝜏, 𝑡) = 𝑁(𝑡)∑
𝑘=1

𝑎𝑘 (𝑡) ⋅ 𝑒𝑗(2𝜋𝑓𝜏𝑘(𝑡)+𝜑𝑘(𝑡)) ⋅ 𝛿 (𝜏 − 𝜏𝑘 (𝑡)) , (1)

where 𝑎𝑘(𝑡), 𝜏𝑘(𝑡), and 𝜑𝑘(𝑡) denote amplitude, delay, and
additional phase shift of 𝑘th ray (totally 𝑁(𝑡) rays that have
been found by RT kernel).

Then𝐴𝑘(𝑡) = 𝑎𝑘(𝑡)⋅𝑒𝑗(2𝜋𝑓𝜏𝑘(𝑡)+𝜑𝑘(𝑡)) is defined as a complex
coefficient; formula (1) can be rewritten as

ℎ (𝜏, 𝑡) = 𝑁(𝑡)∑
𝑘=1

𝐴𝑘 (𝑡) ⋅ 𝛿 (𝜏 − 𝜏𝑘 (𝑡)) . (2)

Then, (2) attached with the effects of wave polarization
and antenna gains; 𝐴𝑘(𝑡) can be further expressed by

𝐴𝑘 (𝑡) = √𝐺RX,𝑘 ⋅ →𝑒 (𝜑RX,𝑘, 𝜃RX,𝑘)𝐻 ⋅ 𝑃𝑘 (𝑡) ⋅ √𝐺TX,𝑘

⋅ →𝑒 (𝜑TX,𝑘, 𝜃TX,𝑘) ⋅ 𝐿𝑘 (𝑡) , (3)

where 𝜑RX/TX,𝑘 and 𝜃RX/TX,𝑘 indicate the angle of arrival
(AOA) or angle of departure (AOD) of the 𝑘th multi-
path component. Therefore, the vectors →𝑒 (𝜑RX,𝑘, 𝜃RX,𝑘) and→𝑒 (𝜑RX,𝑘, 𝜃RX,𝑘) denote the complex polarization vectors [24]
of antennas at RX and TX, respectively. 𝐺RX,𝑘 and 𝐺TX,𝑘
indicate the additional antenna gains of the 𝑘th multipath
component in RX and TX. (⋅)𝐻 denotes the Hermitian trans-
pose. 𝑃𝑘(𝑡) depicts the complex channel polarization matrix
which indicates the polarization shifting of the ray. 𝐿𝑘(𝑡)
comprises propagation loss and the phase shift according
to the delay 𝜏𝑘(𝑡) of the 𝑘th multipath component. More
information can be found in [21].

For investigating mmWave channel, it is still the chal-
lenge that the mmWave channel sounding measurements are
very costly and time-consuming even for static scenarios.
For measuring high-dynamic mmWave channel, it is even
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Figure 1: Study on EM and scattering parameters of cement wall. (a) Geometry of material study where the tunnel image is from [30]. (b)
Measurement campaign.

unrealistic tomeasure ammWave channel sample at a normal
HSR speed (around 300Km/h in China). So the RT is a
promising tool for revealing the channel characteristics in
HSR scenarios. It is also a trade-off between the limitation of
measurement and demand for the channel data. To enhance
the RT capability of accurately predicting channels in HSR
tunnel scenario, we perform two approaches, as mentioned
in the initial part of this chapter, which are measuring the
EMand scattering parameters of themost influentialmaterial
and utilizing RT time-interpolation algorithm to extract the
small-scale channel parameters.

2.1. EM and Scattering Parameters Acquisition of the Material.
Theaccurate energy calculations of the reflected and scattered
rays in RT simulation depend on accurate EM (relative
permittivity 𝜀𝑟 in our study) and scattering parameters of
materials as well as accurate 3D digital map of the scenario.
Generally, RT simulation starts with determining the mate-
rials which constitute the scenario; then 𝜀𝑟 and scattering
parameters of these selected materials are acquired from
checking literatures (e.g., ITU-R recommendations [25]),
performing dedicated EM measurement [26], or derivation
from channel measured data [27]. However, apart from ded-
icated EMmeasurement, these methods are less than ideal as𝜀𝑟 and scattering parameters of a material vary in different
scenarios and conditions (e.g., humidity of environment and
density of material). Therefore, we measure the interferences
of the material on the wave propagation at 32.5 GHz using a
self-built testbed and estimate 𝜀𝑟 and scattering parameters
accordingly. And the material, in this study, is sulphoalumi-
nate cement which is generally applied in HSR tunnels (cf.
Figure 1(a)); unlike classic cerement utilized in buildings, it
has advantages of quick-drying, high strength, compaction,
and cementationwhich requires a dedicatedmeasurement for
studying its unknown 𝜀𝑟 and scattering parameters.

As it is shown in Figure 1(b), the self-built testbed is on the
basis of two high-accurate rotatable arms which could lead
an accurate 2D scanning of the scattering of a material; the
TX and RX are with horn antennas; and the Vector Network
Analyzer (VNA) used in the measurement is manufactured
by Keysight Corporation with model N5247A. The VNA

measures 𝑆 − 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 between RF-ports of two cables
after the end-to-end calibration process. In themeasurement,
the material is hanged upside the rotating center by a
rope for eliminating some unwanted interference, which is
consistent with the function of the anechoic chamber. As it
is illustrated in the right of Figure 1(a), the diffuse scattering
data is obtained by rotating the RX while the TX is fixed;
and when 𝜑Inci = 𝜑Scat, we get the reflection data. After
measurement, the data are postprocessed with proper filter
to attenuate some interferences. Then, we can estimate 𝜀𝑟 of
the material by the method of free-space measurement based
partly on [28]; and the estimated 𝜀𝑟 is verified and slightly
tuned with the measured refection coefficient accordingly
(cf. Figure 2(a)).Meanwhile, the scattering parameters can be
estimated by the method similar to [22, 26] but additionally
with SimulatedAnnealingAlgorithm [29] to obtain the better
scattering parameters by automatic minimising of the gap
between fitting results and measurement (cf. Figure 2(b)). It
should be noted that the Directive Model as one of most
important ER models was employed to fit the measured
scattering radiation patterns; therefore frequency-dependent𝑆(𝑓) and 𝛼𝑅(𝑓) of DirectiveModel are the scattering parame-
ters that should be extracted from estimation process [22, 26].

As it is described above, a brick made of sulphoalu-
minate cement was measured; Figure 2 illustrates the esti-
mation processes of relative permittivity (𝜀𝑟) and scattering
parameters (𝑆 and 𝛼𝑅) at 32.5 GHz. Figure 2(a) gives the
comparison of reflection coefficients between fitting curve
and measurement. 𝜀𝑟 of the fitting curve is 𝜀𝑟 = 3.47 − 𝑗0.15,
where the mean error (ME) and standard deviation (Std)
betweenmeasurement andfitting curve are 0.0070 and 0.0141,
respectively. Furthermore, the Directive Model is fitted with
measurement in various incident positions; for example,
Figure 2(b) gives a scattering fitting curve when 𝜑Inci = 70∘.
Themost suitable 𝑆 and𝛼𝑅 for the scattering fitting are 0.00118
and 120, respectively. The ME and Std between fitting curve
and measurement are 2.16𝑒 − 4 and 5.77𝑒 − 4, respectively.
2.2. Interpolation Algorithm in RT. The main drawback
of the RT is the high computational cost according to
the complexity of 3D digital map. For dynamic channel
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Figure 2: The comparison between fitting curve and measurement of cement brick at 32.5 GHz. (a) Reflection. (b) Scattering.

characteristics learning, especially the HSR channel, a high
time resolution (Δ𝑡 = 𝑡𝑛 − 𝑡𝑛−1) of the channel is required
for the study of both large-scale and small-scale channel
characteristics. In this study, the distance between TX and
RX ranges from zero to one kilometer (km). As the channel at
30GHz band is studied, the distance interval between ℎ(𝜏, 𝑡𝑛)
and ℎ(𝜏, 𝑡𝑛−1) should be small enough (normally less than
half-wavelength of EM wave which is 5 millimeter (mm)
in this study [31]). The geometry-based path interpolation
is employed to overcome the impractical simulation time
due to the high computational complexity [32]. The basic
idea of the interpolation is to obtain the information about
the continuous propagation paths between two consecutive
scenario snapshots. Then the linear interpolation will be
performed between the two continuous paths. The detailed
description of this algorithm is in [32].

For this simulation in an arched tunnel, the initial time
resolution is 10 milliseconds (ms) in the simulation, so the
initial interval between two sampled snapshots is 1m as the
speed of HSR is assumed to be 360 km/h in this study. Then,
the interpolation algorithm is preformed between each two
snapshots. By utilizing geometry-based ray information, the
method of interpolation will drop time resolution to 2ms
(2mm interval in distance) in this study.Therefore, with very
small time resolution, the extraction of small-scale fading
parameters can be guaranteed.

3. Simulation Scenario and System
Setups in the Tunnel

3.1. Tunnel Scenario in Simulation. In this study, the straight
arched tunnel is employed as the HSR tunnel scenario.
Figure 3 shows the overview of the tunnel scenario in the
simulation. Figure 3(a) illustrated that the cross section of
tunnel includes the accurate dimension and the locations
of TX1 and RX1. According to realistic “Type II” tunnel

described in [14], the arched tunnel in this study is with
dimension 8.41m × 6.87m (𝑊tunnel × 𝐻tunnel, where𝑊tunnel
and𝐻tunnel are defined as maximum width and height of the
tunnel, resp.). The heights of TX1 and RX1 are 6.5m and 3m,
respectively. Both TX1 and RX1 are located in the middle
of the tunnel. The prior works show that totally 18 smooth
surfaces which constitute the tunnel digital map can provide
effective results and keep the computational complexity at
reasonable level.

As depicted in Figure 3(c), the train is installed with two
antennas in the head and the tail, respectively; the distance
between two adjacent base stations (BSs) is 1 km; the train
is assumed to be 200m long. As indicated in Figure 3(c),
the tail antenna (RX1) communicates with the backward BS
(TX1) while the head antenna (RX2) communicates with
the forward BS (TX2). Note that, in this study, only the
channel characteristics of Link 1 are investigated with the
symmetric manner of Link 1 and Link 2. Furthermore,
two radiation lobes of antennas in Figure 3(c) are used to
illustrate the pointing directions of the directional antennas
which are used in the TXs. Moreover, Figure 3(b) illustrates
a snapshot in the simulation. In order to characterize the
channel in this tunnel, the simulation scenario and system
setups in this study follow the real requirements of themobile
communication system described in [15]. The scenario and
system setups of the simulation are listed in Table 1.

3.2. Antenna Setups. As it is widely recognized that the
directional antenna is indispensable for mmWave communi-
cation system, the detailed effects of directional antenna on
mmWave channels still lack a careful investigation, especially
for HSR channels. In other words, though the proper use of
directional antenna gives a high compensation to received
power, the distinctions of the radio channels characteristics
between applying directional antenna and applying omnidi-
rectional antenna are not clear. Therefore, in this study, three
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scenario.

Table 1: Computation time (min) of total 1000 snapshots for orders of reflection.

1st 2nd 3rd 4th 5th 6th 7th 8th
2.8 (s) 5.7 (s) 11.4 (s) 36.1 (s) 212.6 (s) 1.5 × 103 (s) 1.1 × 104 (s) 8.4 × 104 (s)
antenna setups are employed under various combinations of
directional antenna and omnidirectional antenna; refer to
Figure 4. They are defined as follows:

(1) Direc.-Direc.: TX1 and RX1 are both with the direc-
tional antennas. The antenna at TX1 is statically
pointing along the tunnel while the antenna at RX1
is pointing at opposite direction of TX1 antenna.

(2) Direc.-Omni.: TX1 is with directional antenna and
RX1 is with omnidirectional antenna. The antenna at
TX1 is statically pointing along the tunnel.

(3) Omni.-Omni.: TX1 and RX1 are both with the omni-
directional antennas.

The directional antenna is designed by drawing sinusoidal
chart in polar coordinate as horizontal and vertical patterns.
The following studies will be carried out in describing radio
channel characteristics of three antenna setups.

3.3. Number of Frequencies in Simulation. As the simulation
configuration should follow the real mobile communication
systemdescribed in [15], the simulation frequency bandwidth

is set to be 125MHz.Moreover, wewant to expose the channel
characteristics over a frequency range of 31.5 GHz∼33.5 GHz.
So, the number of the center frequency points 𝑁𝑓 is chosen
sufficiently enough. Therefore, total 264 center frequency
points are considered in this study [9, 33, 34].

3.4. Order of Multireflection in Simulation. The computa-
tional complex of RT simulation is significantly affected by
multireflection which requires massive cyclic and traversal
search of RT kernel. Although higher order of reflection
greatly decreases the efficiency of RT simulations, the higher
order of reflection gives more accurate simulation results.
Therefore, the order of reflection should be selected very
carefully. Before massive RT channel simulations, we studied
the power contributions of each order of reflection in the
same arched tunnel in Omni.-Omni. case. Figure 5 illustrates
the percentages of overall power of each order of reflection
compared to total received power. In the figure, on the whole,
it is apparent that the overall received power which includes
power contributions from LOS to 5th order of reflection
strikingly reaches 99% of total received power. Accordingly,
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we recorded the RT computation time of 1000 snapshots for
considering up to 𝑛th order of reflection (cf. Table 1). As
can be seen, the computation time is of exponential growth
with the increase of reflection order. Comparing results of
Figure 5 andTable 1, the percentages of power contribution of
reflection orders higher than 6th are less than 0.1%while they
computation time are strikingly hundred times larger than
that of lower reflection orders. Therefore, we limited maxi-
mum reflection order at 5th which gives accurate simulation
results while keeping the computation time acceptable.

Finally, Table 2 gives an overview of scenario setups and
simulation configuration in this study.

4. Study in System Feasibility and
Partition for Regions

4.1. System Feasibility with Different Antenna Setups. In
wireless communication systems, coverage of the system is

Table 2: Scenario setups and simulation.

Tunnel type [14] Arched tunnel
Antenna types Directional antenna
(Figure 4) Omnidirectional antenna
Material of tunnel Sulphoaluminate cement
Material permittivity 𝜀𝑟 = 3.47 − 𝑗0.15
Material scattering parameters 𝑆 = 0.00118, 𝛼𝑅 = 120
Tunnel length 1 km
Heights of TX and RX 6.5m and 3m
Speed of HSR 360 km/h
System bandwidth for a link 125MHz
Frequency range investigated 31.5 GHz∼33.5 GHz
Transmit power 30 dBm [6]
Cable loss 6 dB
Final channel sample interval 2mm

defined or controlled by a minimum required signal-noise
ratio (SNR). The SNR is calculated by

SNR (dB) = 𝑃 − (−174 + 10 ⋅ log10 (𝑊) + 𝑁𝐹) . (4)

The value 𝑃 is the received power without small-scale fading
which is excluded by averaging received signal with a 40𝜆
sliding/overlapped window [35].𝑊 is the channel simulation
bandwidth; it is 125MHz in this study.𝑁𝐹 is the noise figure
which is the noise factor expressed in decibel. Here, 𝑁𝐹 is
practically assumed to be 10 dB. Further, the number −174 is
widely used as spectral noise power density for 1Hz.

As shown in Figure 6, the channel performances of
different antenna setups vary considerably in the near region
(which is defined in Section 4.2). In Direc.-Direc. and Direc.-
Omni. cases, with the RX1 moving away from the TX1, the
LOS component gradually enters the illumination of the
main lobe (3 dB beam width) of the directional antenna.This
process causes the SNR obvious increases in the distance
ranging from 15m to 50m. Afterwards, when RX1 moves
into far region, the LOS and lots of NLOS components enter
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Figure 6: SNRs of different antenna setups. The red vertical solid
line is the partition for two regions; the black horizontal line depicts
the minimum threshold for the available SNR.

the illumination of the main lobe of the directional antenna.
Obviously, the fluctuations of the SNRs of different antenna
setups undergo a similar tendency in far region.

According to Figure 6, if the minimum SNR is 10 dB for
a reliable detecting [6], that is, system minimum available
threshold, this communication system in tunnel can support
more than 1 km coverage range in the Direc.-Direc. and
Direc.-Omni. cases. But, it is difficult to support 1 km signal
coverage when deep shadow fading exists. In the Omni.-
Omni. case, the system can only support coverage range less
than 50m. Although it is obvious that the directional antenna
brings a better performance of signal coverage, the detailed
channel characteristics are still under research.

4.2. Definition of Regions for Radio Channel Analysis. As it is
shown in Figure 6, the received SNRs are obviously different
in different regions. The reasons are mainly depending on
the antennas used in simulation, for example, half-power
bandwidth (HPBW), pointing direction, and position [36].
The following channel characteristics should be studied in
different regions. Figure 7 gives the sketch of partition for
regions. 𝐻BS and 𝐻Ant. are the heights of BS (TX1) and RX1,
respectively; 𝜃 and 𝛼 are the inclination angle and HPBW
of the directional antenna (TX1). The red solid line indicates
the pointing direction of the TX1. The two black dotted lines
depict the region which will be illuminated by the antenna
main lobe. The value 𝐷 determines the boundary between
near region and far region which can be calculated by [36]

𝐷 = 𝐻BS − 𝐻Ant.
tan (𝜃 + 𝛼/2) . (5)

In this study, 𝛼 = 8∘, 𝜃 = 0∘, 𝐻BS = 6.5m, and 𝐻Ant. = 3m.
The angle (𝜃 + 𝛼/2) indicates the pointing direction plus half
of the (elevation) HPBW. As a result, the length of 𝐷 in this
study is 50m.

D

RX1 RX2

TX1

Near region Far region 

 = 0∘ (inclination angle)

H＂３

H＂３ − H！ＨＮ.

H！ＨＮ.

 = 8∘ (HPBW)

Figure 7: Sketch for region definition.

5. The Detailed mmWave Channel
Characteristics in HSR Tunnel Scenario

Here, the radio channel characteristics will be presented in
time, frequency, and polarization domains in order to help in
designing a robust and sophisticatedwireless communication
system in HSR scenarios.

5.1. Path Loss and Shadow Fading Extraction. The large-
scale fading (including path loss and shadowing fading) are
obtained by averaging received power with a 40-wavelength
window [35]. The large-scale fading is generally expressed as
a log-distance path loss model 𝐿(𝑑)with a path loss exponent
(𝑛):

𝐿 (𝑑) = 𝐿 (𝑑0) + 10𝑛 lg ( 𝑑𝑑0) + 𝑋𝜎, (6)

where 𝐿(𝑑) is the function of 𝑑 which indicates the distance
between TX1 and RX1. 𝐿(𝑑0) is the intercept value at refer-
enced distance (𝑑0). 𝑋𝜎 is the shadow fading. Figure 8 gives
one example of extraction process of 𝑛 at a frequency center
of 32.5 GHz in far region. Note that the following analyses
for path loss and shadow fading are mainly in far region.
This is because, in the near region, the fluctuation of the
received power is largely dominated by antenna radiation
pattern.

In Figure 8, a red solid line indicates the least square
fitting result of the simulated data (marked in blue).The path
loss exponent is the slope of the red solid line. It is around
1.1 in far region, which indicates the small attenuation of
wave propagation in tunnel. This character may stem from
the waveguide effects caused by tubular structure of the
tunnel where the reflection attenuation will be small enough
when incident angles of reflected rays are quite large in far
region. The path loss exponents of different antenna setups
at frequencies in the range 31.5 GHz∼33.5 GHz are calculated
and shown with statistical values in Table 3.

5.2. Amplitude Distribution of Shadow Fading. As expressed
in (6), the shading fading 𝑋𝜎 can be extracted from the
large-scale fading 𝐿(𝑑). 𝑋𝜎 is conventionally modeled as a
log-normal distribution [14, 36] which is confirmed in this
study.
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Table 3: Channel fading characteristics statistics.

Setups Direc.-Direc. Direc.-Omni. Omni.-Omni.
Path loss exponent (𝑛)

Min 1.06 1.06 1.07
Mean 1.10 1.10 1.11
Max 1.13 1.13 1.13

Shadow fading standard deviation (𝜎) [dB]
Min 3.32 3.39 3.42
Mean 3.43 3.49 3.47
Max 3.49 3.54 3.51

Decorrelation distance [m]𝑑cor 𝑑 𝑑 𝑑 𝑑 𝑑 𝑑[𝑚] (0.5) (𝑒−1) (0.5) (𝑒−1) (0.5) (𝑒−1)
10% 1.20 1.60 0.90 1.40 0.80 1.00
50% 2.03 2.75 1.89 2.60 1.73 2.30
90% 3.81 5.01 3.41 4.70 3.34 4.31
Mean 2.46 3.36 2.08 3.09 1.89 2.68

Rician 𝐾-factor [dB]
Regions Near Far Near Far Near Far
10% 5.90 −7.79 5.78 −8.28 3.75 −8.29
50% 19.48 −6.98 10.59 −7.47 7.28 −7.48
90% 36.57 −2.29 20.85 −3.60 12.62 −4.64
Mean 20.31 −5.80 12.28 −6.54 7.80 −6.85

Root mean square delay spread [ns]
Regions Near Far Near Far Near Far
10% 0.11 0.40 0.67 0.44 2.62 0.44
50% 0.32 0.47 1.94 0.52 4.82 0.58
90% 5.72 0.54 5.72 0.69 5.72 1.20
Mean 2.12 0.47 2.97 0.54 4.42 0.70

Root mean square Doppler spread [kHz]
Regions Near Far Near Far Near Far
10% 0.40 0.40 0.41 0.40 0.50 0.40
50% 0.42 0.41 0.55 0.41 0.94 0.41
90% 2.46 0.42 2.46 0.42 2.45 0.42
Mean 0.95 0.41 1.04 0.41 1.20 0.41

XPD𝜃 [dB]
Regions Near Far Near Far Near Far
10% 10.44 −5.80 8.07 −6.47 5.44 −6.61
50% 28.45 3.00 18.72 2.20 14.17 2.26
90% 41.11 12.93 29.03 12.63 23.45 12.77
Mean 26.84 3.13 18.66 2.54 14.34 2.49

XPD𝜑 [dB]
Regions Near Far Near Far Near Far
10% 10.52 −7.99 8.28 −8.99 5.41 −8.98
50% 28.43 1.66 18.21 1.23 11.53 0.90
90% 41.21 10.81 28.52 10.43 20.10 10.11
Mean 26.90 1.38 18.33 0.80 12.23 0.63

Figure 9 describes the probability density function (PDF)
of shadowing fading in Direc.-Direc. case at 32.5 GHz with
the results of 𝜇 = −1.7052 dB and 𝜎 = 3.4443 dB, although,
as the shadowing fading was extracted by (6), some deep

fading inevitably leads to a no-zero value of 𝜇. However,
the modeled 𝜎 is still valuable for studying the channel
shadowing characteristics in tunnel. The statistic value of 𝜎
at whole frequencies can be found in Table 3.
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Figure 9: Fitting for amplitude distribution of shadow fading.

5.2.1. Autocorrelation of Shadow Fading. As shadowing
causes the channel deep fading, the communication links
tend to be interrupted (refer to Figure 6). To overcome the
potential communication interruption, the autocorrelation of
shadow fading should be well-studied. The autocorrelation
coefficient of shadow fading is one important characteristic
for designing distributed antenna system, which is defined as

𝜌1,2 = 𝐸 {𝑆 (𝑑1) 𝑆 (𝑑2)}𝜎 (𝑑1) 𝜎 (𝑑2) , (7)

where 𝐸{⋅} denotes the expectation; 𝑆(𝑑) is the expression of
the shadow fading at distance 𝑑; 𝜎(𝑑) is the expression of
the standard deviation for the shadow fading at distance 𝑑.

Simulated autocorrelation coefficient of shadow fading
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Figure 10: Autocorrelation coefficient of shadow fading in Direc.-
Direc. case at 32.5 GHz in far region.

Further, two widely used empirical models are employed to
fit the autocorrelation coefficient [14]: the exponential model
and 802.16J model. The former is accepted in WINNER II
model:

𝜌exp (Δ𝑑) = 𝑒(−Δ𝑑/𝑑cor), (8)

the latter is presented in standard IEEE 802.16J:

𝜌exp (Δ𝑑) = 𝑒(−Δ𝑑/𝑑cor)⋅ln 2. (9)

In (8) and (9), Δ𝑑 is the distance between two interested
positions (𝑑1 and 𝑑2). There are mainly two definitions for
decorrelation distance 𝑑cor: 𝑑cor (0.5) and 𝑑cor (𝑒−1). They
present the correlation coefficient equal to thresholds 0.5 and𝑒−1, respectively [14]. Obviously, these two models have same
structure. Figure 10 gives the autocorrelation coefficient of
shadow fading in Direc.-Direc. case at 32.5 GHz in far region.
In conclusion, 802.16J model is fitting well when threshold is
0.5. The exponential model performs better when threshold
is 𝑒−1.
5.2.2. Decorrelation Distance of Shadow Fading. Compen-
sating the deep shadowing fading of the channel is gener-
ally used in multiantennas technology. Therefore, antennas
should be separated long enough to obtain channel diver-
sity gain. This distance is so-called decorrelation distance.
The decorrelation distances for each RX1 position along
the tunnel is extracted by using (7) with two thresholds
(0.5 and 𝑒−1) at whole frequencies in the range 31.5 GHz∼
33.5 GHz. Figure 11(a) is an example of decorrelation distance
at 32.5 GHz in far region. Obviously, there are rare differences
among decorrelation distances of different antenna setups.
Around a distance of 150m, the Direc.-Direc. case reveals a
longer decorrelation distance as shown in Figure 11(a). For
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Figure 11: (a) Decorrelation distances of three antenna setups at 32.5 GHz in far region. (b) For three antenna setups, the figure shows the
CDF of the decorrelation distances at whole frequencies with thresholds 0.5 and 𝑒−1 in far region.

the whole frequency range, Figure 11(b) describes cumulative
distribution function (CDF) of the decorrelation distances of
three antenna setups. Furthermore, Table 3 lists their statistic
values.

For all three antenna setups, the decorrelation distances
calculated by using threshold 𝑒−1 are no doubt longer than
that using threshold 0.5. Moreover, Direc.-Direc. performs a
longer decorrelation distance value (mean value around 2.5)
than other cases (mean value around 2.3m and 2m, resp.).
These indicate that the decorrelation distance will become
longer when directional antenna is employed.

5.3. Rician𝐾-Factor for the Received Signal. The time-varying
fading characteristic of the signal is normally modeled
by Rician 𝐾-factor when LOS component exists [37]. the
Rician 𝐾-factor is defined as the ratio of the power of LOS
component to the total power of NLOS components.

The Rician𝐾-factor at 32.5 GHz is shown in Figure 12(a).
In the near region, the 𝐾-factor experiences a rapid change.
In Omni.-Omni. case, this process can be described by the
narrow structure of the tunnel which causes the attenuation
of reflected components. For other two cases, this rapid
changemainly stems from the radiation pattern of directional
antenna. In the far region, the 𝐾-factors of all three antenna
setups decrease slowly. Moreover, Figure 12(b) gives the CDF
of three antenna setups at whole frequencies in the range
31.5 GHz∼33.5 GHz in both near region and far region. It is
obvious that, in the near region, the𝐾-factor varies intensely.
But, in the far region, the differences among three 𝐾-factors
are fairly small. The statistical values are listed in Table 3
where we find that the 𝐾-factor (in dB) is positive in near

region but is negative in the far region. This characteris-
tic indicates that the dominant power contribution of the
received signal is changing from the LOS component to the
NLOS components.

5.4. Delay Characteristics in the Tunnel. The root mean
square (RMS) delay spread is widely known as the single
parameter that can provide a quick overview of channel delay
characteristics. It is defined as the normalized second-order
moment of the power delay profile (PDP)which characterizes
channel delay dispersion [37]. In this study, the RMS delay
spread is calculated as follows:

𝑆𝜏 (𝑡) = √∑𝑁(𝑡)𝑘=1 𝑃𝑘 (𝑡) ⋅ 𝜏𝑘 (𝑡)2∑𝑁(𝑡)𝑘=1 𝑃𝑘 (𝑡) − (∑𝑁(𝑡)𝑘=1 𝑃𝑘 ⋅ 𝜏𝑘 (𝑡)∑𝑁(𝑡)𝑘=1 𝑃𝑘 (𝑡) )2, (10)

where 𝑆𝜏(𝑡) is the RMS delay spread; 𝑃𝑘(𝑡) is the power of 𝑘th
ray. As all the rays are specific with certain delay, power, and
angle information, (10) is efficient for calculating the RMS
delay spread directly from rays of RT kernel results.

Figure 14 depicts CDFs of the RMS delay spreads which
were extracted in every snapshot at whole simulation fre-
quencies. Apparently, when directional antennas are used in
the system, the RMS delay spread will be decreased especially
in near region.These results are in line with the phenomenon
displayed in Figure 13 which specially compares PDPs of
three antenna setups in near region. It is clear that the direc-
tional antenna can be a great spatial filter in near region that
attenuates multipath components which are not illuminated
by the main lobe of directional antenna. Therefore, when
directional antennas are employed at both TX1 and RX1, the
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Figure 12: (a) Rician 𝐾-factor for different antenna setups at 32.5 GHz. (b) CDF of Rician 𝐾-factor in different antenna setups and regions
at whole frequencies.
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Figure 13: Partial enlarged views to describe the changing of the PDPs with different antenna setups in near region at 32.5 GHz.

minimum value of RMS delay spread can be obtained which
is around 2.12 ns in near region and 0.47 in far region.

5.5. Doppler Characteristic in the Tunnel. As discussed pre-
viously, the HSR channels in tunnel were simulated at speed
of 360 km/h. Therefore, the Doppler effect on the channels
is widely of interest as it gives physical interpretation of the
frequency shift caused by movement [37]. As can be seen
in Figure 15, in near region, the train movement obviously
spreads the Doppler spectrum in Omni.-Omni. case; but the
spectrum shows a stable Doppler frequency shift with limited
frequency spread in far region. The striking variations of
the Doppler spectrum in near region are partly due to the
fact that the incident angles of received rays are sparse and
change rapidly, whereas, in the far region, the incident angles
of received rays are very close and change slowly (referring
to the tunnel narrow structure), which leads to a stable

Doppler frequency. Meanwhile, since the directional antenna
attenuates lots of rays in near region, Figure 16 illustrates the
detailed effects of directional antenna on Doppler spectra
where some distinct differences among Doppler spectra are
clearly shown. To better evaluate the Doppler effects, the
CDFs of mean Doppler shifts and RMS Doppler spreads
of three antenna setups are studied at whole frequencies
in Figure 17. These two parameters are the moments of
the Doppler spectra which can be calculated similar to the
moments of the PDP [37]. According to Figure 17 and the
statistic values listed in Table 3, the same conclusion as that
from Figure 16 can be obtained that directional antenna is
like a spatial filter which causes largermeanDoppler shift and
lower RMS Doppler spread in HSR tunnel.

Generally, the Doppler effects are studied with other
second-order fading statistics that also closely related to
channel dynamic characteristics and the quality of received
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Figure 15: Doppler spectra of Omni.-Omni. case at 32.5 GHz in
tunnel.

signals. They are level cross rate (LCR) and average fade
duration (AFD) [38]. As detailed in Figure 18(a), curves that
stand for LCRs in far region exhibit lower LCRs compared to
that in near region; and the result of Direc.-Direc. case in far
region shows the minimum LCR. These phenomena are in
line with observation results in Doppler spectra (cf. Figures
16 and 17). Additionally, since the LCRs of far region are
far lower than LCRs of near region, the Doppler frequencies
in far region are accordingly more stable with minimum
Doppler spread andmean shift. However, although the AFDs
exhibited in Figure 18(b) have no clear distinctions between
different regions, the AFD of Direc.-Direc. case still shows

the minimum value. And AFDs of three antenna setups
in far region increase sharply when thresholds for AFD
calculation are around 0 dB, which indicate weaker fast-
fading characteristics of the channels in far region as well as
weaker Doppler spread.

5.6. Polarization Characteristics in the Tunnel. The above
analyses of channel characteristics describe the vertical polar-
ization only. However, the channel polarization characteris-
tics in the tunnel are valuable for system design.The radiated
signal from a vertically polarized antenna will experience
interactions that result in horizontal polarized component
before it arrives at RX and vice versa [37]. This process
is so-called depolarization process that has been depicted
by a 2 × 2 matrix which is formulated by 𝑃𝑘(𝑡). Then,
cross-polarization discriminations (XPD including XPD𝜃
and XPD𝜑) are invited, which indicates leakage from one
polarization to another by depolarization effect [39, 40]:

XPD𝜃 = ℎVV2ℎVH2 ,
XPD𝜑 = ℎHH

2ℎHV
2 ,

(11)

where |ℎVH|2 refers to the power transmitted in vertical
polarization and received in horizontal polarization. |ℎVV|2,|ℎHH|2, and |ℎHV|2 are defined accordingly.

Figure 19(a) illustrates XPD𝜃 and XPD𝜑 simulated data in
Direc.-Direc. case accompanying fitting lines. The depolar-
ization processes of the channel are found to be similar for
both vertical and horizontal polarized signal at 32.5 GHz.The
tubular structure of tunnel which results in the depolarization
process of the channel does not obviously prefer vertical or
horizontal polarized signal. Moreover, the values of XPDs in
near region are much larger than values in far region. As LOS
component cannot be depolarized and gradually illuminated
by antenna main lobe in near region, the numerator of
(11) will increase with attached antenna gain to the LOS
component. This causes an apparent change as shown in
Figure 19(a).

Figures 19(b) and 19(c) show theCDFs ofXPD𝜃 andXPD𝜑
of three antenna setups at whole frequencies in different
regions. We learn that using directional antenna can baffle
depolarization process of the channel in near region. The
statistic values of the results of depolarization process in the
tunnel can be found in Table 3.

5.7. Relative Discussions. Based on the radio channel char-
acteristics and aforementioned analyses, Table 3 lists all
the statistic values of the parameters. Then, the following
discussions can be made:

(1) Path loss: the path loss exponents for each antenna
setup are all around 1.1 in far region. The tubular
and narrow structure of the tunnel probably causes
the waveguide propagations which compensate the
received power in far region.
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Figure 16: Partial enlarged views to describe the changing of the Doppler spectra with different antenna setups in near region at 32.5 GHz.
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Figure 17: (a) CDFs of mean Doppler shift in different antenna setups and regions at whole frequencies. (b) CDFs of RMS Doppler spread
in different antenna setups and regions at whole frequencies.

(2) Shadow fading: as the log-normal distribution can fit
the shadow fading well, the shadow fading standard
deviations for three antenna setups are similar and
around 3.4 dB in the far region. This number is close
to the measurement results in the tunnel at 5.7 GHz
[14].

(3) Decorrelation distance: the deep fading caused by
shadow fadingwill decrease received power anddecay
system capacity. Also, possibly, it may result in ping-
pong effect when system is in handover. The decorre-
lation distances calculated by threshold 𝑒−1 are obvi-
ously larger than that using threshold 0.5. The mean
value forDirec.-Direc. case is around 2.5m (threshold

0.5) which is larger than other cases. In conclusion,
as per directional antenna employed in system, the
decorrelation distance increases 0.2–0.4m.

(4) Rician 𝐾-factor: the 𝐾-factors in two regions show
great differences, especially for Direc.-Direc. case
where the difference between the mean values of two
regions is around 25 dB. Even if the 𝐾-factors have a
great variation in different regions, the 𝐾-factors of
different antenna setups have little differences in far
region (around −6 dB).

(5) RMS delay spread: the RMS delay spread will be
deceased when directional antenna is employed. In
the near region, the directional antenna performs as
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Figure 18: (a) Results of level cross rates of three antenna setups at 32.5 GHz. (b) Results of average fade durations of three antenna setups at
32.5 GHz.

a spatial filter which reduces the RMS delay spread
by 1–1.5 ns. In the far region, RMS delay spreads of
different antenna setups are less than 1 ns, and in
the Direc.-Direc. case, the number will be less than
0.5 ns.

(6) RMSDoppler spread: there are less than 100Hz varia-
tions in RMSDoppler spreads when one or two direc-
tional antennas are employed in the system. All RMS
Doppler spreads in far region are around 0.41 kHz.
Furthermore, the RMS Doppler spread may be less
influenced than RMS delay spread when directional
antennas are employed.

(7) XPDs: for Direc.-Direc. and Direc.-Omni. cases, it
is interesting to find that the mean values of XPD𝜃
and XPD𝜑 are very close in near region and have a
variation of 1.7 dB in far region. For Omni.-Omni.
case, the values of XPD𝜃 are 2 dB larger than XPD𝜑
in both the two regions. Since the vertical polarized
signal shows an advantage in resisting depolarization
compared to horizontal polarized signal in the tunnel,
it is better to deploy vertical polarized antennas in the
arched tunnel.

6. Conclusion

In this paper, 30GHz band HSR radio channels in an arched
tunnel with different antenna setups are investigated by a
RT tool. To enhance RT for more accurate simulations, a
special material measurement campaign is performed for

the cement which is the main construction material of the
tunnel. Then, an advanced time-interpolation method is
described for extracting small-scale channel characteristics.
These two steps work as a promising and solid base for
our extensive channel simulation at 31.5 GHz∼33.5 GHz. The
channel characteristics are found to be widely different in
different regions. The results show that directional antennas
deployed at both TX and RX can significantly improve the
coverage range of mobile communication system. But the
directional antennas will bring about larger decorrelation
distance in radio channel. Therefore, the interval between
antennas at RX (if multiantennas are applied) should be
separated by more than 2.5m to overcome deep shadow
fading. Meanwhile, the directional antennas play the role
of spatial filter which obviously attenuates the rays out of
the antenna main lobe, especially when RX is close to TX.
These effects greatly decrease RMS delay spread in the near
region. Actually, comparing to omnidirectional antenna, the
directional antenna mostly affects the channel character-
istics in the near region, but it rarely affects the channel
characteristics in the far region. Considering the length of
the near region is around 50m in the study, the HSR will
get through the near region in a flash (0.5 second). In this
momentwhen the channel changeswith extreme rapidity, it is
difficult to keep a reliable communication link. So, advanced
handover strategies should be considered before or after
HSR getting through the near region. Finally, the vertical
polarized antenna is suggested in this arched tunnel rather
than horizontal polarized antenna.
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Figure 19: (a) Results of XPD𝜃 andXPD𝜑 in theDirec.-Direc. case at 32.5 GHz. Two fitted lines describe the variation tendencies for XPD𝜃 and𝑋𝑃𝐷𝜑, respectively. (b) CDFs of XPD𝜃 in different antenna setups and regions at whole frequencies. (c) CDFs of XPD𝜑 in different antenna
setups and regions at whole frequencies.
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Multimedia and data-based services experienced a nonstopping growth over the last few years. People are continuously on the
move using devices to access multimedia contents or other data-based services. Due to this, railway companies are showing a great
interest in deploying broadband mobile wireless networks in high-speed-trains with the aim of supporting both passenger services
provisioning as well as automatic train control and signaling. Nowadays, the most widely used technology for communications
between trains and the railway infrastructure is GSM for Railways (GSM-R); however, it has limited capabilities to support such
advanced services. Due to its success in the mass market, Long Term Evolution (LTE) seems to be the best candidate to substitute
GSM-R. In this paper, we experimentally characterize the downlink between an LTE Evolved NodeB (eNodeB) and a high-speed
train in a commercial high-speed line. We consider two links: the one between the eNodeB and the antennas placed outdoors on
the train roof, and the direct link between the eNodeB and a receiver inside the train. Such a characterization consists in assessing
the path loss, the Signal to Noise Ratio, the 𝐾-Factor, the Power Delay Profile, the delay spread, and the Doppler Power Spectral
Density.

1. Introduction

Railway communications can be divided into two groups:
(a) train control signaling and safety-related communications
and (b) noncritical communications, both for train staff and
passengers. While the first kind of communications usually
does not require high data rates, it in turn imposes stringent
constraints to the Quality of Service (QoS) [1–5]. Operational
and functional requirements for the railway environment
require in fact reduced delays or call setup times, as well
as very reduced service interruptions. The second type of
railway communications demands higher throughputs (e.g.,
access to multimedia services), but they do not impose so
strict requirements in terms of reliability.

Nowadays, the most widely used technology for train
control signaling and safety-related communications
between trains is based on GSM for Railways (GSM-R) and
requires a specific network deployment with base stations
located along the track. The GSM-R, which is based on the
mature Global System for Mobile Communications (GSM)

technology, provides a continuous communication channel
between the train driver and the ground controllers, being
well-suited to perform emergency calls, selective phone calls,
or small data transmission. However, GSM-R has reduced
capabilities to support more advanced services, such as
automatic pilot or provisioning broadband communications
to train staff.

Besides that, multimedia and data-based services expe-
rienced a nonstopping growth over the last few years [1].
People are continuously on the move using devices to access
multimedia contents or other data-based services. Whereas
sometimes the transmission of a few data bits is enough,
continuous streaming of multimedia data is required in other
situations. In most cases, users are connected to general-
purpose mobile networks. However, railway companies are
aware of the market opportunity and aim to provide pas-
sengers with multimedia services and/or broadband Internet
access onboard. The Mobile-Relay technique has been pro-
posed in [6] as a way to provide coverage to passengers based
on a relaying scheme (a link from the cellular base station to
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an external antenna installed on the train, which is relayed to
a local base station inside the train carriage).

Taking into account the big success of Long Term
Evolution (LTE) in the evolution of mobile networks, it
seems reasonable to consider LTE as the best candidate
to substitute GSM-R as the fundamental technology for
railway communications, as well as provisioning services to
passengers. While in previous publications we studied the
suitability of LTE to fulfill the operational and functional
requirements for the railway environment (e.g., see [1–4]), in
this paper, we account for the detailed characterization of the
wireless link based on LTE measurements in a high-speed
train line in Spain. We consider both the channel between
an Evolved NodeB (eNodeB) and a passenger inside a high-
speed train, as well as the direct channel between the eNodeB
and the outdoor antennas installed on the train carriage.

The first step for migrating GSM-R into LTE is to assess
the performance of such a communications system for the
railway environment. Knowledge of the wireless channel
characteristics is the fundamental basis for the planning
of wireless communication networks and the design of
transceivers [1, 7]. However, HST communications demand
for the evaluation of specific scenarios which are typical in
most railway lines, such as [1] rural macrocell, hilly terrain,
viaducts, cuttings, or tunnels. Hence, in recent years, a lot
of attention has been put to measurement-based analysis to
characterize the different types of high-speed railway scenar-
ios. In [8–11], several parameters of the channel were analyzed
and modeled for a viaduct scenario based on measurements
carried out using GSM-R Base Stations (BSs) at 930MHz. In
[12], the channel is characterized and modeled for a cutting
scenario based on measurements carried out using GSM-R
BSs at 930MHz.The papers [13–15] analyze the channel for a
viaduct scenario considering a carrier frequency of 2.35GHz.
In [16], a hilly terrain scenario is considered and the delay
andDoppler spread is characterized for a carrier frequency of
2.4GHz. In [17], the authors use the commercially deployed
LTE base stations along the HST railway between Beijing and
Shanghai (with a total distance of 1318 km) to characterize
statistically the parameters of the observed channels.

In our case, we did not perform the measurements by
employing a general-purpose mobile network deployment
during the train operation. However, different from other
works, we installed an eNodeB taking advantage of the
available infrastructure for GSM-R in the considered high-
speed train line.We considered a carrier frequency of 2.6GHz
and the 10MHz profile of LTE. Furthermore, we deployed
two sectors, and the corresponding eNodeB antenna panels
were placed in the same tower where the GSM-R antennas
are installed. Since we measured LTE standard-compliant
signals, tasks like time and frequency synchronization or
channel estimation were performed considering exclusively
the same information that a commercial receiver would
use (i.e., synchronization signals and pilots). We could also
perform different train passes along a segment of about
7 km long centered at the eNodeB site with distinct train
speeds and varying the data traffic. At the receiver (train)
side, we could access the external antennas of the train,
being able to evaluate the eNodeB-train wireless link in a

realistic way. We also considered antennas installed indoors
to model the direct eNodeB-passenger link. Furthermore,
high-resolution results are obtained from our measurements
(which are freely available for other research groups), since
we continuously capture the signal at the receiver during the
whole measurement campaigns.

The main contribution of this paper is the complete and
detailed characterization of the downlink between a com-
mercial LTE eNodeB and a train moving at high velocities
along a track in commercial operation in a rural area in
Spain. We consider two links: the one between the eNodeB
and the antennas placed outdoors on the train roof and
the direct link between the eNodeB and a receiver inside
the train. Such a characterization consists in assessing the
path loss, the Signal to Noise Ratio (SNR), the 𝐾-Factor,
the Power Delay Profile (PDP), the delay spread, and the
Doppler Power Spectral Density (PSD) for different train
speeds. Finally, we showed the specific characteristics of
the railway channel and the impact of the train speed on
them. Besides that, the mathematical description of all the
procedures followed to obtain the results is detailed. In
particular, mathematical descriptions in both discrete time
and frequency are provided for all the estimated parameters:
channel response, synchronization, SNR, path loss,𝐾-Factor,
PDP, delay spread, andDoppler PSD. Additionally, guidelines
about the drawbacks and pitfalls to be considered for the
different analysis methods are provided.

The structure of the paper is as follows: Section 2
describes in detail the environment, as well as the experi-
mental setup and procedure considered for the evaluations.
Section 3 explains the basic aspects of the signal processing
performed at the receiver, including the signal synchro-
nization, or the channel and SNR estimation. Section 4
characterizes the path loss for both the eNodeB-train and
direct eNodeB-passenger links, while Section 5 studies the
eNodeB-train channel condensed parameters, such as the𝐾-
Factor, the PDP, the delay spread, and the Doppler PSD. In
Section 6, we study significant regions of the train path in
detail, showing how train infrastructure elements can impact
on the wireless link. Finally, Section 7 concludes the paper.

2. Experimental Setup

We evaluated experimentally the links between an eNodeB
and receive antennas placed on the roof of a train carriage, as
well as a mobile receiver inside the train. By first evaluating
the path loss, we motivate the need of a relay architecture
to distribute the signal inside the train through repeaters
or Access Points (Aps), while employing external (train-
mounted) antennas for the link between the train and the
eNodeB. Then, the effects of the high-speed on the latter link
are studied in detail by means of parameters such as the 𝐾-
Factor, the PDP, or the Doppler PSD, taking into account the
effects at high speeds.

Ameasurement campaignwas conducted in a high-speed
train line in commercial operation. Different from other
works, we could access the railway environment and equip-
ment, which enabled us to perform different experiments
during maintenance periods (mainly overnight) by freely
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Figure 1: Map of the scenario considered for the measurements.The instantaneous train speed is shown for each point of the trajectory, both
for the cases considering a maximum speed of 100 km/h and 200 km/h. The position of the eNodeB is also specified. Map Image by ©2017
DigitalGlobe, Cartography Institute of Andalućıa; Map Data by ©2017 Google, National Geographic Institute of Spain.

controlling the train movement as well as the transmitted
signals. Even more, one of the most important features of
our experiments is that, instead of using eNodeB deployed
for general-purpose mobile cellular communications, we
installed an eNodeB in one of the GSM-R sites specifi-
cally devoted for railway communications. Furthermore, we
obtained the permission to employ the carrier frequency
at 2.6GHz, which is commercially used in such an area.
Measurements were carried out along a track segment of
approximately 7 km long centered at the GSM-R site in a
rural area. The considered train was specifically designed to
test all the systems each time a new line is opened; hence,
the access to some resources such as the external antennas
installed on its roof was granted. This allowed us to analyze
the use of LTE for high-speed train applications at the actual
environment and employing the specific infrastructure of the
railway operator. It is also worth noting that the transmit
power was high enough so that the SNR level exceeds
20 dB (when using antennas placed outdoors). This allows
for correctly synchronizing most of the LTE frames without
errors, hence enabling us to analyze the signal along thewhole
train path: that is, instead of only sampling the acquired
signal during short time intervals, while the train moves
along the track, our equipment acquires the transmitted LTE
frames in a continuous fashion. The following subsections
describe the details of the measurement environment, the
equipment used, and the methodology followed to perform
the measurements.

2.1. Measurement Environment

2.1.1. Test Track. The considered high-speed train line con-
nects Córdoba and Málaga (Spain) and is designed to cope

with speeds up to 330 km/h. The measured segment is
located between the Kilometric Points (KPs) 93.0 and 102.0,
whereas the GSM-R site is located at KP 97.075 (the exact
Global Positioning System (GPS) coordinates of the site are
37∘43.14N, 4∘4312.52W), as imaged in Figure 1. The
Antequera-Santa Ana Railway Station (KP 96.800) and a
Traffic Management Center are also located in the vicinity of
the GSM-R site.

2.1.2. Test Train. The considered test train was the so-called
Séneca laboratory train (Talgo A-330), provided by the Span-
ish Railway Infrastructure Administrator (ADIF), imaged
in Figure 2(a). The train was intended for infrastructure
inspections and it was extensively used in testing activities
for the deployment of the European Rail TrafficManagement
System/European Train Control System (ERTMS/ETCS)
standard in Spanish high-speed lines. Electrically powered,
the train can reach a maximum speed of 363 km/h, although
the maximum considered speed for our measurements was
limited to 200 km/h because the time (and also the distance)
required to reach a higher speed is extremely large, thus
limiting the number of trials to be performed in a typical
measurement session during the night. The train is 80.92m
long and includes an inner panel (see Figure 2(b)) which
allows for the connection to the external antennas on its
roof (see Figure 2(c)): two of them are multiband antennas
(800, 900, 1800, 1900, UMTS, UMTSII, W-LAN, and GPS)
Kathrein 870 10003, whereas the other two are Kathrein
870 10007 (without GPS), both featuring a 0 dB gain and
a Voltage Standing Wave Ratio (VSWR) smaller than 2.0 : 1
at the considered carrier frequency of 2.6GHz. During the
measurements we used two external antennas, one of each
type. The GPS connection is used by the GPS-disciplined
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(a) Photography of the whole train (b) Inner panel for con-
nection to the outdoor an-
tennas

(c) Outdoor antennas on
the roof of the train car-
riage (Kathrein 870 10003
and 870 10007). The four
antennas are marked with
red ellipses

Figure 2: Séneca laboratory train (Talgo A-330).

(a) Image of the tower and
the two cabins for telecom-
munications equipment

(b) Antenna installed at the tower (for
south sector)

Figure 3: Pictures of the GSM-R site.

oscillators included in the measurement equipment and to
match the acquired samples with the estimated position and
velocity of the train.

2.2. Measurement Equipment

2.2.1. Ground Equipment. The GSM-R site, imaged in Fig-
ure 3(a), includes a 40m height tower with antennas for
different wireless technologies and two cabins where the
communications equipment is installed. A commercial LTE
eNodeB was set up inside one of the available cabins and two
remote radio headsweremounted at the tower structure, each
one connected to two antenna elements of a different antenna
panel (see Figure 3(b)). Such antenna panels (Moyano MY-
DTBSBS17276518) were placed at a height of 20m and ori-
entated as the available GSM-R antennas. At the considered
carrier frequency (2.6GHz), these cross-polarized antennas

Table 1: Ground antennas orientation, in both vertical (with respect
to the horizontal plane) and horizontal (with respect to the north
direction) dimensions.

Sector Antenna orientation [∘]
Azimuth Elevation

North 355 0
South 175 −1.4

feature a gain of 18 dBi and a half-power beam width of
62∘ (horizontal) and 5∘ (vertical), as imaged in the radiation
pattern shown in Figure 4. Each antenna panel is used to
deploy a sector; hence, two sectors are used, named as “north
sector” and “south sector,” respectively (see Figure 1). Table 1
shows the orientation of the ground antennas.
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Figure 4: Radiation pattern for the transmit antennas (Moyano
MY-DTBSBS17276518). Both the vertical and horizontal radiation
patterns are shown.

The eNodeB was configured to transmit an LTE signal
with the profile of 10MHz bandwidth, transmit diversity (a
single transmit block is encoded and transmitted through
two different antennas. Precoding is performed in order
to separate the two different antennas) and normal cyclic
prefix (CP) length (the first Orthogonal Frequency-Division
Multiplexing (OFDM) symbol of an LTE slot (a slot occupies
half a subframe) has a cyclic prefix length of 𝑁CP

long = 80
samples (5.2083 microseconds), whereas for the remaining
six OFDM symbols the cyclic prefix is reduced to 𝑁CP

short =
72 samples (4.6875 microseconds)). More details regarding
the transmit signal configuration are specified in Table 2.
Note that two configurations for data traffic transmission
were considered (a commercial LTE receiver (different than
those employed to produce the results shown in the paper)
is connected as the only user to the eNodeB; this way we can
capture the signals between the eNodeB and the commercial
receiver to be used for our evaluations):

(i) Maximum throughput: all the resource blocks of the
LTE signal are filled in with data. Hence, the max-
imum payload of LTE is used for the configuration
parameters specified in Table 2.

(ii) ETCS + VoIP: a stream of European Train Control
System (ETCS) data traffic is transmitted in parallel
with a Voice over Internet Protocol (VoIP) call.

In both cases, the receiver used in the measurements has no
a priori knowledge about the transmit data.

2.2.2. Onboard Equipment. The onboard equipment consists
of two nodes from the so-called GTEC Testbed (described

Table 2: LTE testbed configuration parameters.

Parameter Value
Sampling frequency, 𝑓𝑠 15.36MHz
Transmit power 46 dBm
Maximum antenna gain 18 dBi (TX), 0 dBi (RX)
Carrier frequency 2.6GHz
Bandwidth 10MHz (9MHz occupied)

Transmission scheme Transmission mode 2 (transmit
diversity) [18]

Cyclic prefix length Normal

in [19, 20]) operating in receive-only mode. Each of them
includes an Ettus/National Instruments Universal Software
Radio Peripheral (USRP) B210 (see Figure 5(b)) board con-
nected to a laptop running the GTEC 5G Simulator [20] (see
Figure 5(a)) and the Mathworks LTE Toolbox. Notice that
the source code of both the GTEC Testbed and the GTEC
5G Simulator is publicly available under the GPLv3 license at
https://bitbucket.org/tomas bolano/gtec testbed public.git [21].
Whereas one of the nodes was connected to two exter-
nal antennas available on the carriage roof, the other was
connected to two omnidirectional antennas (MobileMark
PSKN3-24/55S) directly attached to theUSRP installed inside
the carriage. The outdoor antennas allow us to evaluate
the link between the eNodeB and the train, while the
indoor ones are used to investigate the direct connection
between the mobile receiver of a passenger (or staff) and
how the eNodeB would work. Additionally, each node
was provided with a GPS-disciplined temperature-controlled
oscillator (Ettus/National Instruments GPSDO 783454-01)
that is also used for georeferencing (time and position)
the measurements. Given that the eNodeB also employs
a GPS-disciplined oscillator, the frequency offset between
the eNodeB and the GTEC Testbed nodes is minimized.
Notice that whereas the USRP connected to the external
antennas uses theKathrein 870 10003GPS antenna, theUSRP
connected to the indoor antennas uses a separate Trimble
66800-40 GPS antenna which is also placed indoors.

2.3. Measurement Procedure. Different train passes were
performed at different speeds, in both north and south
directions, considering different transmitter configurations
and different data traffic types. GPS-based geolocation of
the measurements allowed us to accurately combine the
results obtained from different train passes. It is worth noting
that the obtained results exhibit a very high repeatability
level for different train passes with identical configuration
parameters. This enables us to compare consistently the
results at different speeds. It is also interesting to mention
that we capture the data continuously at the receiver during
the whole measurements session. This not only requires a
huge amount of available storage (approximately 4 TB of raw
data for two measurement sessions of about 3 hours each)
but also challenges the measurement equipment in terms
of acquisition speed and stability, demanding extremely
powerful hardware to process all the data. In this sense, also

https://bitbucket.org/tomas_bolano/gtec_testbed_public.git
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(a) Two laptops mounted onboard running the GTEC
5G Simulator as part of two GTEC Testbed nodes

(b) USRP employed as part of
a GTEC Testbed node, equipped
with the indoor antennas. Only
the two antennas in the middle
out of the four antennas are used

Figure 5: Onboard measurement equipment.

the software developed has to be prepared to cope with such a
huge amount of data (details about these aspects can be found
in the description of our GTEC 5G Simulator and GTEC
Testbed in [20]). The main advantage of our approach is that
we can obtain high-resolution results. Additionally, all our
measurement results are freely available for other research
groups. In order to have access to them please contact us at
testbed@gtec.udc.es.

2.3.1. Low SpeedMeasurements. Train passes at 50 km/h were
performed to characterize the propagation environment in
terms of large-scale parameters. Hence, the SNR and path loss
for the antennas placed indoors and outdoors were evaluated.
For these measurements, we independently switched on and
off the two deployed sectors. This enabled us to measure not
only the desired received power in a sector (e.g., received
power when the train is in the north sector and only the
north sector is active), but also the interference caused to the
adjacent sector (e.g., received power when the train is in the
north sector and only the south sector is active).

The results presented along this paper were extracted
from the samples acquired, while the train speed was kept
constant (see Figure 1), whereas an overimposed pattern of
gray diagonal lines is used to emphasize the results obtained,
while the train was accelerating or decelerating (see Figure 14
as an example).

Figure 6 shows the average SNR per data subcarrier
versus the KP. In order to maximize the number of occupied
subcarriers devoted to the SNR estimation, the so-called
“Maximum Throughput” is considered. The SNR was eval-
uated as described in Section 3.3 for one antenna placed
indoors and another one placed outdoors. It can be seen
that obviously the highest SNR values are obtained in the
vicinity of the eNodeB. When the train passes in front of
the eNodeB, the handover between the two sectors occurs.
However, the SNR is higher than 20 dB for all the points of
the train trajectory when the outdoor antennas are used, with
the maximum value being about 60 dB.The shape of the SNR
curves for the antennas placed indoors is similar, although the
received power decreases dramatically due to the penetration
losses. On average, a loss of about 26 dB is measured.

2.3.2. High-Speed Measurements. Once the large-scale pa-
rameters were characterized by means of low speed measure-
ments, measurements at higher velocities, such as 100 km/h
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Figure 6: Estimated SNR versus KP for one of the indoor and one
of the outdoor antennas.

and 200 km/h, were performed. This way we evaluated the
effect of the speed on parameters such as the 𝐾-Factor, the
PDP, and the Doppler PSD. Due to the time required to
accelerate and decelerate the train, it was not possible to
measure at high speeds during the whole train path. Figure 1
shows the instantaneous speed of the train versus the KP for
bothmeasurements cases: 100 km/h and 200 km/h. As shown
in Figure 1, the speed is maximum along the central part of
the evaluated trajectory. Even for the worst case (200 km/h),
the evaluations are performed at the maximum speed at least
along three kilometers. In this case, the considered model
for the data traffic is the one labeled as “ETCS + VoIP” in
Section 2.2.1. However, this does not affect the results since
only the pilots are used to perform the evaluations.

3. Signal Processing at the Receiver

Several relevant parameters are estimated directly from the
LTE-compliant acquired signal, such as path loss, PDP, delay
spread, and Doppler PSD. Most of the estimates depend on
the wireless channel response estimation, which is done by
means of the pilot symbols included in the LTE transmit
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signal. In the following subsections, we detail all the steps
followed to process the acquired signals in order to obtain the
aforementioned estimates.

3.1. Synchronization in LTE. Before proceeding with the
channel response estimation, the first step consists in detect-
ing and synchronizing the LTE signal. LTE provides two syn-
chronization signals, namely, the Primary Synchronization
Signal (P-SCH) and the Secondary Synchronization Signal
(S-SCH), to enable time and frequency synchronization
and to detect the physical cell ID which defines the pilot
sequence, as described in [22, Section 6.11]. For FDD LTE
signals—the ones considered in our experiments—the P-
SCH is transmitted by using the 62 central subcarriers of the
last OFDM symbol contained in the first and the eleventh
slots of each LTE frame, as shown in Figure 7.This enables the
receiver to detect the P-SCH regardless of the configuration of
the CP length. Once the P-SCH is detected, the signal is time-
synchronized at slot level. While the P-SCH is repeated twice
per LTE frame, the S-SCH comprises two different signal
sequences per each LTE frame, being the first one transmitted
in the 62 central subcarriers of the OFDM symbol previous to
the one used to transmit the first copy of the P-SCH, whereas
the second one is located at the OFDM symbol preceding
the one used to transmit the second copy of the P-SCH (see
Figure 7). Hence, once detected the S-SCH, the signal is time-
synchronized at LTE frame level. Given that only the central
62 subcarriers are employed for synchronization, the receiver
can synchronize with no a priori knowledge of the total signal
bandwidth.

The P-SCH is constructed from a frequency-domain
Zadoff-Chu sequence of length 63 [23]. Among its properties,
the ability to detect it even with a frequency offset up
to ±7.5 kHz is highlighted. Hence, the time offset can be
estimated initially without requiring to perform a frequency
synchronization (notice also that both the eNodeB and the
GTEC Testbed nodes use GPS-disciplined oscillators; thus,
the frequency offset between them is very small). On the
other hand, the S-SCH sequence is based onmaximum length
sequences, known as 𝑀-sequences [23]. Since the S-SCH is
detected after the P-SCH, the P-SCH itself can be used to
perform a rough channel response estimation to aid in the
detection of the S-SCH [23].

Table 3: LTE signal configuration parameters.

Parameter Notation Value
OFDM symbols per frame 𝑠𝐹 140
Samples per frame 𝑠𝑆𝐹 153600
Samples per slot 𝑠𝑆slot 7680
FFT size 𝑁 1024 points
Number of used subcarriers 𝑁𝑢 600
OFDM symbols per LTE slot 𝑁slot 7
Long CP length 𝑁CP

long 80 samples
Short CP length 𝑁CP

short 72 samples
Mean CP length 𝑁CP ≈73.14 samples

Since our environment comprises two different sectors,
each of them having a different physical cell ID, we can easily
determine both the P-SCH and the S-SCH sequences per
sector. Hence, both of them can be found by using a simple
correlation, thus acquiring the symbol and LTE frame timing.

3.2. Channel Response Estimation. The wireless channel
response between the eNodeB and the receiver is estimated by
taking advantage of the pilot structure defined by LTE. Firstly,
an estimate of the discrete-time frequency-domain channel
response �̃�𝑙[𝑛, 𝜆] is obtained for each LTE frame 𝑙 ≥ 0, where
𝑛 = 0, . . . , 𝑠𝐹 − 1 denotes the OFDM symbol index, with
𝑠𝐹 being the number of OFDM symbols per LTE frame and
𝜆 = −𝑁/2, . . . , 𝑁/2−1 the subcarrier index, with𝑁 being the
Fast Fourier Transform (FFT) size of the OFDM modulator.
We used a Minimum Mean Squared Error (MMSE) channel
estimator. Refer to Table 3 for the definition of the constants
employed in this section.

Notice that frequency synchronization is skipped since
one of the parameters that we are estimating is the Doppler
PSD, and this process will be altered due to the corrections
introduced by the frequency synchronization algorithms.
The estimated channel response in the discrete-time domain
for the 𝑙th frame, namely, ℎ̃𝑙[𝑛, 𝜅], is obtained by applying
the Inverse Fast Fourier Transform (IFFT) operation to
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the corresponding discrete-time frequency-domain channel
response as

ℎ̃𝑙 [𝑛, 𝜅] = IFFT𝜆 (�̃�𝑙 [𝑛, 𝜆]) , (1)

where IFFT𝜆(⋅) denotes the IFFT operation over 𝜆 and 𝜅 =
−𝑁/2, . . . , 𝑁/2 − 1 is the discretized delay index. Note that
the channel seen by the signal comprises subcarriers with
indices 𝜆 = −𝑁𝑢, . . . , 𝑁𝑢. However, the MMSE channel
estimator provides an estimation of the channel response for
the 𝑁 subcarriers considered (i.e., it also includes the guard
subcarriers).This enables us to avoid the spreading effect that
would appear if guard subcarriers are set to zero due to the
properties of the IFFT.

Since the LTE frames are transmitted in a continuous
fashion (i.e., there are no gaps or silent periods between
consecutive LTE frames), we can obtain an estimation of
the wireless channel response along the train path, namely,
ℎ̂[𝑛, 𝜅], by concatenating the estimates of successive LTE
frames. However, for doing so, the propagation delay and
thus the synchronization points (a synchronization point is
defined as the index of the first sample of the acquired signal
corresponding to a valid LTE frame) must be taken into
account.

The synchronization point for the 𝑙th LTE frame (see
Section 3.1 for more details about the synchronization proce-
dure), namely, 𝑝𝑙, can be expressed as a function of the frame
index 𝑙 as

𝑝𝑙 = 𝑛𝑖 + 𝑙 ⋅ 𝑠𝑆𝐹 + 𝛾𝑙, (2)

being

𝛾𝑙 = ⌊𝜏𝑙 ⋅ 𝑓𝑠⌉ + 𝑒𝑙, (3)

where 𝑛𝑖 is the index of the initial sample for the first
transmitted LTE frame, 𝑠𝑆𝐹 is the number of samples per
LTE frame, 𝜏𝑙 is the propagation delay for the 𝑙th frame,
which depends on the distance between the receive antenna
mounted on the train and the transmit antenna at the
eNodeB, ⌊⋅⌉ denotes the round operation, 𝑓𝑠 is the sampling
frequency, and 𝑒𝑙 is an integer error term which depends on
the actual channel and the noise.

The detected synchronization point, 𝑝𝑙, allows us to com-
pensate for the propagation delay in the estimated channel
responses, hence centering the most powerful tap around
𝜅 = 0. For the case of two consecutive frames 𝑙 and 𝑙 + 1
being synchronized, if Δ𝛾𝑙 ≜ 𝛾(𝑙+1) − 𝛾𝑙 ̸= 0, there will be a
discontinuity in the estimated channel responses between the
two frames (note that Δ𝛾𝑙 = 𝑝(𝑙+1) − 𝑝𝑙 − 𝑠𝑆𝐹). The continuity
can be preserved by accounting for the propagation delay of
the received frames. This can be done since the IFFT size
in (1) equals the number of subcarriers; thus, the sampling
time of the signal and the estimated channel delays match. To
preserve the continuity we can follow different strategies.

3.2.1. Synchronizing Only the First Frame. We can take
advantage of the OFDM cyclic prefix (CP) and synchronize
only the first frame. Then, instead of synchronizing each
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Figure 8: Exemplary results of delays (𝜅𝑙) for a portion of the
captured frames.

successive LTE frame (hence obtaining the synchronization
points defined in (2)), the synchronization point for the 𝑙th
frame is obtained as 𝑝𝑙 = 𝑛𝑖+𝑙 ⋅ 𝑠𝑆𝐹, without accounting for the
propagation delay.This way the overall channel response (i.e.,
the concatenation of the channel responses for the subframes
along the whole path) is defined as

ℎ̃ [𝑛, 𝜅] = ℎ̃𝑙 [𝑛 − 𝑠𝐹 ⋅ 𝑙, 𝜅 − 𝜅0] , 𝑙 = ⌊ 𝑛
𝑠𝐹⌋ , (4)

where ⌊⋅⌋ is the floor operator and 𝜅0 is the delay of the first
synchronized frame.

This method is only valid when the propagation delay
is relatively small compared to the CP length; otherwise,
Intersymbol Interference (ISI) will arise in the signal.

3.2.2. Synchronize Each Frame and Find Relative Delays.
When synchronizing all the frames, we obtain the synchro-
nization points defined in (2). The corresponding delay,
expressed as the number of samples for the 𝑙th frame, namely,
𝜅𝑙, is

𝜅𝑙 = 𝜅0 +
𝑙−1

∑
𝑚=0

Δ𝛾𝑙, (5)

where 𝜅0 is the delay (expressed in number of samples) for
the first synchronized frame. Therefore, the overall channel
response is

ℎ̃ [𝑛, 𝜅] = ℎ̃𝑙 [𝑛 − 𝑠𝐹 ⋅ 𝑙, 𝜅 − 𝜅𝑙] , 𝑙 = ⌊ 𝑛
𝑠𝐹⌋ . (6)

Figure 8 shows some exemplary results for the obtained delay
samples, 𝜅𝑙, versus the frame number 𝑙, considering 𝜅0 = 0.
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These results correspond to a portion of the captured frames
for the case of the train moving away from the eNodeB at
a speed of 100 km/h. We also show the fitting of the data
obtained by a robust linear regression [24]. The slope of
the curve shows how the propagation delay increases as the
frames are received while the train moves away from the
eNodeB, thus increasing the distance between transmit and
receive antennas.

3.2.3. Hybrid Approach. We can use a hybrid approach from
the two above-mentioned methods. Firstly, the acquired
signals are grouped in sets of consecutive frames. Secondly,
the channel response is estimated for each set as explained
in Section 3.2.1. Then, the propagation delays are estimated
for each set following a procedure similar to the one in
Section 3.2.2.

The initial time (in seconds) corresponding to the esti-
mated channel response ℎ̃[𝑛, 𝜅] for each value of 𝑛, namely,
𝑡𝑛, can be approximated as

𝑡𝑛 ≃ 𝑛 1
𝑓𝑠 (𝑁 + 𝑁CP) + �̂�0, (7)

where �̂�0 is the initial time of the estimated channel response
for the symbol with 𝑛 = 0, and

𝑁CP = (𝑁slot − 1)𝑁CP
short + 𝑁CP

long

𝑁slot
(8)

is the mean number of samples of the CP within the LTE
frame, where 𝑁CP

long and 𝑁CP
short are the lengths of the long and

short LTE CP, and𝑁slot is the number of OFDM symbols per
slot. Notice that the equality in (7) holds if 𝑛mod𝑁slot = 0.

The delay (in seconds) corresponding to the estimated
channel response ℎ̃[𝑛, 𝜅] for each value of 𝜅, namely 𝜏𝜅, is
obtained as

𝜏𝜅 = 𝜅
𝑓𝑠 . (9)

Note that it is possible to obtain an exact expression for 𝑡𝑛 as
𝑡𝑛 = 1

𝑓𝑠 (⌊ 𝑛
𝑁slot

⌋ 𝑠slot + 𝑢slot (𝑛mod𝑁slot)) + �̂�0, (10)

where

𝑢slot (𝑚)
= [𝑁CP

long + 𝑁 + (𝑁CP
short + 𝑁) (𝑚 − 1)] (1 − 𝛿𝑚,0)

(11)

is the index of the starting sample of the 𝑚th OFDM symbol
within an LTE slot, 𝑠𝑆slot is the number of time-samples per
LTE slot, and 𝛿𝑝,𝑞 is the Kronecker delta function defined as

𝛿𝑖,𝑗 = {
{{

1 if 𝑖 = 𝑗
0 if 𝑖 ̸= 𝑗. (12)

For many of the estimations performed in the following
sections (e.g., see Section 5), it is more convenient to consider

a channel with an impulse response starting at delay zero
for all 𝑛, namely, ℎ̂[𝑛, 𝜅]. This allows us to consider the
same subset of delays (when estimating parameters from the
channel (see Section 5), we use a finite number of delays less
than𝑁CP

short) along the whole path for estimating each desired
parameter. Therefore, we estimate the propagation delay for
each frame 𝑙 as the number of samples including a fractional
part: namely, 𝜅𝑙 = 𝜅𝑙𝑖 + 𝜅𝑙𝑓, where 𝜅𝑙𝑖 is the integer part and
𝜅𝑙𝑓 is the fractional one. Then, we can estimate the channel
response for the 𝑙th frame correcting the fractional part as

ℎ̂𝑙 [𝑛, 𝜅] = IFFT𝑁𝜆 (�̃�𝑙 [𝑛, 𝜆] ⋅ 𝑒−𝑗2𝜋(𝜆/𝑁)𝜅𝑙𝑓) . (13)

The integer part is compensated by applying an offset to
the delay when obtaining the complete channel response; that
is,

ℎ̂ [𝑛, 𝜅] = ℎ̂𝑙 [𝑛 − 𝑠𝐹 ⋅ 𝑙, 𝜅 − 𝜅𝑙𝑖] , 𝑙 = ⌊ 𝑛
𝑠𝐹⌋ . (14)

3.3. SNR Estimation. The SNR is estimated considering
exclusively the data subcarriers by means of the method
described in [1, Section 4.5.2]. Guard subcarriers, Direct
Current (DC) subcarrier, and pilot subcarriers are discarded
a priori. Hence, the average SNR per data subcarrier is
obtained. The SNR estimation is performed by considering
the following steps:

(1) Noise samples in the time domain are captured with
the transmitter switched off (hence not transmitting
any signal).

(2) The captured noise samples in the time domain are
then processed as if they were actual data samples:
that is, the cyclic prefix is removed, a FFT is per-
formed, and both guard and DC subcarriers are
removed.

(3) As a result, 𝑤(𝑛,𝜆) noise samples are obtained in the
frequency domain, each one corresponding to the
𝜆th subcarrier of the 𝑛th OFDM symbol, where 𝜆 ∈
D(𝑛), with D(𝑛) being the set of indexes of the data
subcarriers for the 𝑛th OFDM symbol.

(4) All previous steps are repeatedwhen the transmitter is
switched on, so 𝑟(𝑛,𝜆) data samples (of course affected
by noise) are obtained in the frequency domain.

(5) The average SNR for each OFDM symbol is then
estimated by averaging out the instantaneous SNR
values for the different data subcarriers. Define

𝑟(𝑛) = 1D(𝑛) ∑
𝜆∈D(𝑛)

𝑟(𝑛,𝜆)
2 ,

𝑤(𝑛) = 1D(𝑛) ∑
𝜆∈D(𝑛)

𝑤(𝑛,𝜆)
2 ,

(15)
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where |D(𝑛)| is the cardinality of D(𝑛), that is, the
number of data subcarriers for the 𝑛th symbol. Then,
the SNR for each OFDM symbol is calculated as

SNR(𝑛) = 𝑟(𝑛) − 𝑤(𝑛)
𝑤(𝑛) . (16)

4. Path Loss Estimation

The path loss is defined as the ratio between the transmitted
and the received power and it is expressed in decibels as a
function of the distance as [25]

PL (𝑑) = 10 log10 𝑃𝑡
𝑃𝑟 (𝑑) , (17)

where PL(𝑑) is the path loss (in dB) for a distance 𝑑, 𝑃𝑡
is the transmit power, and 𝑃𝑟(𝑑) is the receive power at a
distance 𝑑. In this manuscript, we adopt a simplified log-
distance path loss model which allows us to characterize the
large-scale path loss as well as the shadow fading variations
of the channel response. This model is expressed as in [25]

P̃L (𝑑) = PL (𝑑0) + 10𝛾 log10 ( 𝑑
𝑑0) + 𝑋𝜎

= 𝑏 + 10𝛾 log10𝑑 + 𝑋𝜎,
(18)

where 𝛾 is the so-called path loss exponent, 𝑑0 is a distance
relatively close to the transmitter known as “break distance”
or “breakpoint,”𝑋𝜎 is a zero-meanGaussian randomvariable
with a standard deviation 𝜎 representing the variations due to
the medium and small-scale fading, and PL(𝑑0) corresponds
to the mean path loss at the break distance. The terms
depending on 𝑑0 are reorganized to obtain the last expression
in (18).

Using (18) (neglecting 𝑋𝜎), we estimate 𝑏 and 𝛾 for each
combination of active sector, receive antenna, and measured
sector by using least-squares fitting over the energy of the
receive signal (note that the low speed measurements, as
explained in Section 2.3, are used here). This way we obtain
the large-scale fading curves for each scenario. Figures 9 and
10 show the received energy for both sectors when only a
single sector was active. Note that only the results for outdoor
antenna 1 and indoor antenna 1 are shown in all the plots;
the results for the other antennas are similar. For each energy
curve, the corresponding fitting is provided. As shown in
Figures 9 and 10, for the highest and the lowest considered
distance values, themodel does not fit well the data due to the
high directivity of the transmit antennas. This is because the
omnidirectional model assumed for the transmit antennas
does not hold in this case. Figures 9 and 10 also show that the
antennas serving the north sector cause interference into the
south sector and vice versa. This is due to the configuration
of the eNodeB antennas.

Given that 𝑋𝜎 is modeled as a zero-mean Gaussian
random variable with standard deviation 𝜎, we subtract the
obtained fittings from the received energies to estimate such
a standard deviation 𝜎. Figures 11 and 12 show the estimated
cumulative probabilities of 𝑋𝜎 when only a single sector
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Figure 9: Received energy and least-squares fitting along both north
and south sectors for the receive outdoor antenna 1 and the receive
indoor antenna 1. Only the antennas serving the north sector were
transmitting.
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Figure 10: Received energy and least-squares fitting along both
north and south sectors for the receive outdoor antenna 1 and the
receive indoor antenna 1. Only the antennas serving the south sector
were transmitting.

(north or south) is active. We also plot the theoretical cumu-
lative probabilities of zero-mean Gaussian distributions with
the standard deviation 𝜎 estimated for each case. We can see
that the fitting between the estimated and theoretical curves
is very good. Finally, Table 4 shows the corresponding path
loss parameters (𝛾, 𝑏, and𝜎) estimated from themeasurement
data.

As seen in Table 4, the path loss exponent is very
similar for all cases (both sectors as well as indoor and
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Figure 11: Cumulative probabilities for receive outdoor antenna 1 and indoor antenna 1 along both north and south sectors. Only the antennas
serving the north sector were transmitting.

Table 4: Path loss parameters (𝛾, 𝑏, and 𝜎) estimated for both north (N) and south (S) sectors and for each of the four receive antennas: two
of them are placed inside the train car (“indoor ant. 1” and “indoor ant. 2”) and the other two are placed outdoors, on the train roof (“outdoor
ant. 1” and “outdoor ant. 2”). The results are obtained considering a single active sector (north or south), that is, the sector whose antennas
are transmitting. The column TX specifies the active sector, whereas the column RX denotes the sector along which the measurements are
performed.

TX RX Outdoor ant. 1 Outdoor ant. 2 Indoor ant. 1 Indoor ant. 2
𝛾 𝑏 𝜎 𝛾 𝑏 𝜎 𝛾 𝑏 𝜎 𝛾 𝑏 𝜎

N N 3.20 135.61 3.84 2.53 113.34 4.08 3.33 120.88 3.18 3.17 115.93 2.85
S 2.23 78.63 2.76 1.80 64.94 1.83 1.20 36.94 4.38 0.74 26.75 1.06

S N 2.06 78.44 1.91 2.23 78.70 1.78 1.82 58.16 2.09 1.89 60.96 1.56
S 2.29 110.00 3.74 2.32 103.36 1.68 2.64 100.89 2.70 2.58 98.91 2.39

outdoor receive antennas). However, a large penetration
loss is observed for the indoor receiver. This justifies the
utilization of a relay scheme for provisioning services to the
users in a practical deployment. Hence, for the rest of the
analysis, we consider exclusively the external link (eNodeB
to outdoor antennas).

5. Estimation of Channel
Condensed Parameters

The so-called condensed parameters allow us to characterize
other effects of the channel different than the path loss. In this
section, we consider condensed parameters like 𝐾-Factor,
PDP, delay spread, and Doppler PSD.

5.1. 𝐾-Factor. The evaluated scenario can be classified as
rural area and exhibits a strong Line-of-Sight (LoS) compo-
nent during most of the train trajectory. Thus, one of the
channel paths presents a predominant power with respect to

the others. Due to this, the fluctuations of the path gain follow
a Rice distribution. The Rice distribution is parametrized by
the power ratio of the fixed and fluctuating components of the
path loss, namely, the𝐾-Factor.

The instantaneous values of the 𝐾-Factor are calculated
according to the method proposed by Greenstein et al. in
[26]. More specifically, [26, Eq. (9)] was evaluated for the
experimental data, taking into account the tap corresponding
to the LoS component.

Figures 13 and 14 show the instantaneous values of the𝐾-
Factor expressed in decibels versus theKP for the train speeds
of 100 km/h and 200 km/h, respectively. Smoothed values of
the 𝐾-Factor by using a sliding window are also plotted in
such figures. The obtained results show that the 𝐾-Factor
is noticeably higher than zero, which is coherent with the
hypothesis of the existence of a strong LoS component. Only
at certain positions along the train trajectory the 𝐾-Factor
exhibits deep local minimum values (e.g., at KPs 96.6 km and
98.4 km), which are caused by reflecting obstacles along the
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Figure 13: Estimated 𝐾-Factor for outdoor antenna 1 for the train
moving at 100 km/h from the north sector to the south one. Both
sectors are active. The results of averaging out the instantaneous
values by means of a sliding window are also shown.

train path (see Section 6 for more details). It can be also seen
that the trend of the 𝐾-Factor does not change significantly
with the train speed.

5.2. Power Delay Profile. A parameter typically used to
analyze howmuch energy arrives at the receiverwith a certain
delay is the PDP.The PDP around the 𝑛th OFDM symbol can
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Figure 14: Estimated 𝐾-Factor for outdoor antenna 1 for the train
moving at 200 km/h from the north sector to the south one. Both
sectors are active. The overimposed pattern of gray diagonal lines
denotes the areas where the train speed was not constant.The results
of averaging out the instantaneous values by means of a sliding
window are also shown.

be obtained from a complex-valued channel time response
estimate as in [27]

𝑃 [𝑛, 𝜅] = 1
2𝛼 + 1

𝑛+𝛼

∑
𝑚=𝑛−𝛼

ℎ̃ [𝑚, 𝜅]
2 , (19)
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Figure 15: Estimated PDP for outdoor antenna 1 for the train
moving at 100 km/h from the north sector to the south one. Both
sectors are active.

where 𝛼 adjusts the length of the considered segment of the
time response (the considered segment includes the time
responses for the OFDM symbols whose indexes are 𝑛 −
𝛼, . . . , 𝑛 + 𝛼).

Figures 15 and 16 show the estimated PDP for the train
moving at 100 km/h and 200 km/h, respectively, with both
sectors being active. The presented results are obtained by
evaluating (19) for equally spaced OFDM symbols. Note that
the shape of the PDP curves accounts for the propagation
delay, where the values with the lowest delay are the ones
corresponding to the KPs closer to the transmit antenna.
Note also that the magnitude of the PDP decreases with the
distance to the eNodeB antennas.

By comparing Figures 15 and 16, we can conclude that the
PDP is independent from the train speed. It is important to
note that the longer PDP responses around the eNodeB are
caused by the energy spreading effect of the IFFT. This effect
is not so noticeable for other KPs since their power is much
lower.

Results corresponding to the trainmoving at 100 km/h are
shown in Figure 17 when the propagation delay is subtracted;
that is, we evaluate (19) by using ℎ̂[𝑛, 𝜅] instead of ℎ̃[𝑛, 𝜅]
for equally spaced OFDM symbols. Furthermore, the values
obtained per frame were normalized; hence, the magnitude
obtained does not depend on the distance to the transmit
antenna.This way we can perform a fair comparison between
the PDP results for different KPs, not taking into account the
energy spreading effect of the IFFT. It can be seen that PDP
responses are noticeable longer for some areas (e.g., at KPs
96.6 km and 98.4 km), which is caused by reflecting obstacles
along the train path (see Section 6 for more details).

It has been shown that under some specific circumstances
the error probability due to delay dispersion is proportional
to the normalized second-order central moment of the PDP,
namely, the RMS delay spread [27]. RMS delay spread can be
calculated as

𝜎𝜅 [𝑛] = √𝜏2𝜅 [𝑛] − (𝜏𝜅 [𝑛])2, (20)
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Figure 16: Estimated PDP for outdoor antenna 1 for the train
moving at 200 km/h from the north sector to the south one. Both
sectors are active.
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Figure 17: Normalized PDP for outdoor antenna 1 for the train
moving at 100 km/h from the north sector to the south one, not
taking into account the propagation delay. Both sectors are active.

where the second moment of 𝜏𝜅 is given by

𝜏2𝜅 [𝑛] = ∑𝜅 𝑃 [𝑛, 𝜅] 𝜏2𝜅
∑𝜅 𝑃 [𝑛, 𝜅] (21)

and the first one is obtained as

𝜏𝜅 [𝑛] = ∑𝜅 𝑃 [𝑛, 𝜅] 𝜏𝜅
∑𝜅 𝑃 [𝑛, 𝜅] . (22)

Figures 18 and 19 show the RMS delay spread for equally
spaced OFDM symbols for the train moving at 100 km/h and
200 km/h, respectively. The plots also include the results of
smoothing out the instantaneous RMS delay spread values by
means of a sliding window, as well as the mean delay spread
for the whole path followed by the train. In Figures 18 and 19,
we can see that the delay spread results are coherent regardless
of the considered speed. Results shown in Figures 18 and 19
are congruent with those in Figure 17, showing a larger delay
spread for the areas with more reflections.
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Figure 18: Estimated RMS delay spread for outdoor antenna 1 for
the train moving at 100 km/h from the north sector to the south
one. Both sectors are active. A curve corresponding to smoothed
instantaneous values by means of a sliding window are also shown,
as well as the mean delay spread for the whole path.
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Figure 19: Estimated RMS delay spread for the train moving at
200 km/h from the north sector to the south one. Both sectors
are active. The overimposed pattern of gray diagonal lines denotes
the areas where the train speed was not constant. Smoothed
instantaneous values by means of a sliding window are also shown,
as well as the mean delay spread for the whole path.

5.3. Doppler Power Spectral Density. The Doppler Power
Spectral Density is related to the Angle of Arrivals (AoAs) of
the multipath components and the direction of movement of
the receiver. Doppler PSD around the 𝑛th OFDM symbol for
the delay index 𝜅, namely, 𝑆[𝑛, 𝜅, 𝜃], can be obtained as the
FFT of the autocorrelation of a certain segment of the time
response of the channel centered at time index 𝑛. Considering
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Figure 20: Doppler Spectrum for outdoor antenna 1 for the train
moving at 100 km/h from the north sector to the south one, with
both sectors being active.

the estimated channel response ℎ̂[𝑛, 𝜅], the autocorrelation
values are obtained as

𝑅ℎ̂ [𝑛, 𝜅, 𝜆] =
{{{{
{{{{{

𝑛+2𝛼−𝜆

∑
𝑚=𝑛

ℎ̂ [𝑚 + 𝜆, 𝜅] ℎ̂∗ [𝑚, 𝜅] , 𝜆 ≥ 0
𝑛+2𝛼+𝜆

∑
𝑚=𝑛

ℎ̂ [𝑚, 𝜅] ℎ̂∗ [𝑚 + 𝜆, 𝜅] , 𝜆 < 0,
(23)

where 𝜆 = −2𝛼, . . . , 2𝛼 is the lag of the autocorrelation and
𝛼 adjusts the length of the considered segment of the channel
time response.Then, theDoppler scattering function [27] can
be written as

𝑆 [𝑛, 𝜅, 𝜃] = FFT𝜆 {𝑅ℎ̂ [𝑛, 𝜅, 𝜆]} , (24)

where FFT𝜆{⋅} denotes the FFT of the argument with respect
to the autocorrelation lag 𝜆 and 𝜃 is the discretized Doppler
frequency index, being the correspondingDoppler frequency

]𝜃 = 𝜃 𝑓𝑠
𝑁 + 𝑁CP

𝑁corr
𝑁𝐷 , (25)

where 𝑁corr = 4𝛼 + 1 is the number of samples of
the autocorrelation, 𝑁𝐷 is the size of the FFT, and 𝜃 =
−𝑁𝐷/2, . . . , 𝑁𝐷/2 − 1. Note that (𝑁 + 𝑁CP)/𝑓𝑠 is the mean
duration of anOFDMsymbol.TheDoppler PSD 𝑆 is obtained
after averaging out the Doppler scattering function 𝑆 over 𝜅
values as

𝑆 [𝑛, 𝜃] = 1
|K| ∑
𝜅∈K

𝑆 [𝑛, 𝜅, 𝜃] , (26)

whereK denotes the set of considered values for 𝜅.
Figures 20 and 21 show the normalized Doppler PSD

for equally spaced OFDM symbols when the train moves at
100 km/h and 200 km/h, respectively, obtained as indicated in
(26). As expected, themodule of themaximumDoppler value
is related to the train speed as

𝑓max
 ≈ |V| 𝑓𝑐

𝑐0 , (27)
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Figure 21: Doppler Spectrum for outdoor antenna 1 for the train
moving at 200 km/h from the north sector to the south one, with
both sectors being active. The overimposed pattern of gray diagonal
lines denotes the areas where the train speed was not constant.

where 𝑓max denotes the maximum Doppler frequency, V the
velocity of the train, and 𝑓𝑐 = 2.6GHz the carrier frequency.
This brings us to maximum Doppler PSD values of approx-
imately 240.7Hz and 480.5Hz for train speeds of 100 km/h
and 200 km/h, respectively. The sign of the instantaneous
Doppler PSD values depends on the direction of the velocity
vector of the train with respect to the transmitter.This causes
the effect shown in Figures 20 and 21, where the Doppler PSD
values concentrate around ±|𝑓max| and change abruptly when
the train passes by in front of the eNodeB antennas.

When the train is in the north sector (i.e., it approaches
the eNodeB), the Doppler PSD is maximum in +|𝑓max|. Con-
versely, when the train is in the south sector (i.e.,moving away
from eNodeB), the Doppler PSD reaches its maximum at
−|𝑓max|.This is coherent with themeasurement environment,
which features a strong LoS component. However, significant
reflections in −|𝑓max| for the north sector (conversely, values
in +|𝑓max| for the south sector) can be seen, which are caused
by obstacles along the train path (see Section 6 for more
details).

6. Particularities of the
Measured Train Scenario

In the previous section, we showed different condensed
parameters along the whole train trajectory. However, since
the total distance shown is relatively large, small details
cannot be appreciated. In this section, we show and discuss
the PDP and the Doppler PSD for three specific segments of
the train trajectory, each of them being 250m long, which are
as follows:

(i) Segment (a): KPs between 98.375 and 98.625. There
are strong reflections in this area, as shown by the
Doppler results in Figures 20 and 21. Also the 𝐾-
Factor achieves the lowest values and the delay spread
the highest ones in this area (see Figures 13 and 14
for the 𝐾-Factor and Figures 18 and 19 for the delay

spread).This supports the hypothesis of a weaker LoS
condition.

(ii) Segment (b): KPs between 98.875 and 99.125. In this
area, the 𝐾-Factor and the delay spread take values
close to themean ones shown in Figures 13 and 14 and
in Figures 18 and 19, respectively.

(iii) Segment (c): KPs between 100.25 and 100.5. In this
area, the𝐾-Factor achieves the highest values and the
delay spread the lowest ones (see Figures 13 and 14
for the 𝐾-Factor and Figures 18 and 19 for the delay
spread).

Figure 22 shows the Doppler Spectrum for the three
aforementioned segments when the train moves at 100 km/h.
For all the segments shown, the train moves away from the
eNodeB within the south sector; therefore, the LoS Doppler
component is located approximately at −|𝑓max| = −240.7Hz
(see Section 5.3). Furthermore, a noticeable reflection com-
ponent can be seen in the opposite frequency, +|𝑓max| =
240.7Hz. In addition, abrupt transitions in the Doppler from
−|𝑓max| to +|𝑓max| occur periodically. These transitions in the
Doppler are similar to the ones occurring when the train
passes by in front of the eNodeB antennas (see Figures 20
and 21). In fact, these abrupt changes in the Doppler are due
to the nearby objects reflecting the signal. More specifically,
the masts supporting the overhead line (see Figure 26(b))
are the origin of the stronger reflections. It can be seen that
the distance between consecutive masts (see Figure 26(a)) is
coherent with the separation between consecutive Doppler
transitions shown in Figure 22. Finally, it is worth noting that
themagnitude of the reflected componentswith respect to the
LoS component depends on the position of the train along the
path. This is related both to the distance and the angle with
respect to the transmit antenna.

Figure 23 shows the normalized PDP for the three
segments, verifying the existence of reflection components
coherent with those shown in Figure 22. The PDP figures
clearly show that the reflected component associated with
each mast decreases its delay with respect to the LoS compo-
nent (and increases its power) when the train moves towards
to the mast. The magnitude of the reflected components
with respect to the LoS one is coherent with the relationship
between the reflected component and the LoS one shown in
Figure 22. For example, the largest reflections in the PDP are
obtained for the segment (a). Coherently, the magnitude of
the reflectionswith respect to the LoS component in Figure 22
is also maximum for the segment (a).

It is important to notice that the described effects are
independent of the train speed. Figure 25 shows the normal-
ized Doppler PSD and the normalized PDP for the segment
(a) when the train moves at 200 km/h.

Figure 24 shows the estimated Doppler PSD for the three
considered segments. Note that the regular oscillations in
these results are a manifestation of the Gibbs phenomenon,
after evaluating (24), due to the use of time-limited signals
to calculate (23). In agreement with Figure 22, the maximum
of the Doppler PSD is located in −|𝑓max| (due to the con-
tribution of the main path). For the segments with stronger
reflected components, a relevant peak is also appreciated in
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(c) Doppler Spectrum for the train moving at 100 km/h along the segment
(c)

Figure 22: Doppler Spectrum for outdoor antenna 1 for the train moving at 100 km/h along the segments (a), (b), and (c).

+|𝑓max|. The magnitude of the peak with respect to the main
component is reduced for the cases with lower reflections.
For other frequencies, the Doppler values are distributed
approximately according to a “U” shape. This suggests that,
although there is a strong LoS in the railway environment,
reflections caused by railway infrastructure elements may
lead to a Doppler PSD with noticeable components in other
frequencies, similar to the Jakes spectrum [28]. It is worth
noting that the condensed parameters are affected by the
reflections, as they noticeably change their respective trends
in the areas where the reflections are stronger (e.g., segment
(a)). Due to this, we can expect severe effective link SNR
degradation for such areas.

Note that the obtained results match those shown in [15],
obtained for a similar test environment. Finally, Figure 25(c)
shows the estimated Doppler PSD for the segment (a)
when the train moves at 200 km/h. The obtained results are
coherent with those corresponding to a moving speed of
100 km/h.

7. Conclusions

In this paper, we provided a complete and detailed char-
acterization of the downlink (Long Term Evolution (LTE)
Frequency-Division Duplex (FDD) for the 10MHz profile)
between a commercial LTE Evolved NodeB (eNodeB) and a
train moving at high velocities along a track in commercial
operation in a rural area in Spain. Instead of using an available
eNodeB from a general-purposemobile network, we installed
an eNodeB for our measurements at the same location where
a GSM for Railways (GSM-R) base station is deployed, thus
being able to control all the parameters of the eNodeB. The
eNodeB served two sectors using two antennas per sector
from different antenna panels installed in the same tower as
the GSM-R antennas. We also considered two links: the one
between the eNodeB and the antennas placed outdoors on
the train roof and the direct link between the eNodeB and
a receiver inside the train. With respect to our hardware, the
GTEC Testbed nodes were employed as receivers to acquire
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(b) Normalized PDP for the train moving at 100 km/h along segment (b)
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(c) Normalized PDP for the train moving at 100 km/h along segment (c)

Figure 23: Normalized PDP for outdoor antenna 1 for the train moving at 100 km/h along segments (a), (b), and (c). The propagation delay
is not taken into account.

the transmit data and were equipped with GPS modules
with a twofold purpose: georeferencing the acquired data and
minimizing the frequency offset between the eNodeB and the
receivers. Regarding the measurement procedure, different
train speeds were considered, also with one or both sectors
active. A high repeatability level was observed for different
train passes with identical configuration parameters, thus
enabling us to compare the results at different speeds con-
sistently. Furthermore, high-resolution results were obtained
from our measurements, since we continuously captured
the signal at the receiver during the whole measurement
campaign.

The aforementioned downlink characterization consisted
in assessing the path loss, the Signal to Noise Ratio (SNR), the
𝐾-Factor, the Power Delay Profile (PDP), the delay spread,
and the Doppler Power Spectral Density (PSD) for different
train speeds. Furthermore, the estimation procedure for each
aforementioned parameter was fully described mathemati-
cally, highlighting the drawbacks and pitfalls to be considered
for the different analysis methods. In particular, the path
loss was estimated from the received energy. Assuming a

simplified log-distance model, we estimated the path loss
exponent and variance of the medium- and small-scale
fading. Although the path loss exponent was very similar
in all cases (both sectors as well as indoor and outdoor
receive antennas), a large penetration loss was observed for
the indoor receiver.Thiswould justify the utilization of a relay
scheme for provisioning services to the users in a practical
deployment. Therefore, we limited the rest of the analysis to
the external link (eNodeB to outdoor antennas).

The results corresponding to the 𝐾-Factor show that a
dominant Line-of-Sight (LoS) component was present along
the track and that its trend does not depend on the train
speed. The same conclusions are obtained from the PDP
results, which are also congruent with those obtained for
the Root Mean Square (RMS) delay spread. With respect
to the Doppler PSD, the largest magnitudes correspond
approximately to the frequencies ±240.7Hz and ±480.5Hz
for train speeds of 100 and 200 km/h, respectively, which is
consistent with the presence of a strong LoS component. The
sign of the Doppler PSD changes abruptly when the train
passes by in front of the transmit antennas.
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Figure 24: Estimated Doppler PSD for outdoor antenna 1 for the train moving at 100 km/h along segments (a), (b), and (c).

The obtained results exhibit a good level of agreement
with the expected ones according to the assumed theoretical
models. However, the utmost importance of carrying out
measurements from actual LTE-compliant transmit signals is
reflected in the so-called particularities found in the consid-
ered train scenario. In this paper, we devoted an entire section
to study such particularities. More specifically, we observed
periodic abrupt transitions in the Doppler PSD along the
whole measured path. Such transitions—similar to the ones
occurring when the train passes by in front of the eNodeB
antennas—are mainly caused by the masts supporting the
overhead line.Those effects, which are invariantwith the train
speed, are also observed in the PDP results. It is worth noting
that the Doppler PSD results are distributed approximately
according to a “U” shape with an additional peak caused
by the LoS component. This shows that, although there is
a strong LoS for the considered environment, reflections

caused by the railway infrastructure elements may lead to
noticeable Doppler components in other frequencies, similar
to the Jakes spectrum. Overall, all the condensed parameters
are affected by the reflections, as their respective trends
change significantly in the areas where the reflections are
stronger. Due to this, we can expect severe effective link SNR
degradation in such areas.
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We investigate the information transmission in a typical communication scenario in the intelligent transportation systems (ITS),
that is, infrastructures providing ITS services that intend to broadcast independent messages to the vehicles within their coverage
areas. Due to the dynamic nature of wireless signal propagation links and interuser interference, it is hard to guarantee satisfactory
performance by direct infrastructure to vehicle (I2V) transmissions. To solve this problem, we propose allowing certain vehicles to
serve as relays to assist in the information distribution process and applying a class of finite-field network codes to efficiently use
the available spectrum resources. Considering that the infrastructure information sources and all vehicles are randomly distributed
following Poisson point processes, wemodel a general urban ITS communication network and based on the stochastic geometry we
derive the probability that a vehicle can successfully recover all the desired messages from its serving infrastructure. The analytical
and numerical results clearly demonstrate that our proposed network coding based relay-assisted I2V transmission can significantly
improve the communication performance of the conventional direct I2V transmission strategy.

1. Introduction

With the rapid increase of the number of vehicles driving
on the road, nowadays, traffic accidents and congestion
become severe global problems and thus draw concerns
all over the world. To handle this issue, the concept of
vehicular ad hoc networks (VANETs) has been proposed to
serve as an effective solution. In VANETs, vehicles’ status
information (e.g., real-time position, velocity, and driving
direction) can be periodically shared with others in the
vicinity through wireless communication technologies to
provide a detailed environment awareness to drivers. Early
warning messages can also be broadcast when an emergency
situation occurs to reduce drivers’ reaction time. Due to
the high mobility and limited wireless data transmission
range of vehicles, to improve the network connectivity
and coverage, roadside infrastructures are considered to
be deployed along the roads to relay vehicles’ messages
and distribute other traffic-related information (e.g., traffic
lights’ signals, road congestion status, and regulatory speed
limits [1]). These approaches potentially bring significant

improvements to traffic safety and transportation efficiency
[1–3].

Because of the aforementioned advantages, VANETs
have attracted a large amount of research attentions. The
IEEE 802.11p standard based on the Dedicated Short-Range
Communication (DSRC) technology has been developed to
support intelligent transportation systems (ITS) applications
inVAENTs since 2004 [2]. Due to the lack of pervasive infras-
tructures deployment and sufficient transmission range, the
DSRC technology is normally considered to offer intermittent
and short-lived connectivity between roadside infrastruc-
tures and vehicles [4]. Recently, the third Generation Part-
nership Project (3GPP) has considered vehicular communi-
cations as an important application scenario of the fifth gen-
eration (5G) cellular systems [5]. It is envisioned that, in 5G
systems, several types of infrastructures, potentially including
eNodeBs, eNodeB-type roadside units (RSUs), and UE-type
RSUs, can be deployed to provide ITS services to vehi-
cles within their coverage areas [5]. Clearly, the overall
connectivity of vehicular communication networks can be
significantly improved through the infrastructure to vehicle
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(I2V) data transmissions. However, since the available spec-
trum resources allocated to vehicular networks are in general
limited, having a large number of infrastructures may also
generate severe cochannel interference issues andhence affect
the quality of service (QoS) in practice.

The analysis of I2V transmission strategies has been
investigated by several recent research works. It has been
shown that properly designed transmission schemes can lead
to significant performance improvement in terms of en-
hanced capacity [3] and energy efficiency [6, 7] and reduced
delay [8, 9]. However, in most current works, all roadside
infrastructures and vehicles are considered to be located
along a single road. Hence each vehicle’s desired signals
and interference signals are modeled to come from a one-
dimensional space. Clearly this is hardly the case in practice,
since normally there are multiple roads within a certain area
and the interference signals may come from all directions.
The deployment of multiple roads is taken into account
in [10]. But all infrastructures are still assumed to locate
only along each road, which leads to the one-dimensional
homogeneous Poisson point processes (H-PPPs) model.
It is expected that multiple types of infrastructures (e.g.,
eNodeBs) can serve to provide I2V communication appli-
cations. Hence this model may still be unable to reflect the
most general conditions in future ITS, where some cochannel
interference generators may randomly distribute in the 2D
space [11].

To further improve the performance of I2V commu-
nications, [11–14] propose using extra relay terminals (e.g.,
vehicles running on the roads) to assist in the message
delivery procedure. Requiring relays to repeat the infrastruc-
ture messages would provide vehicle receivers with spatial
diversity gain that can combat the negative impact of the
complex fading and interference characteristics in vehicular
communication environments. Although clear performance
enhancement can be observed, the repetition coding opera-
tion adopted at relays may in fact still be spectrally inefficient
[15]. This is because that each relay uses multiple orthogonal
channels to separately repeat the source’s messages, which
potentially requires an unnecessarily large channel usage. It is
well known that for this issue the concept of network coding
[16] serves as an elegant solution. Instead of individually
retransmitting the source messages, each relay combines
them to form a new codeword such that a single channel
usage suffices to deliver it to the intended destination. To real-
ize efficient transmission ofmultiple independentmessages, a
class ofmaximum distance separable finite-field network codes
(MDS-FFNCs), whose coding principle lies in the summation
in higher order finite fields, is hence proposed by [17].

In this paper, we propose applying MDS-FFNC to relay-
assisted I2V communications in ITS. The system model
considers the wireless distribution of multiple independent
messages from roadside infrastructures to the vehicles in
their coverage areas. Some vehicles can be selected to act
as relays and apply MDS-FFNC to assist in the I2V trans-
missions in order to improve system performance. Based on
stochastic geometry, the distribution of vehicles and roadside
infrastructures aremodeled following two independent PPPs.
We derive the successful transmission probability in such

a complex system. Through comparisons with the classic
direct I2V transmissions, the potential benefits of exploiting
relay and network coding techniques in I2V communication
systems are exhibited.

The remainder of this paper is organized as follows.
We first present the system model and our proposed trans-
mission scheme in Section 2. The successful transmission
probability analysis is introduced in Section 3. Section 4
demonstrates comparisons between our proposed scheme
and two benchmark schemes via numerical results. Finally,
Section 5 concludes the paper.

2. System Model

In this section, we first introduce the system model and then
present the proposed network coding based relay-assisted
I2V transmission process.

2.1. System Model. We consider an urban road system in the
infinite planeR2 with a lattice pattern as shown in Figure 1(a).
The system consists of many horizontal roads separated
by distance 𝑑road,𝑋 meters (denoted by 𝑋𝑖, 𝑖 ∈ Z and
Z ≜ {. . . , −1, 0, 1, . . .}) and many vertical roads separated by
distance 𝑑road,𝑌 meters (denoted by 𝑌𝑗, 𝑗 ∈ Z). It is common
to see this kind of road system in many cities, such as New
York andBarcelona [18].The locations of the vehicles running
on these roads are considered to be distributed following one-
dimensional H-PPPs [10]. The wireless transceiver module
equipped at each vehicle is activatedwith a certain probability
to broadcast the vehicle’s status information to surrounding
vehicles. At any time instant, the simultaneously activated
vehicles running on the horizontal road 𝑋𝑖, denoted by a
set Π𝑋𝑖 , can thus be modeled by a PPP with density 𝜆𝑋𝑖 .
Similarly, the simultaneously activated vehicles running on
the vertical road 𝑌𝑗, denoted by set Π𝑌𝑗 , are modeled by a
PPP with density 𝜆𝑌𝑗 . The ITS infrastructures are assumed to
be randomly deployed in the plane R2. Each infrastructure
is also activated with a probability to broadcast traffic status
information to the vehicles running on a road (these vehicles
would normally be interested in the same information)
within its coverage area. At each time instant, the locations
of the simultaneously activated infrastructures, denoted by
a set Π𝑆, can be modeled to follow an independent two-
dimensional PPP with intensity 𝜆𝑆 [11].

Let us consider the I2V information transmission from
one of the ITS infrastructures to one of the vehicles within its
coverage area. Denote the infrastructure by 𝑆 and the target
vehicle by 𝐷. Without loss of generality, we assume that 𝐷 is
running on the road 𝑋0. 𝑆 intends to send a set of 𝑀 ≥ 1
independent messagesI = {𝐼𝑆1 , . . . , 𝐼𝑆𝑀}, which may contain
rich information such as traffic lights’ signals, road congestion
status, and speed limits, to𝐷. Due to the other simultaneously
activated infrastructures and vehicles, the reception of 𝐷
would be corrupted by cochannel interference so that a
satisfactory quality ofmessage deliverymay not be attainable.

To handle this issue, we adopt the concept of cooperative
communications and select a vehicle 𝑅 also running on𝑋0 to
serve as a relay to help𝐷 through a vehicle-to-vehicle (V2V)
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Figure 1: Scenario of network coding based relay-assisted I2V communications.

communication link (actually 𝑅 can be selected to help all
vehicles on𝑋0who are interested inI).Due to hardware lim-
itation,𝑅’s relay function is operated in a half-duplex decode-
and-forward (DF) fashion.This example of relay-assisted I2V
communication network is illustrated in Figure 1(b).

The message transmissions are carried out in a slow,
frequency-flat Rayleigh block fading environment. One mes-
sage is transmitted using one unit time slot. The small-scale
fading coefficient between transmitter 𝑎 and receiver 𝑏 is
denoted as ℎ𝑎𝑏 and ismodeled as a complexGaussian random
variable with zero mean and unit variance. ℎ𝑎𝑏 remains
constant within each time slot and changes independently
afterwards. The impact of large-scale fading on signal power
is modeled by 𝑑−𝛼𝑎𝑏

𝑎𝑏
, in which 𝑑𝑎𝑏 is the distance between 𝑎

and 𝑏 and 𝛼𝑎𝑏 is the path loss exponent. By this means, at
each time slot, the relationship between the transmit power
at node 𝑎 and receive power at node 𝑏 can be expressed as the
following form: 𝑃𝑏 = ℎ𝑎𝑏2 𝑑−𝛼𝑎𝑏𝑎𝑏

𝑃𝑎. (1)

For presentation simplicity, we set the transmit power of all
infrastructures to be𝑃𝑆 and that of vehicles to be𝑃𝑉.The value
of 𝛼𝑎𝑏 can be very different for different transmitter-receiver
pairs, especially when both line-of-sight and non-line-of-
sight signal propagations are taken into consideration. To
allow the performance analysis in the considered complex
system to be mathematically tractable, in this paper, we set
this value to be the same as 𝛼𝐼 for all interference links.
Compared with the I2V links from 𝑆 to𝑅 and 𝑆 to𝐷, the path
loss exponent for the V2V𝑅-𝐷 linkmay be smaller due to the
relative shorter distance and simpler fading characteristics
between them. For instance, following [18, 19], we can choose𝛼𝑆𝑅 = 𝛼𝑆𝐷 = 4 and 𝛼𝑅𝐷 = 2. For other choices of the path loss

exponents, the analytical method provided in this paper can
also be applied.

Therefore, at each time slot, the received signal-to-
interference-plus-noise ratio (SINR) between transmitter 𝑎
(𝑎 ∈ {𝑆, 𝑅}) and receiver 𝑏 (𝑏 ∈ {𝑅,𝐷}) can be expressed as
the following form:

SINR𝑎𝑏 = 𝑃𝑎 ℎ𝑎𝑏2𝑑−𝛼𝑎𝑏𝑎𝑏𝑍𝑆 + 𝑍𝑋 + 𝑍𝑌 + 𝜎2 , (2)

where 𝑍𝑆 = ∑𝑆𝑘∈Π𝑆
|ℎ𝑆𝑘𝑏|2𝑑−𝛼𝐼𝑆𝑘𝑏

𝑃𝑆, 𝑍𝑋 = ∑𝑖∈Z 𝑍𝑋𝑖 =∑𝑖∈Z∑𝑥∈Π𝑋𝑖
|ℎ𝑥𝑏|2𝑑−𝛼𝐼𝑥𝑏

𝑃𝑉, 𝑍𝑌 = ∑𝑗∈Z 𝑍𝑌𝑗 =∑𝑗∈Z∑𝑦∈Π𝑌𝑗
|ℎ𝑦𝑏|2𝑑−𝛼𝐼𝑦𝑏

𝑃𝑉 denote the received interference
power from infrastructures in Π𝑆 and vehicles in Π𝑋𝑖 andΠ𝑌𝑗 for all 𝑖, 𝑗 ∈ Z, respectively, and 𝜎2 denotes noise power.
2.2. Transmission Process. In this paper, we require the
relay to combine the 𝑀 source messages 𝐼𝑆1 , . . . , 𝐼𝑆𝑀 into 𝐿
newmessages 𝐼𝑅1 , . . . , 𝐼𝑅𝐿 using the MDS-FFNC. Specifically,
define vectors IS = [𝐼𝑆1 , . . . , 𝐼𝑆𝑀]𝑇 and IR = [𝐼𝑅1 , . . . , 𝐼𝑅𝐿]𝑇,
where [⋅]𝑇 is the vector transpose operator. The input-output
relation of the network coding procedure can be expressed as

[IS
IR
] =

[[[[[[[[[[[[

1 0 ⋅ ⋅ ⋅ 0... ... d
...0 0 ⋅ ⋅ ⋅ 1𝜔𝑅1 ,𝑆1 𝜔𝑅1 ,𝑆2 ⋅ ⋅ ⋅ 𝜔𝑅1 ,𝑆𝑀... ... d
...𝜔𝑅𝐿,𝑆1 𝜔𝑅𝐿,𝑆2 ⋅ ⋅ ⋅ 𝜔𝑅𝐿,𝑆𝑀

]]]]]]]]]]]]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐺

IS, (3)
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Figure 2: Transmission process of the proposed NC scheme.

where all summations are carried out in a certain finite field,
and the coding coefficients 𝜔𝑅𝑗 ,𝑆𝑖 are designed to guarantee
that the global encoding kernels (GEK) [17] are linearly
independent. By this means, a submatrix constituted by any𝑀 rows of the transfer matrix 𝐺 is nonsingular. Any𝑀 out
of the 𝑀 + 𝐿 codewords expressed on the left-hand side of
(3) are sufficient to help recover the whole source message set
I.

The transmission process in the considered relay-assisted
I2V communication system is shown in Figure 2 and is
termed network-coded cooperation (NC). A total of𝑀+𝐿 time
slots are used to complete the transmission ofI from 𝑆 to𝐷.
The first 𝑀 slots are assigned to 𝑆 to broadcast 𝐼𝑆1 , . . . , 𝐼𝑆𝑀 ,
respectively. If the relay 𝑅 can decode all the 𝑀 messages,
in the next 𝐿 time slots it transmits the network-coded
messages 𝐼𝑅1 , . . . , 𝐼𝑅𝐿 . Otherwise, 𝑅 remains silent. After 𝑆
and 𝑅 complete their transmissions, 𝐷 tries to recover I
based on its received signals. Note that the choice of the value𝐿 can affect the system performance. Having a large value
of 𝐿 would provide high diversity to the I2V transmission
process. But since a large amount of channel usage is required,
the spectral efficiency would be reduced as a potential cost.
When 𝐿 is chosen to be zero, the relay is not used to assist
in the intended I2V communications. This is termed direct
transmission (DT) throughout the paper.

To evaluate the performance of the proposed NC scheme,
we will derive the probability that𝐷 can successfully recover
all 𝑀 source messages. This task will be carried out in the
following section.

3. Performance Analysis

As described in Section 2.2, in the transmission process of the
NC scheme, there are two stages to conduct message delivery,
that is, 𝑆 first broadcasts𝑀messages to𝐷 and𝑅 via I2V links
and then 𝑅 transmits 𝐿 network-coded messages to𝐷 via the
V2V link.Thefinal probability that𝐷 can successfully recover
the sourcemessage setI relies on the successful transmission
probability at each time slot. To this end, we first derive the
latter probability expression.

We have seen that, at each time slot, the SINR between
transmitter 𝑎 (𝑎 ∈ {𝑆, 𝑅}) and receiver 𝑏 (𝑏 ∈ {𝑅,𝐷}) can
be expressed by SINR𝑎𝑏 as shown in (2). If SINR𝑎𝑏 is larger
than a certain threshold𝑇, the receiver 𝑏 can correctly decode

its received signal from 𝑎. Hence the successful transmission
probability, denoted by 𝑃suc,𝑎𝑏, can be expressed as 𝑃suc,𝑎𝑏 =
Pr{SINR𝑎𝑏 ≥ 𝑇}. 𝑃suc,𝑎𝑏 can be further derived as (4), where
L𝑍𝑆

(⋅),L𝑍𝑋
(⋅), andL𝑍𝑌

(⋅) are the Laplace transform of 𝑍𝑆,𝑍𝑋, and 𝑍𝑌, respectively. In fact,L𝑍𝑆
(⋅),L𝑍𝑋

(⋅), andL𝑍𝑌
(⋅)

represent the reduction of successful decoding probability
due to the cochannel interference generated by interfering
infrastructures, vehicles running on the horizontal roads, and
vertical roads, respectively. In what follows, we derive the
closed-form expressions of these three factors.

𝑃suc,𝑎𝑏 = Pr{ 𝑃𝑎 ℎ𝑎𝑏2 𝑑−𝛼𝑎𝑏𝑎𝑏𝑍𝑆 + 𝑍𝑋 + 𝑍𝑌 + 𝜎2 ≥ 𝑇}
= E𝑍𝑆,𝑍𝑋,𝑍𝑌 [Pr{ℎ𝑎𝑏2
≥ 𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 (𝑍𝑆 + 𝑍𝑋 + 𝑍𝑌 + 𝜎2)}]
= E𝑍𝑆,𝑍𝑋,𝑍𝑌 [exp(−𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 𝑍𝑆) exp(−𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 𝑍𝑋)
⋅ exp(−𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 𝑍𝑌)] exp(−𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝜎2𝑃𝑎 )
=L𝑍𝑆

(𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 )L𝑍𝑋
(𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 )L𝑍𝑌

(𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 )
⋅ exp(−𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝜎2𝑃𝑎 ) .

(4)

Let 𝑠 = 𝑇𝑑𝛼𝑎𝑏
𝑎𝑏
/𝑃𝑎. Since the locations of the ITS infras-

tructures are assumed to be randomly distributed following a
two-dimensional PPP, the Laplace transform of the aggregate
interference from simultaneously activated infrastructures is
given by

L𝑍𝑆
(𝑠) = 𝑒−𝜆𝑆𝜋(𝑠𝑃𝑆/𝑃𝑎)2/𝛼𝐼Γ(1+2/𝛼𝐼)Γ(1−2/𝛼𝐼), (5)

where Γ(𝑧) = ∫∞
0
𝑒−𝑢𝑢𝑧−1𝑑𝑢 is the gamma function [20].

The locations of all vehicles are distributed according
to one-dimensional H-PPPs and vehicles on different roads
are independent. The Laplace transform of the aggregated
interference from interfering vehiclesL𝑍𝑋

(𝑠) andL𝑍𝑌
(𝑠) can

be expressed as

L𝑍𝑋
(𝑠) = ∏

𝑖∈Z

L𝑍𝑋𝑖
(𝑠) , (6)

L𝑍𝑌
(𝑠) = ∏

𝑗∈Z

L𝑍𝑌𝑗
(𝑠) . (7)

To obtain the expressions of L𝑍𝑋
(𝑠) and L𝑍𝑌

(𝑠), we
should first deriveL𝑍𝑋𝑖

(𝑠) andL𝑍𝑌𝑗
(𝑠). We can see that 𝑍𝑋𝑖

and 𝑍𝑌𝑗 are the aggregated interference received from the
vehicles on the roads 𝑋𝑖 and 𝑌𝑗. Without loss of generality,
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we set the coordinates of the location of the receiver 𝑏 to be(0, 0) in R2 (road 𝑋0 is the horizontal axis) and the location
of the intersection of𝑋0 and 𝑌0 is set to be (𝑑𝑏𝐼, 0).

Let the location coordinate of the Vth interfering vehicle,
denoted as 𝑥𝑖,V, (𝑥𝑖,V ∈ Π𝑋𝑖 , V ∈ {1, 2, 3, . . .}), on road 𝑋𝑖

be (𝑥(𝑖)V , 𝑦(𝑖)road), where 𝑦(𝑖)road = 𝑖 ⋅ 𝑑road,𝑋, and that of the 𝑞th
interfering vehicle, denoted as 𝑦𝑗,𝑞 (𝑦𝑗,𝑞 ∈ Π𝑌𝑗 , 𝑞 ∈ {1, 2,3, . . .}), on road 𝑌𝑗 be (𝑥(𝑗)road, 𝑦(𝑗)𝑞 ), where 𝑥(𝑗)road = 𝑗 ⋅ 𝑑road,𝑌.
The distance between 𝑥𝑖,V and the receiver 𝑏 is 𝑑𝑥𝑖,V𝑏 =√(𝑥(𝑖)V )2 + (𝑦(𝑖)road)2 and we have (𝑑/𝑑𝑥(𝑖)V )𝑑𝑥𝑖,V𝑏 = 𝑥(𝑖)V /𝑑𝑥𝑖,V𝑏.
The Laplace transformL𝑍𝑋𝑖

(𝑠) is given by

L𝑍𝑋𝑖
(𝑠) = E [exp (−𝑠𝑍𝑋𝑖)] = E[[ ∏

𝑥𝑖,V∈Π𝑋𝑖

exp (−𝑠𝑃V ℎ𝑥𝑖,V𝑏2 𝑑−𝛼𝐼𝑥𝑖,V𝑏
)]] (𝑎)= EΠ𝑋𝑖

[[ ∏
𝑥𝑖,V∈Π𝑋𝑖

Eℎ𝑥𝑖,V𝑏
{exp (−𝑠𝑃𝑉 ℎ𝑥𝑖,V𝑏2 𝑑−𝛼𝐼𝑥𝑖,V𝑏

)}]]
(𝑏)= EΠ𝑋𝑖

[[ ∏
𝑥𝑖,V∈Π𝑋𝑖

11 + (1/𝑠𝑃𝑉) 𝑑𝛼𝐼𝑥𝑖,V𝑏]] (𝑐)= exp(−∫+∞
−∞

𝜆𝑋𝑖1 + (1/𝑠𝑃𝑉) (√(𝑥(𝑖)V )2 + (𝑖 ⋅ 𝑑road,𝑋)2)𝛼𝐼 𝑑𝑥(𝑖)V )
= exp(−2𝜆𝑋𝑖 ∫+∞

𝑦(𝑖)road

𝑑𝑥𝑖,V𝑏𝑑𝑑𝑥𝑖,V𝑏√(𝑑𝑥𝑖,V𝑏)2 − (𝑦(𝑖)road)2 (1 + (1/𝑠𝑃𝑉) 𝑑𝛼𝐼𝑥𝑖,V𝑏))= exp(−𝜆𝑋𝑖 (𝑠𝑃𝑉)1/𝛼𝐼 ∫+∞
𝜔0

1√𝜔 − 𝜔0 (1 + 𝜔𝛼𝐼/2)𝑑𝜔) ,

(8)

where (𝑎) follows from the independence of the fading
parameters, (𝑏) follows from the Laplace transform of the
Rayleigh fading (i.e., L(𝑠) = 1/(1 + 𝑠)), (𝑐) follows from the
expression of the probability generating function for a PPP
[21], 𝜔 = (𝑑𝑥𝑖,V𝑏/(𝑠𝑃𝑉)1/𝛼𝐼)2, and 𝜔0 = (𝑦(𝑖)road/(𝑠𝑃𝑉)1/𝛼𝐼)2. As
wementioned earlier, the path loss exponent𝛼𝐼 can be chosen
according to the applied signal propagation environments.
The expression of (8) can be derived for each individual
choice of 𝛼𝐼. For instance, setting 𝛼𝐼 = 4 provides us with
the following integral:

∫+∞
𝜔0

1√𝜔 − 𝜔0 (1 + 𝜔𝛼𝐼/2)𝑑𝜔

= 𝜋 sin ((1/2) arctan (1/𝜔0))(1 + 𝜔20)1/4 .
(9)

Substituting (9) into (8), we can obtainL𝑍𝑋𝑖
(𝑠) as

L𝑍𝑋𝑖
(𝑠)

= exp(−𝜆𝑋𝑖√𝑠𝑃𝑉𝜋 sin ((1/2) arctan (√𝑠𝑃𝑉/ (𝑦(𝑖)road)2))(𝑠𝑃𝑉 + (𝑦(𝑖)road)4)1/4 ). (10)

Substituting (10) and 𝑠 = 𝑇𝑑𝛼𝑎𝑏
𝑎𝑏
/𝑃𝑎 into (6), the Laplace

transform of the aggregate interference power from simulta-
neously activated vehicles on the horizontal roads is given by

L𝑍𝑋
(𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 ) = ∏

𝑖∈Z

exp(−𝜆𝑋𝑖√𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝑃𝑉/𝑃𝑎𝜋 sin ((1/2) arctan (√𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝑃𝑉/𝑃𝑎/ (𝑖 ⋅ 𝑑road,𝑋)2))(𝑇𝑑𝛼𝑎𝑏
𝑎𝑏
𝑃𝑉/𝑃𝑎 + (𝑖 ⋅ 𝑑road,𝑋)4)1/4 ). (11)

Similarly, when 𝛼𝐼 = 4, the expression of L𝑍𝑌𝑗
(𝑠) can be

derived as

L𝑍𝑌𝑗
(𝑠) = exp(−𝜆𝑌𝑗√𝑠𝑃𝑉𝜋 sin((1/2) arctan(√𝑠𝑃𝑉/ (𝑑𝑏𝐼 + 𝑥(𝑗)road)2))(𝑠𝑃𝑉 + (𝑑𝑏𝐼 + 𝑥(𝑗)road)4)1/4 ). (12)
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Substituting (12) and 𝑠 = 𝑇𝑑𝛼𝑎𝑏
𝑎𝑏
/𝑃𝑎 into (7) leads to the Laplace

transform of the aggregate interference from simultaneously
activated vehicles on the horizontal roads as (13). Substitute
(5), (11), and (13) into (4). We can obtain the closed-form

expression of the successful transmission probability between
the transmitter 𝑎 (𝑎 ∈ {𝑆, 𝑅}) and receiver 𝑏 (𝑏 ∈ {𝑅,𝐷}) at
each individual time slot, that is, 𝑃suc,𝑎𝑏.

L𝑍𝑌
(𝑇𝑑𝛼𝑎𝑏𝑎𝑏𝑃𝑎 ) = ∏

𝑗∈Z

exp(−𝜆𝑌𝑗√𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝑃𝑉/𝑃𝑎𝜋 sin ((1/2) arctan (√𝑇𝑑𝛼𝑎𝑏𝑎𝑏 𝑃𝑉/𝑃𝑎/ (𝑑𝑏𝐼 + 𝑗 ⋅ 𝑑road,𝑌)2))(𝑇𝑑𝛼𝑎𝑏
𝑎𝑏
𝑃𝑉/𝑃𝑎 + (𝑑𝑏𝐼 + 𝑗 ⋅ 𝑑road,𝑌)4)1/4 ). (13)

Nowwe are ready to derive the probability that𝐷 can fully
recover all source messages. Denote this probability by 𝑃NC.
Based on transmission process described in the Section 2.2,
we can express 𝑃NC as𝑃NC = 𝑃act𝑃𝑆𝑅𝐷 + (1 − 𝑃act) (𝑃suc,𝑆𝐷)𝑀 , (14)

where𝑃act denotes the probability that the relay𝑅 is activated,
and 𝑃𝑆𝑅𝐷 is the probability that 𝐷 can recover I under the
condition that the relay is activated. Clearly, the relay 𝑅 is
activated only when it can recover all the𝑀 source messages
from 𝑆. Thus we can calculate 𝑃act by𝑃act = (𝑃suc,𝑆𝑅)𝑀 . (15)

If the relay 𝑅 is activated, 𝐷 receives a total of 𝑀 + 𝐿
messages transmitted from 𝑆 and 𝑅. Benefitting from the
MDS-FFNC, as long as 𝑀 out of the 𝑀 + 𝐿 messages can
be decoded, all the messages 𝐼𝑆1 , . . . , 𝐼𝑆𝑀 can be recovered. In
other words, the I2V transmission ofI is successful if atmost𝐿 messages are decoded with errors at 𝐷. Consequently, the
probability of successfully recovering all the source messages
at𝐷 with the help of 𝑅 is calculated as𝑃𝑆𝑅𝐷 = min{𝑀,𝐿}∑

𝑔=0

(𝑀𝑔 ) (1 − 𝑃suc,𝑆𝐷)𝑔 (𝑃suc,𝑆𝐷)𝑀−𝑔

⋅ (𝐿−𝑔∑
𝑤=0

(𝐿𝑤) (1 − 𝑃suc,𝑅𝐷)𝑤 (𝑃suc,𝑅𝐷)𝐿−𝑤) , (16)

where (𝑀𝑔 ) (1−𝑃suc,𝑆𝐷)𝑔(𝑃suc,𝑆𝐷)𝑀−𝑔 is the probability that𝐷
cannot directly decode 𝑔messages from 𝑆 and∑𝐿−𝑔

𝑤=0 ( 𝐿𝑤 ) (1 −𝑃suc,𝑅𝐷)𝑤(𝑃suc,𝑅𝐷)𝐿−𝑤 is the probability that 𝐷 cannot decode
at most 𝐿 − 𝑔 network-coded messages from 𝑅.

On the other hand, if the relay cannot successfully decode
all the 𝑀 messages from 𝑆, the probability of which is 1 −𝑃act, then the I2V transmission from 𝑆 to𝐷 can be successful
only when 𝐷 can recover the whole message set I from 𝑆.
The successful transmission probability in this case is clearly(𝑃suc,𝑆𝐷)𝑀. Finally, substitute (15) and (16) into (14). We can
obtain the exact successful transmission probability achieved
by the NC scheme.

If the relay is not used to assist the desired I2V transmis-
sion, the successful transmission probability from 𝑆 to 𝐷 is
denoted by 𝑃DT and it is certainly derived as follows using
(4): 𝑃DT = (𝑃suc,𝑆𝐷)𝑀 . (17)

4. Numerical Results

In this section, we evaluate the performance of the proposed
network coding based relay-assisted I2V communications.
Two benchmark schemes are considered to demonstrate the
benefits of the proposed NC scheme. In addition to the DT
scheme without using relays (i.e., direct I2V transmissions),
another forwarding strategy that is commonly adopted in
relay-aided I2V communication systems is to require the
relay to repeat the messages generated by the infrastructure
(e.g., see [12, 13]). We term this repetition-coded cooperation
(RC) scheme. This scheme is simple to realize. But when the
infrastructure intends to delivermultiplemessages to its serv-
ing vehicles, it may not be satisfactorily good. For instance,
consider our system in which the source intends to broadcast𝑀messages. Allowing the relay to repeat each sourcemessage
once would require the whole transmission to be completed
using 2𝑀 time slots. Each message arrives in 𝐷 through two
independent paths, one directly from 𝑆 and one through 𝑅.
Compared with our NC scheme with 𝐿 < 𝑀, its diversity
andmultiplexing gainsmay both be insufficient. Since the cal-
culation of the successful transmission probability of the RC
scheme is involved (due to the aforementioned interference
issues), we will show its performance via simulations.

For fair comparisons, we demand the average transmis-
sion data rate from the infrastructure to be the same for all
three schemes. This rate is denoted by 𝑅0 bits per message
per (time) channel use (BPMPCU).TheDT scheme demands𝑀 time slots to complete the direct I2V transmission of 𝑀
messages. Hence each message should contain 𝑀𝑅0 bits of
information. The RC scheme needs 2𝑀 slots and each mes-
sage has 2𝑀𝑅0 bits of information. Finally, the NC scheme
uses𝑀+𝐿 time slots to complete the transmission. Eachmes-
sage should contain (𝑀+𝐿)𝑅0 bits of information tomaintain
the average rate 𝑅0 BPMPCU. Furthermore, we assume that
the infrastructure source applies capacity-achievingGaussian
codes to encode its information so that the SINR thresholds of
theDT,RC, andNC schemes can be expressed as𝑇 = 2𝑀𝑅0−1,𝑇 = 22𝑀𝑅0 − 1, and 𝑇 = 2(𝑀+𝐿)𝑅0 − 1, respectively.

In the following numerical results, we use an example net-
work topology to illustrate the performance gains obtained by
the NC scheme. Specifically, we set 𝑑𝑆𝐷 = 𝑑𝑆𝑅 = 100m and𝑑𝑆𝐷 = 60m. In addition, the distance from 𝐷 to 𝑌0 is 95m
and that from 𝑅 to 𝑌0 is 155m.The density of simultaneously
activated vehicles on each road is set to be the same, that is,𝜆𝑋𝑖 = 𝜆𝑌𝑗 , ∀𝑖, 𝑖 ∈ Z, and is denoted by 𝜆𝑉. Unless otherwise
specified, the rest of network parameters are listed in the
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Table 1: Simulation parameters.

Parameter Value
Path loss exponents for I2V links and interference links (𝛼𝑆𝑅, 𝛼𝑆𝐷, 𝛼𝐼) 4
Path loss exponent for the V2V 𝑅-𝐷 link (𝛼𝑅𝐷) 2
Infrastructure transmit power (𝑃𝑆) 37 dBm
Vehicle transmit power (𝑃𝑉) 20 dBm
Density of simultaneously activated infrastructures (𝜆𝑆) 10−7m−2

Density of simultaneously activated vehicles (𝜆𝑉) 10−3 vehicles/m
Noise power (𝜎2) −99 dBm
Distance between horizontal roads (𝑑road,𝑋) 430m
Distance between vertical roads (𝑑road,𝑌) 250m

Table 1, most of which are adopted from [5, 18, 19]. Certainly,
in other system setups, the analytical method provided in
Section 3 is also applicable.

Figure 3 displays the successful transmission probability
achieved by the three schemes, when the average transmis-
sion rate𝑅0 changes. To verify the accuracy of the derivations
of 𝑃NC and 𝑃DT presented in Section 3, we also carried out a
Monte Carlo simulation (with 100,000 experiments) to find
these values. It can be clearly seen that the analytical and
simulation results are in line with each other. In addition,
we can observe that, for a wide range of the transmission
data rate, the NC scheme performs better than the DT and
RC schemes. When the number of messages 𝑀 increases,
the successful transmission probabilities of the three schemes
all reduce, since now it is easier for 𝐷 to make mistakes in
the source message recovery process. In this case, the perfor-
mance gain of the NC scheme still remains, and a properly
designed system should reduce the transmission data rate to
improve the I2V communication reliability. Furthermore, we
can also observe that if 𝑅0 is chosen to be very large, the DT
scheme would outperform the other two. This is because, for
large transmission rate, under the current setup of transmit
powers 𝑃𝑆 and 𝑃𝑉, the system is actually operating in a
relatively low SINR regime. Since the NC scheme uses more
channel resources to complete transmission, its information
rate of each message is larger than that of the DT scheme.
The decoding error probability at 𝑅 and 𝐷 is dominated
by that of decoding high-rate messages. The situation is
clearly more severe for the RC scheme. We can see that the
successful transmission probability is too low to be acceptable
in practice. Hence, again, a better system design should
use a smaller rate (conveyed by each message) to deliver
information. In this case, the system is operated in a relatively
large SINR regime.The diversity and network coding gains of
theNC scheme can bemore beneficial, especially when a very
high transmission reliability is demanded.

Figure 4 shows the successful transmission probability
versus the vehicle density 𝜆𝑉. It can be seen that for a
wide range of interfering vehicle density, the NC scheme
performs better than the DT scheme (the RC scheme is not
shown due to its inferior performance). When the value of𝜆𝑉 is large, the impact of interference becomes large. The
considered I2V communication system is operated in a low
SINR regime. Again, due to the fact that the NC scheme
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NC, M = 5, simulation
DT, M = 5, analysis
DT, M = 5, simulation
RC, M = 5, simulation

NC, M = 10, analysis
NC, M = 10, simulation
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DT, M = 10, simulation
RC, M = 10, simulation
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Figure 3: Successful transmission probability versus average trans-
mission rate 𝑅0. For the NC scheme, 𝐿 = 3.
demands each message to have a larger information rate, it
may cause higher probability of incorrect decoding than the
DT scheme. But since the successful transmission probability
is too low, a lower transmission data rate𝑅0 should be chosen
to guarantee a sufficiently high probability of successful
transmission, when the density of simultaneously activated
vehicles is large. It can be straightforwardly conjectured that
the same observation would be made when the density of
interfering infrastructures 𝜆𝑆 is varying.

Finally, in Figure 5, we show the impact of changing
the value of 𝐿 on the successful transmission probability.
Note that when 𝐿 = 0, the NC scheme becomes the DT
scheme. It can be directly seen that the NC scheme can per-
form better than the DT scheme. This is consistent with
the previous observations. Moreover, different choices of𝐿 would lead to different performance. But increasing 𝐿
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Figure 4: Successful transmission probability versus interfering
vehicle density 𝜆𝑉, with 𝑀 = 5 and 𝑅0 = 0.1 BPMPCU. For the
NC scheme, 𝐿 = 2.
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Figure 5: Successful transmission probability versus 𝐿with𝑅0 = 0.1
BPMPCU.

does not necessarily improve the successful transmission
probability. This is because although increasing 𝐿 provides
the I2V communication with higher diversity gain and power
gain, the information rate of eachmessage has to be increased
to maintain a fixed average transmission rate. This may lead
to difficulties in the decoding process and hence offset the
benefits provided by the relay. It should be noted that the best
choice of 𝐿 can vary significantly in different system setups.
For instance, we can see from Figure 5 that different values
of𝑀 would require different choices of 𝐿 to achieve the best
performance. In fact, the system parameters such as𝑀, 𝑃𝑉,𝑃𝑆, 𝜆𝑆, and 𝜆𝑉 would all affect the selection of 𝐿. In different

systems, the analytical method presented in the above section
can be applied to carry out the selection.

5. Conclusion

A typical communication scenario in ITS applications is the
information distribution from roadside infrastructures to the
vehicles within their coverage areas. To combat the negative
impact of fading and cochannel interference, in recent years,
investigations have proposed to use selected vehicles to serve
as relays for such I2V transmission processes. In this paper,
we have studied applying a network-coded cooperation strat-
egy in an I2V communication system with multiple source
messages. The potential cochannel interference generators
are modeled based on stochastic geometry. Specifically, the
interfering infrastructures are modeled by a 2D PPP and
the interfering vehicles are modeled by 1D H-PPPs. Through
deriving the successful transmission probability between
an infrastructure and a vehicle, we have shown that the
proposed transmission scheme can significantly improve the
performance of the conventional direct I2V transmissions.
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With increasing popularity of high speed trains and traffic forecast for future cellular networks, the need to provide improved data
rates using higher frequency bands (HFBs) for train passengers is becoming crucial. In this paper, we modify the OFDM frame
structure for HST, taking into account the increasing sensitivity to speed at HFBs. A lower bound on the SNR/SINR for a given
rate for reliable communication was derived considering the physical layer parameters from the OFDM frame. We also analyze
different pathloss models in the context of examining the required gain needed to achieve the same performance as withmicrowave
bands. Finally, we present a time-based analogue beamforming selection approach for HST. We observed that, irrespective of the
pathloss models used, the required gains are within the same range. For the same SNR/SINR at different frequency bands, the
achievable data rate varies with respect to the frequency bands. Our results show the potential of the use of HFBs. However, due
to the increased sensitivity of some channel parameters, a maximum frequency band of 38GHz is suggested. Evaluation of our
proposed beamforming scheme indicates a close performance to the optimal SVD scheme with a marginal rate gap of less than
2 b/s/Hz.

1. Introduction

The increasing interest in the deployment of high speed trains
(HSTs) in many parts of the world has evoked the need
to provide high quality wireless communication services to
onboard users. Following the recent trends and forecast in
broadband communications, traffic fromwireless andmobile
devices will account for two-thirds of the total traffic and the
required data rates will nearly double by 2020 [1]. It is obvious
by direct extension that theHST passengers travelling in large
groups for extended period of time will also need access
to bandwidth hungry applications particularly multimedia
services. However, providing such high data rates and good
quality of service (QoS) to passengers in the presence of
rapidly varying channel conditions and scarce bandwidth
availability in the current cellular network is a challenging
task [2, 3].

Enabling advanced multiantenna and multiplexing
schemes with efficient use of available spectrum has been

a subject of extensive research. Hence, some of these
techniques such as advanced multiple-input multiple-output
(MIMO), coordinated multipoint (CoMP), and carrier
aggregation (CA) have been adopted in most wireless
standards, such as IEEE 802.16e/m and 3GPP LTE/LTE-A
[4]. Due to the scarce available bandwidth at microwave
frequency bands, the use of these techniques is not enough to
achieve the rapid growing required data rates. Therefore, the
wireless communications community steers its focus towards
higher frequency bands (HFBs) (between 6 and 100GHz) for
the 5th-generation (5G) wireless communications, since the
large available bandwidth atHFBs has been seen as a potential
to meet the incredible data rate demand [5]. The use of HFBs
has previously been limited to indoor applications [6] due to
its sensitivity to the atmosphere and severe propagation loss,
which is inversely proportional to the squared wavelength,
thereby affecting long range transmission [7]. With the
small wavelength and recent advances in modular antenna
array technology for HFBs, high beamforming gains can
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be obtained to combat large propagation loss and therefore
are potentially suitable for outdoor communication as
demonstrated in [8], where a distance of up to 1 km is
achieved for mm-wave link transmission. Advances in
modular antenna array technology allow the creation of large
antenna array with high gain in a cost effective and scalable
manner [9]. Furthermore, the measurements campaign in
[5, 10–12], showed that the mm-wave band can be a good
candidate for the next generation 5G cellular systems, with a
focus on urban environment.

Motivated by these channel measurements and expecta-
tions, several studies have put in effort to develop algorithms
to estimate the HFB channel parameters that exploit the
peculiar nature of the channel [13–15] and design beam-
forming algorithms [16–18] to increase the achievable data
rates. However, majority of these researches focus on urban
small cell deployment scenario with cell sizes of 50 to 200
meters, which in the case of the HST scenario would result in
handovers every few seconds. Also, the adaptive beamwidth
beamforming algorithms and codebook designs in [16–18],
which require beam training time, cannot be directly used
for the HST scenario, because the HFB channels are more
sensitive to channel state information feedback delay due to
the fast time-varying channel caused by high mobility [19].

The use of HFBs for HST and 5G communication system
for railway (5G-R) was suggested in [20] with the goal of
providing larger bandwidth and higher data rate transmission
capability. In [21], a hybrid spatial modulation beamform-
ing scheme is proposed at HFBs under the HST scenario,
where a combination of spatial modulation and hybrid
beamforming is used to enhance rate performance. However,
channel state information feedback delay was not taken into
account, which can significantly affect the rate performance.
Amodification to the IEEE 802.11ad beam sweeping approach
was examined in [22], where the number of beams and
an optimum repetition time to sweep through the beams
were determined from the velocity estimate of the HST. Also
HFB beam switching support for HSTs was considered in
[23], in which the beam switching approach leverage on the
knowledge of the train position in optimizing the beamwidth
to achieve a higher rate. However, information of the selected
beam at the BS is required at theHST and beamdesign details
were not examined.

In this paper, we first focus on analyzing the impact
and feasibility of the use of different frequency band for
HST scenario. We derive a lower bound SNR/SINR curve
to achieve a successful transmission for a given target rate.
We also propose an improved frame structure based on
orthogonal frequency division multiplexing (OFDM) for the
HST scenario, such that the maximum speed of the HST and
the carrier frequency used are taken into account. Motivated
by the rural macrocell (RMa) channel measurement carried
out in [24] for HFBs and the remarkable coverage achieved
using the close-in (CI) reference distance pathloss model, we
analyze the impact of different pathloss models on a range of
carrier frequencies, since the lower bound SNR/SINR curve
is affected by the pathloss.

The pathloss model proposed for channel models for
HFBs (6–100GHz) in 3GPP released TR 38.900 [25] and the

pathloss model proposed for mm-wave communications in
[24, 26] have been considered as appropriate pathloss models
for HFBs (>6GHz). Hence, these two pathloss models are
analyzed and compared alongwith two other pathlossmodels
assumed not suitable for HFBs: free space pathloss model
and modified IEEE 802.16 pathloss model. We also examine
the effect of these pathloss models in an interference limited
scenario.

Finally, we propose a simplified analogue beamforming
selection approach based on the properties of the railway
environment and the HFB channel. An ordered codebook
is developed using an array response vector with a range of
angles and a distance/time-based selection approach is used
to select the optimal beamforming weight and receive filter at
any given time instance. The contributions of this paper are
summarized as follows:

(i) We modify the OFDM frame structure for HST,
taking into consideration the properties of HFBs and
the high velocity of the HST. The modification of
the OFDM frame reveals the increased sensitivity
to intersymbol interference (ISI) and intercarrier
interference (ICI) at HFBs.

(ii) We generate a lower bound SNR/SINR curve for
successful transmission using the modified OFDM
framework at HFB for a given maximum train speed.

(iii) We establish a performance gap between different
pathloss models for HFBs in terms of the required
gain needed to achieve the same performance at
microwave bands.

(iv) We design a sequentially ordered codebook at HFB
for HST. The codebook relies on the array response
vector with ordered angular inputs generated from a
range of possible AoA/AoD.

(v) We propose a distance/time-based analogue beam-
forming selection scheme forHST.This scheme lever-
ages on LOS propagation and the prior knowledge of
the HST position and velocity.

(vi) We analyze the performance of the proposed beam-
forming scheme in comparisonwith the optimal SVD
beamforming approach and the state-of-the-art LTE
based closed-loop precoding method.

The rest of this paper is organized as follows. In Section 2,
the background and suitability studies of the use of HFBs
for HST networks are examined. The system model for
the HST network is introduced in Section 3. The proposed
beamforming selection scheme as applied to the HST is
presented in Section 4. In Section 5, the simulation results are
discussed and the conclusion is provided in Section 6.

2. Background and Feasibility Studies

2.1. The Railway Deployment Scenario. The railway deploy-
ment scenario targets continuous coverage and high data
rates tomobile users inside a HST along the rail track.Mobile
users include onboard passengers who require high data rates
and essential train communication devices which require
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Figure 1: HST scenario with RRHs to ensure LOS propagation.

high reliability [27]. To guarantee reliable communication
in a HST network, knowledge about the high speed railway
environment is required. The propagation characteristics of
the railway environment have been observed in a number
of studies through channel measurements and analyses at
microwave frequency bands [28–34]. For most of the railway
propagating environment, strong LOS component is present
and there are few multipaths because of little scatterers
and reflections closely similar to the rural macrocell (RMa)
propagation scenario described in [35]. Considering HFBs
for HST scenario and maintaining the network layout for
microwave bands so as not to increase the strain on the
existing challenge of frequent handover, the LOS component
will be lost for most paths and NLOS components will be
negligible due to fewer scatters. However, remote radio heads
(RRHs) and moving relay nodes (MRNs) on the HST can be
used to ensure the presence of LOS propagation as proposed
in [36] and shown in Figure 1.

Previous studies in [37] identified the critical differences
between the railway communication system and the con-
ventional cellular system with the proposed transmission
schemes for the HST scenario using a two-hop network
architecture. A single hop network architecture was adopted
in [38], where advanced collaboration schemes were used to
improve the throughput. However, with the increasing data
rate requirement, the use of advanced transmission schemes
and techniques at microwave bands is not enough to meet
the data rate demand. Hence, the large available bandwidth
at higher operating frequency bands is seen as a potential
to meet the data rate demand in the railway deployment
scenario.

Hence, the impact of high mobility and additional
pathloss must be taken into account in the choice of HFB to
ensure proper communication network planning. Also, the
increased impact of the delay spread andDoppler shift/spread
must be taken into account in the development of the OFDM
frame structure when HFBs are considered.

2.2. Higher Frequency Band Frame Structure for HST. The
design of a 5G new radio physical layer is heavily influenced
by the requirements for high data rate, improved spectral effi-
ciency, and the availability of larger channel bandwidths. To
fulfil these requirements, OFDM frame structure is proposed
as a good candidate. Also, some advanced technical features
of LTE-A are being considered for 5G systems, such that
5G is designed to exploits ways to combine existing 4G LTE
networks with capabilities provided by 5G [39]. Hence, the
existing LTE framework is used as a guide in the development
of the HFB frame structure for HST. The development of
the frame structure for HST is vital in predicting accurate
lower bound on SNR/SINR for a given target rate.We propose
the use of the modified alpha Shannon formula [40] to
facilitate accurate benchmarking of theOFDMstructure such
that the physical layer parameters are taken into account
in deriving the minimum SNR/SINR value for successful
transmission for a given target rate.TheminimumSNR/SINR
for successful transmission can be expressed as

Γ = 𝛽 (2𝑅tar/𝛼𝐵 − 1) , (1)

where 𝑅tar is the target rate and 𝐵 is the transmission
bandwidth. The symbol 𝛽 represents the SNR efficiency
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Table 1: Frame structure parameters for a maximum speed of 500 km/h.

Frequency (GHz) 2 10 28 30 38 73
Frame duration (ms) 10 10 10 10 10 10
Subframe duration (ms) 1 1 1 1 1 1
Length of cyclic prefix 𝑇CP1 (𝜇s) 5.2 5.2 5.2 5.2 5.2 5.2
Length of cyclic prefix 𝑇CP2 (𝜇s) 4.7 4.7 4.7 4.7 4.7 4.7
Doppler frequency 𝐹𝐷 (kHz) 0.93 4.63 13 14 17.6 33.8
Sub-carrier spacing Δ𝑓 (kHz) 15 18.8 60 60 71.3 138.8
Length of symbol 𝑇𝑢 (𝜇s) 66.7 53.2 16.7 16.7 14 7.2
Number of symbol 𝑁sym 7 9 23 23 28 42
Resource block (RB) size (kHz) 180 225.6 720 720 855.6 1665.6
Resource elements per RB 84 108 276 276 336 504
Number of pilot symbols per RB 4 6 12 12 14 22

factor, which is partly a function of the used modulation
and coding scheme and performance aspect of the receiver
algorithms. Hence, SNR efficiency factor can be extracted
using curve fitting to link-level simulations [40]. The symbol𝛼 represents the system bandwidth efficiency factor. The
bandwidth efficiency factor quantifies the available band-
width that can be used for transmission. It takes into account
the overhead of the following physical layer parameters
[41]: the cyclic prefix, the pilot assisted channel estimation,
common control channels, and adjacent channel leakage
ratio (ACLR) requirements. Based on these parameters, the
bandwidth efficiency factor is expressed as

𝛼 = (1 − 𝑁cp) (1 − 𝑁pilot) (1 − 𝑁𝐿1/𝐿2) (1 − 𝑁ACLR) , (2)

where 𝑁cp, 𝑁pilot, 𝑁𝐿1/𝐿2, and 𝑁ACLR represent percentage
overhead of the corresponding physical layer parameters.

Due to the high speed of the train and the shorter
wavelength of higher operating frequency bands, the OFDM
frame structure needs to be defined for HFBs such that
the subcarrier spacing Δ𝑓 is adjusted with the following
constraints:

Δ𝑓 ≪ 1𝑇CP
,

Δ𝑓 ≫ 𝑓𝐷,
(3)

where𝑇CP and𝑓𝐷 represent the length of cyclic prefix and the
maximum Doppler shift, respectively.

We propose that the 5G new radio frame shouldmaintain
the LTE radio frame of 10ms with a subframe of 1ms and a
time slot of 0.5ms, and the subcarrier spacing for the HFBs
is also constrained such that the sampling rate is a multiple
or submultiple of the WCDMA chip rate of 3.84Mcps.
Furthermore, the number of OFDM symbols in one time
slot will be affected by change in subcarrier spacing since the
length of the useful symbol𝑇𝑢 = 1/Δ𝑓.Thenumber ofOFDM
symbols is given as

𝑁sym = 𝑇slot − (𝑇𝑢 + 𝑇CP1)𝑇𝑢 + 𝑇CP2
+ 1, (4)

where 𝑇slot is the time slot, 𝑇CP1 is the length of cyclic prefix
for the first symbol in each time slot, and 𝑇CP2 is the length of
cyclic prefix for the rest of the symbols. Hence,𝑁cp is affected
by the ratio of 𝑇CP and 𝑇𝑢.

Still using the LTE framework as a guide, transmission
is scheduled by resource blocks (RB) each of which consists
of 12 consecutive subcarriers for a duration of one time slot.
The pilot symbols for channel estimation are inserted in
the OFDM time-frequency grid with a time domain spacing
of four symbols and a frequency domain spacing of six
subcarriers. Therefore, 𝑁pilot is impacted by the number of
pilot symbols and the number of resource elements in a time
slot. We assume that the values of 𝑁𝐿1/𝐿2 and 𝑁ACLR are
fixed irrespective of the carrier frequency used, since they
are independent of the carrier frequency. Table 1 shows the
derived 5G new radio physical layer parameters for different
operating frequency bands using the LTE framework [42] as
a guide and assuming amaximummobile speed of 500 km/h.

From Table 1, we assume the same cyclic prefix length
across all frequency bands despite the changes in the symbol
length 𝑇𝑢. Without the cyclic prefix, an overlap of symbols,
that is, ISI and loss of orthogonality between subcarriers,
that is, ICI, can occur due to delay spread from multipath
and Doppler spread from high velocity. However, HFBs are
highly sensitive to high velocity leading to a significant shift
of the received frequency. Therefore, the cyclic prefix, which
is a duplication of a fraction of the symbol end, will use a
larger fraction of the symbol for HFBs to compensate for the
large shift. The considerable amount bandwidth consumed
by the cyclic prefix can be tolerable due to the large available
bandwidth at HFBs.

Furthermore, it is important to examine the fundamental
relationship and impact of bandwidth and noise power on
the achievable SNR/SINR to show the limits of increasing the
channel bandwidth and provide an appropriate lower bound
on SNR/SINR to achieve a successful transmission of a signal.
If we assume a SISO link, the achievable data rate over the link
is limited by the capacity of the link, which is a function of the
bandwidth 𝐵 and the SNR Γ:

𝐶 = 𝐵 × log2 (1 + Γ) . (5)
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On the other hand, the SNR is a function of the received
power 𝑃𝑟 and the noise power 𝑁. The noise power is
proportional to the bandwidth given as

𝑁 = 𝑘 × 𝑇 × 𝑁𝐹 × 𝐵. (6)

From (5), increasing the bandwidth is a straightforward way
to improve the achievable data rate. But the noise power
also increases with an increase in bandwidth. Hence, with
a fixed transmit power, a significant increase in bandwidth
will lead to a significantly low SNR. A large increase in the
transmit power could be seen as a solution. But large transmit
power is inappropriate due to high power consumption,
power amplifier requirements, heat-dissipation problems,
and emission regulations [9]. Similarly, when multiple cells
are considered, there is the presence of intercell interference𝐼 and the achievable data rate is expressed as

𝑅acv = 𝐵 × log2 (1 + 𝑃𝑟𝑁 + 𝐼) = 𝐵 × log2 (1 + Γ) , (7)

where the SNR is replaced with signal-to-noise plus interfer-
ence ratio (SINR).

For a given fixed bandwidth, improved data rate can be
achieved by ensuring high SINR. The achieved SINR on a
given BS-UE link is dependent on the carrier frequency 𝑓𝑐
and the distance 𝑑 between the serving BS and UE, expressed
as

Γ𝑏 = 𝑃𝑟𝑁 + 𝐼
= 𝑃𝑏𝑡 × 𝐺𝑏𝑡 × 10−𝑃𝐿(𝑓𝑐 ,𝑑)/10𝑁 + ∑𝐼 (𝑃𝑏𝑡 × 𝐺𝑏𝑡 × 𝛿𝑏 × 10−𝑃𝐿(𝑓𝑐 ,𝑑𝐼)/10) ,

(8)

where 𝑃𝑏𝑡 and 𝑃𝑏𝑡 are the transmit powers from the serving
BS and interfering BSs, respectively, 𝐺𝑏𝑡 and 𝐺𝑏𝑡 are the
transmit antenna gains at the serving BS and interfering BSs,
respectively, 𝛿𝑏 corresponds to the load factor estimated
at the interfering BSs, and 𝑃𝐿(⋅) is obtained from one of
the pathloss models described in Section 2.3. The effect of
carrier frequency on the minimum SNR/SINR for reliable
transmission is shown in Section 5.

2.3. Pathloss Models. An appropriate pathloss model that
predicts the propagation path in combination with a given
target rate is required to estimate the minimum required
SNR/SINR at a given distance for reliable transmission.
Different pathloss models have been proposed for different
propagation environment at microwave frequency bands and
few have been extended and proposed for cm-wave and mm-
wave frequency band. However, based on the characteristics
of the railway propagation scenario, we focus our analysis on
LOS pathloss models and examine the effect of increasing
the operating frequency band. Four pathloss models are
considered in this paper.

(1) Free Space. The free space pathloss model [43] reflects its
dependency on distance and frequency. The dependency on

distance is caused by the spreading out of signal energy in free
space in which the signal strength is inversely proportional
to the square of the distance travelled. The dependency
on frequency anchors on the receiving antenna’s effective
area when we assume a fixed antenna gain. The antenna’s
effective area is proportional to the square of the wavelength.
Hence, an increase in frequency will lead to a decrease in
antenna’s effective area and in turn lead to an increase in
pathloss.

(2) Modified IEEE 802.16.Themodified IEEE 802.16 pathloss
model [44, 45] was developed by IEEE task group, based
on extensive field measurements at 1.9 GHz in 95 existing
macrocells across the USA. The model was mainly derived
for three types of propagation scenario, namely, type A, type
B, and type C. From the three types of propagation described,
the type C scenario is used since it closely follows the railway
scenario.

(3) 3GPP RMa LOS. The 3GPP RMa LOS pathloss model
[25] was developed for the rural macropropagation scenario
based on measurement results carried out in [35, 46–48].
The 3GPP RMa LOS is one of the pathloss models used in
the calibration of channel models for HFBs with the aim of
making the channel model cover a range of coupling loss
considering typical cell sizes and the applicability of using
HFBs to existing deployments.

(4) CI Model. The CI pathloss model [26, 49] is described
as a generic all-frequency pathloss model that can easily be
implemented in existing 3GPPmodels by replacing a floating
non-physically based constant with a frequency dependent
constant that represents free space pathloss at a given ref-
erence distance (𝑑0) of propagation. The reference distance𝑑0 can vary for different propagation environment. The CI
pathloss model was originally adopted for urban microcell
(UMi), urban macrocell (UMa), and indoor hotspot (InH)
propagation scenarios described in [25]. However, the CI
pathloss model has been extended and well suited for the
RMa propagation scenario [24].

The first two models are generic pathloss models, which
are assumed not to be suited for HFBs. However, we examine
them to show some peculiar characteristics with the 3GPP
RMa LOSmodel, which has been adopted for channelmodels
with operating frequency bands between 6 and 100GHz and
with theCImodel, which is strongly considered formm-wave
bands.

3. System Model for Beamforming
Selection Scheme

We consider a train communication scenario with a focus
on the BS-to-train link as shown in Figure 2. The train
has multiple carriages, each equipped with a single moving
relay node (MRN). The number of MRNs is denoted by𝑀. The BS is equipped with 𝑁𝑡 transmit antennas with 𝑁rf
RF chains such that 𝑁𝑡 is a multiple of 𝑁rf . Each MRN is
equipped with an external antenna array having 𝑁𝑟 receive
antennas.
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Figure 2: Single-cell train scenario.

Since HFB signals are mainly characterized by reflections
and high sensitivity to absorption resulting in limited scat-
terers [12, 13], we adopt a statistical spatial channel model
(SSCM) based on [50], where the generated channels have the
feature of directionality [18]. Under this model, the channel
matrix for the 𝑐th subcarrier can be expressed in terms of the
transmit and receive array response vectors as

H𝑐

= √𝑁𝑡𝑁𝑟𝐿
𝐿∑
𝑙=1

𝛼𝑙 ⋅Φ𝑙 ⊗ a𝑟 (𝜃AoA𝑙 ) a𝑡 (𝜃AoD𝑙 )𝐻 ⋅ 𝑒−𝑗2𝜋𝑐𝜏𝑙 , (9)

where 𝛼𝑙 is the amplitude of the channel gain of the 𝑙th
multipath component, Φ𝑙 ∈ C𝑁𝑟×𝑁𝑡 , and 𝜏𝑙 denotes the
phasematrix and time delay for the 𝑙thmultipath component,
respectively. a𝑟(⋅) and a𝑡(⋅) are the receive and transmit array
response vectors, respectively, while 𝜃AoD𝑙 and 𝜃AoA𝑙 represent
the angle of departure and the angle of arrival of the 𝑙th
multipath component, respectively.The operator⊗ represents
the Hadamard product. The array response vector can be
expressed as

a (𝜃𝑙) = 1√𝑁 [1, 𝑒𝑗𝑘Δ sin(𝜃𝑙), . . . , 𝑒𝑗(𝑁−1)𝑘Δ sin(𝜃𝑙)]𝑇 , (10)

where 𝑘 = 2𝜋/𝜆, 𝜆 is the carrier wavelength, and Δ is the
antenna spacing. The RF chains are implemented such that
the channel can be expressed as H𝑐 = [H𝑐,1, . . . ,H𝑐,𝑁rf ], with
H𝑐,𝑖 ∈ C𝑁𝑟×𝑁𝑡𝑖 , where 𝑁𝑡𝑖 = 𝑁𝑡/𝑁rf . We assume that the
number of data streams is equal to the number of RF chains.

The downlink received signal vector y𝑐,𝑖 ∈ C𝑁𝑟 at the 𝑐th
subcarrier for the 𝑖th RF chain is given as

y𝑐,𝑖 = H𝑐,𝑖m𝑛𝑠𝑛,𝑖 + n, (11)

whereH𝑐,𝑖 ∈ C𝑁𝑟×𝑁𝑡𝑖 is the channel matrix of the 𝑖th RF chain
between the serving BS and the MRN. The beamforming
weight is given as m𝑛 ∈ C𝑁𝑡𝑖 , where the subscript 𝑛 is the
index from a beamforming set M and 𝑠𝑛,𝑖 ∈ C denotes
the corresponding data symbol for the 𝑖th RF chain. The
additive complex white Gaussian noise vector is defined as
n ∼ CN(0,𝑁0I𝑁𝑟) with zero mean and 𝑁0 variance. The
received signal-to-noise ratio (SNR) at the 𝑐th subcarrier for
the 𝑖th RF chain can be written as

Γ𝑐,𝑖 =
w𝐻𝑛 H𝑐,𝑖m𝑛2w𝑛2𝑁0 , (12)

where w𝑛 ∈ C𝑁𝑟 denotes the receive filter for the MRN,
M is the set of steering vectors from which the optimal
beamforming weight is selected.

4. Beamforming for Higher Operating
Frequencies on Railway Networks

4.1. Problem Formulation. To maximize the received SNR
on each RF chain, a joint transmit/receive beamforming is
proposed; that is,

maximize
{m𝑛,w𝑛}

Γ𝑐,𝑖
subject to m𝑛 ∈ M

w𝑛 ∈ W,
(13)

whereM andW are the sets of transmit and receive vectors.
If the channel is fully known at the BS and the MRN,

the optimum weight is assumed to be solved by singular
value decomposition (SVD). However, in a high mobility
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scenario, full knowledge of the channel is not feasible.
With no knowledge of the channel at the BS and MRN, a
straightforward way to obtain the optimal weights is by an
exhaustive search through the sets M and W. But, in a real-
time sensitive scenario like the HST, the selected weights
will be outdated due to feedback delay. Due to property
of the railway environment and the directionality of HFB
propagation, the AoA and AoD of the LOS propagation path
can be estimated based on the knowledge of the position of
the train in a proactive manner. Hence we propose that the
optimal beamforming weightm𝑛 and receive filter w𝑛 can be
tied to the steering vectors such that

m𝑛 = a𝑡 (𝜃AoD𝑙max
, 𝜙AoD
𝑙max

)
w𝑛 = a𝑟 (𝜃AoA𝑙max

, 𝜙AoD
𝑙max

) (14)

and the sets M and W are composed of steering vectors
from which the optimum vectors are selected. These sets are
expressed as

M = {a𝑡 (𝜃1, 𝜙1) , . . . , a𝑡 (𝜃𝑁𝑏 , 𝜙𝑁𝑏)}
W = {a𝑟 (𝜃1, 𝜙1) , . . . , a𝑟 (𝜃𝑁𝑏 , 𝜙𝑁𝑏)}

𝜃𝑖, 𝜙𝑖 ∈ [0, 𝜋) , 𝑖 = 1, 2, . . . , 𝑁𝑏.
(15)

We proposed that the beamform selection criteria will be
tied to the velocity feedback as shown in Figure 2.The velocity
feedback can be obtained using balises installed at roughly
regular intervals along the track as shown in Figure 2. A balise
is an electronic beacon or transponder placed between the
rails of a railway as apart of an automatic train protection
system. It is currently an integral part of the European train
control system (ETCS) that gives the exact location of a
train. They are also used in the Chinese train control system.
Originally, the balises are safety equipment that transmit
information about the location of the balise and the geometry
of the track region to the next balise and speed restrictions.

The balise is capable of receiving information from the
train, but currently this feature is rarely used. We propose
that the fixed information (e.g., the geometry of the track) on
each balise is made available at the BSs that cover the region
of the track where these balises are placed, and once the HST
crosses over a balise, the balise is activated and receives the
HST speed information. The balise usually comes in pairs,
which can be used to determine the direction of the HST
(velocity) and this information along with the balise index
number is fed back to the BS.

4.2. High Speed Train Beamforming Selection Scheme. The
beam selection is based on anticipated AoD and AoA of
the dominant path, which is calculated from the prior infor-
mation of the rail environment. This information includes
the horizontal distance between the BS and the track, the
geometry of the track, the height of the BS, the height of
the train and the speed of the train. Based on these, the
angular domain can be determined by casting a normal three-
dimensional positioning calculation to a single dimension
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Figure 3: Determination of angle of arrival based on HST position.

and the sets of transmit and receive vectors M and W can
be generated by evenly sampling the angular domain with a
small interval.

Let us consider a section of the rail track as shown in
Figure 3, with a horizontal distance 𝑑 between the BS and
track. The height of the BS is ℎ𝑏 meters above ground. The
length of the train and height of the train plus antenna are
denoted as 𝑙 and ℎ𝑡, respectively.

Let 𝑥 be the initial horizontal coordinate distance
between the front of the train and the BS. The BS is used as
the origin of the spatial coordinates and reference point. The
horizontal coordinate distance between the reference point
and the𝑚th receive antenna array of the𝑚th MRN on top of
the HST at position step 𝑛 is given as

𝑥𝑚,𝑛 = (𝑥 + 𝑑) − (𝑚 − 1𝑀 ) 𝑙. (16)

The formation of (16) depends on the shape of the train and
the geometry of the rail track. The distance between the BS
and the𝑚th receive antenna array is defined as

𝑑𝑚,𝑛 = {𝑥2𝑚,𝑛 + (ℎ𝑏 − ℎ𝑡)2 + 𝑑2}1/2 . (17)

Based on the straight rail track, we assume the transmit
antenna arrays at the BS are parallel to the the receive antenna
arrays on the train; therefore the elevation angles are defined
by the fixed height of the BS and train. Hence, the elevation
angles of arrival and departure are assumed to be the same
across the track and defined as

𝜙AoA
𝑚,𝑛 = sin−1({𝑑2 + 𝑥2𝑚,1}1/2𝑑𝑚,1 )

= sin−1({𝑑2 + 𝑥2𝑚,𝑛}1/2𝑑𝑚,𝑛 )
𝜙AoD
𝑚,𝑛 = 𝜋 − 𝜙AoA

𝑚,1 = 𝜋 − 𝜙AoA
𝑚,𝑛 .

(18)

On the other hand, the azimuth angles are also a function
of the horizontal coordinate distance 𝑥𝑚,𝑡, which varies
rapidly due to the speed of the train.The relationship between
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Input:
BS retrieves initial HST position 𝑥𝑚,𝑛
BS retrieves estimated velocity of the HST V
BS retrieves geometry of track and haveM
Initialization:/*𝑀: number of MRNs on the HST*/

(1) for 𝑚 ≤ 𝑀 do
(2) BS usesm𝑚1 based on initial location 𝑥𝑚,1

Train uses w𝑚1 based on initial location 𝑥𝑚,1
Iteration:/*TTI: transmission time interval*/

(3) for each TTI do
(4) for 𝑛 < 𝑁𝑏 do
(5) 𝜏(𝑛) = ‖𝑥1,𝑛+1 − 𝑥1,1‖/V
(6) 𝑖 = 1/*𝑁𝑏: number of beam direction in codebook*/
(7) while 𝑖 < 𝑁𝑏 do
(8) CDT = 𝜏(𝑛 + 𝑖)
(9) Start CDT // count down in nanoseconds
(10) if CDT == 0 then
(11) for 𝑚 ≤ 𝑀 do
(12) BS uses next m𝑚𝑛+𝑖 based on initial

location 𝑥𝑚,𝑛+𝑖
Train uses w𝑚𝑛+𝑖 based on initial location𝑥𝑚,𝑛+𝑖

(13) 𝑖 = 𝑖 + 1
(14) Continue
(15) Update V

Algorithm 1: Proposed beamforming selection scheme (PBSS).

the azimuth angles and the horizontal coordinate distance
can be expressed as

𝜃AoA𝑚,𝑛 = 𝜋2 − sin−1 ( 𝑑𝑑𝑚,𝑛)
𝜃AoD𝑚,𝑛 = 𝜋 − 𝜃AoA𝑚,𝑛 .

(19)

Therefore, with prior knowledge of 𝑑𝑚,𝑛, the anticipated
AoA and AoD of the dominant path can easily be computed
for different sections of the rail track. Within a section of the
track covered by the BS, the track is divided into𝑁𝑏 position
steps with the initial position of the train tagged at 𝑛 = 1 and
known at the BS. With knowledge of the velocity of the train,
the BS estimates the time at which the train approaches the
next position step 𝑛 and selects the appropriate beamforming
weights and receive filters from the codebook generated using
(18) and (19). The codebook sets M and W are ordered in a
sequential way as in (10) such that, instead of an exhaustive
search of the appropriate beams, a count-down-timer (CDT)
is used to trigger the next beam to use in the codebook
sets M and W. The CDT is configured based on the known
estimated velocity of theHST at the BS.The proposed scheme
is summarized in Algorithm 1.The size of𝑁𝑏 defines the level
of quantized angles inM andW.
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Figure 4: Additional required gain with respect to 2GHz.

5. Performance Evaluation

5.1. Required Pathloss Gains and SNR/SINR Lower Bound.
First, we briefly compare the effect on the pathloss observed
for HFB signals withmicrowave frequency signals using con-
ventional andhigher frequency proposed pathlossmodels. To
this end, we focus on the amount of gain required by HFB
signals to maintain the same pathloss as for the microwave
signals. Knowledge on the amount of gain required is particu-
larly useful in theHSTnetwork, since it is important to be able
to maintain the macrocell size currently used by microwave
bands to avoid extreme frequent handover as the HSTmoves
across multiple cells at high speed.

The required gain needed at carrier frequencies 10, 28, 30,
38, and 73GHz to achieve the same pathloss with a carrier
frequency of 2GHz is shown in Figure 4 with a fixed link
distance of 900m.

The bar chart shows the additional gain required at
HFBs to maintain the same pathloss as at 2GHz operating
frequency comparing the four different pathloss models
examined in Section 2.3. For each of the pathloss models
examined, it can be seen in Figure 4 that the higher the carrier
frequency, the large the additional gain required to maintain
same pathloss as the 2GHz carrier frequency. It can also be
observed that the required gains for the free space, IEE 802.16,
and CI pathloss models are similar to the required gains
approximately 14, 23, 24, 26, and 32 dB for carrier frequencies
10, 28, 30, 38, and 73GHz, respectively. This shows that the
pathloss models’ dependencies on the carrier frequency are
the same and since these three pathloss models exhibit a
single slope curve, the dependencies on distance are also
similar. The modified IEE 802.16 pathloss model has higher
required gains compared to the other pathloss models as
a result of a difference in the dependency of the carrier
frequency.

Furthermore, the modified IEEE 802.16 pathloss model
exhibits a varying dependency on distance with respect to
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Figure 5: Modified IEEE 802.16: required gain with respect to
2GHz.

Table 2: Obtaining the bandwidth efficiency factor for different
frequency bands.

Frequency (GHz) 2 10 28 30 38 73𝑁cp (%) 7.15 8.94 28.27 28.27 33.7 65.44𝑁pilot (%) 4.76 5.56 4.35 4.35 4.17 4.37𝑁𝐿1/𝐿2 (%) 28.5 28.5 28.5 28.5 28.5 28.5𝑁ACLR (%) 10 10 10 10 10 10𝛼 0.57 0.54 0.44 0.44 0.41 0.21

the carrier frequency as seen in Figure 5. The figure shows
similar required gain for a range of distance, which changes
with respect to the carrier frequency. As the carrier frequency
increases, the range of distance which follows the free space
pathloss pattern becomes shorter.

The required gains for HFBs to maintain the same
pathloss as the 2GHz frequency band are closely in the
same range irrespective of the pathloss model used. If, for
a given link distance, the required gain compensations for
the HFBs are applied to achieve the same SNR across the
frequency bands, the same target rate can be achieved at low
mobility. However, due to the high mobility of the HST and
the sensitivity to Doppler and delay spread by HFBs, large
frame errors can occur. Hence a minimum SNR/SINR ratio
for reliable communication at a given target rate needs to be
defined taking into account the high mobility of the HST and
the sensitivity to Doppler and delay spread by HFBs.

TheminimumSNR/SINR required for successful demod-
ulation of a transmitted signal is obtained using (1). The
bandwidth efficiency factor given in Table 2 was derived from
(2) and the 5G new radio parameters in Table 1.

The SNR efficiency factor was obtained from extrapola-
tion from lookup table mapping between CQI and modula-
tion scheme in [51]. Figure 6 shows the minimum required
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Figure 6: Lower bound on SINR for a given spectral efficiency.

SNR/SINR ratios to achieve successful transmission with
different spectral efficiencies.

Thefigure shows that, to achieve a 0.2 bps/Hz spectral effi-
ciency, the observed SINRmust be greater than −5 dB for the
2GHz curve. For HFBs, the minimum SNR/SINR targets are
higher, which show that the higher the carrier frequency the
higher the sensitivity to high mobility. The figure also shows
that, with the same SNR/SINR for the different frequencies,
which can be achievedwith the additional gain fromFigure 4,
the achievable spectral efficiency will vary with respect to
frequency band. For example, with an SNR/SINR of 5 dB, the
achievable spectral efficiency at 10GHz is 1.2 bps/Hz and, at
73GHz, the achievable spectral efficiency is 0.42 bps/Hz.

5.2. SINR at Cell-Edge for Different Operating Frequencies.
We consider an interference limited scenario with the aim
of evaluating the impact of intercell-interference (ICI) at
different operating frequency bands. The achievable SINRs
at the cell-edge are compared for the different frequency
bands and pathloss models. A downlink transmission with
only large scale fading is assumed using a 19 trisector cell
hexagonal layout. The intersite-distance (ISD) was set to
1730m with a frequency reuse pattern of 1-3-1, where all the
adjacent cells use the same frequency set in order to ensure
ICI. We also assumed a load factor of 1, which is the ratio
between the used bandwidth and the available bandwidth for
the interfering links.

The results in Figure 7 show that the achievable SINR
at the cell-edge decreases as the bandwidth increases, since
the noise power is a function of the bandwidth. In general,
the results show a small reduced difference in the achievable
SINR for HFBs compared to the 2GHz carrier frequency
except for the modified IEEE 802.16 pathloss model. The
effects of higher operating frequencies on the SINR are
significant when considering the IEEE 802.16 pathlossmodel,
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Figure 7: Achievable SINR at cell-edge for different operating frequencies at different bandwidth.

which is as a result of the varying increase in pathloss with
respect to distance and frequency as reflected in Figure 5.
Considering the three other pathloss models, there is a
minimum of 14 dB additional pathloss compared to the
2GHz frequency band. However, in an interference limited
scenario as observed in Figure 7(c), the maximum reduction
in achievable SINR at the cell-edge compared to the 2GHz
frequency band shows about 6 dB loss for a bandwidth of
500MHz.This is as a result of the fact that, at higher operating
frequencies, the interfering paths also experience increased
pathloss. Hence, in an interference limited network, the
reduced interference in the network layout reduces the effect
of the increased pathloss on the desired path. Note that the

spectral efficiency for a given SINR will vary according to
Figure 6.

5.3. Proposed Beam Forming Scheme Evaluation. The beam-
form simulation model consists of a single BS with 𝑁rf RF
chains and 𝑁𝑡 transmit antennas serving the HST. Each
carriage is equipped with an MRN having 𝑁𝑟 receive anten-
nas. The number of subcarriers is set to 𝐶 = 7500 with a
subcarrier spacing of 60 kHz for 28GHz carrier frequency.
Based on (14), we only consider RMa propagation with LOS
type of condition. The channel coefficients are generated
based on a statistical spatial channel model (SSCM) for HFB
LOS communication links [50]. It is based on extensive
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Table 3: Simulation parameters.

Parameters Values
Carrier frequency 28GHz
Number of channel realizations 100
BS antenna spacing 0.5 wavelength
Length of each carriage 30m
Number of BS/MRN antennas 4, 8, 16, 32
Angle of arrival/departure Uniform distribution (−𝜋/2, 𝜋/2)
Transmit power 𝑃𝑡 46 dBm

propagation measurements carried out on 28 and 73GHz
band. In each simulation, the performance is averaged over
100 independent channel realizations. The main simulation
parameters are listed in Table 3.

Based on this set-up, we evaluate the performance of the
proposed beamform selection scheme (PBSS) and compare
with the ideal SVD technique and the state-of-the-art LTE
closed-loop transmission technique for the case where 𝑁𝑡 =4. We also consider the impact of multistream transmission
with the proposed beamform approach with the assumption
that the number of multistream transmissions is equal to
the number of RF chains. For the PBSS, we consider the
case where the beam gain is only at the transmitter side
and proportional to the number of antennas. Unity gain is
assumed at the receiver side in order to minimize beam
misalignment between the BS and HST since the beam
gain is inversely proportional to the beamwidth. For the
performance comparison, we assumed there was no error in
the estimated AoA and AoD.

Figure 8 shows the data rates achieved for different SNR
values with the SVD beamforming scheme and the proposed
beamforming selection scheme (PBSS) under LOS channel
condition, where 𝑁𝑡 = 𝑁𝑟 = 4 and 𝑁rf = 1 for single-stream
and𝑁rf = 4 formultistreamPBSS transmission.The data rate
of the LTE closed-loop scheme is also shown in the figure.

The multistream SVD scheme provides the optimum
performance, since perfect knowledge of the channel is
assumed to be known and power can be allocated via water-
filling to the possible number of streams, which is limited by
min(𝑁𝑡, 𝑁𝑟). However, the performance of the single-stream
SVD is at par with the multistream SVD as a result of the
limited multipath components (MPCs) exhibited by the HFB
channel. With the accurate estimate of the AoA/AoD of the
strongest MPC, the single-stream PBSS is able to achieve
a close performance to the SVD scheme. The multistream
PBSS scheme considers a fixed number of RF chains (𝑁rf =4) with equal power allocation across the RF chains. Due
to knowledge of only the AoA/AoD and the small number
of limited MPCs, the rate performance of the multistream
PBSS scheme deteriorate significantly as observed in Figure 8.
The state-of-the-art LTE closed-loop scheme in which the
best possible transmission rank and precoder are selected
for transmission with equal power allocation shows a rate
performance not as good as the PBSS rate performance as
seen in Figure 8.

Figure 9 shows the data rates achieved for different
SNR values with the SVD beamforming scheme and the
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Figure 8: Rate performance for different beamforming techniques
with 𝑁𝑡 = 4 and 𝑁𝑟 = 4.
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Figure 9: Rate performance for different beamforming techniques
with 𝑁𝑡 = 8/16 and 𝑁𝑟 = 8/16.

proposed beamforming selection scheme (PBSS), both for
single-stream and for multistream transmission with 8 × 8
and 16 × 16 HFB LOS SSCM channel. The results show
a significant increase in spectral efficiency as the antenna
array increases from 8 to 16 at both BS and HST. At
low SNR, the performances of all the schemes are roughly
similar. However, as the SNR increases the performance gap
becomes evident. For example, considering the 8 × 8 and
16 × 16 channel at a SNR of 5 dB, the maximum differences
in achieved rate across the schemes are 0.06 b/s/Hz and
3 b/s/Hz, respectively. Correspondingly, at a SNR of 25 dB,
the maximum differences in achieved rates are 2 b/s/Hz and
13 b/s/Hz. This result implies that performance improvement
from spatial diversity becomes significant with large antenna
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Figure 10: Average spatial degrees of freedom extracted from SSCM
channel with different number of antennas.

arrays and high SNR.The significant increase in performance
of the multistream SVD compared to the single-stream SVD
for higher number of transmit and receive antennas is as
a result of the additional spatial degrees of freedom being
exploited by the multistream SVD scheme. From this figure,
it is also observed that, with an increase in the number of
transmit and receive antennas, the rate performance of the
single-stream PBSS drops significantly for high SNR value
compared to the multistream SVD performance. However,
the rate performance of the multistream PBSS shows a close
performance to the multistream SVD for the 16×16 channel.

Figure 10 shows the average number of spatial degrees
of freedom observed from different number of transmit
antennas used in generating 100 SSCM channel realizations.
From the figure, it can be seen that as the number of antennas
increases, the spatial degrees of freedom or resolvable MPC
increase unlike the assumptions made in [18], where the
number of resolvable MPCs is fixed and significantly small
irrespective of the number of antennas used. However,
Figure 10 shows that the number of MPCs is significantly
small in relation to the size of the antenna array at the BS
and on the HST, but it grows with increase in the size of the
antenna array. The use of large antenna array on the roof top
of the HST can easily be implemented due to the large length
of the train carriages.

Note that the SSCM channel model used here is based
on field measurements using the TCSL framework to model
the channel through separate time clusters that have time-
delay statistics and through spatial lobes which represent
the strongest directions of multipath arrival [50]. Each time
cluster consists of MPCs travelling close in time but arriving
from different directions. Hence the number of resolvable
MPCs which is modelled randomly is also a function of the
number of antennas.

It can be observed from Figure 8 that the single-stream
PBSS shows a performance equivalent to the multistream
PBSS due to the small spatial degrees of freedom exhibited
by the channel as reflected in Figure 10. As the antenna array

grows large, the beamforming gains exploited by the single-
stream PBSS are limited by the increasing potential in the
spatial diversity as observed in Figure 9. With large antenna
array, the multistream PBSS addresses the shortcoming of
the single-stream PBSS, which can be explained in terms
of trade-off between beamforming gains and spatial gains.
That is, the large antenna array is divided into subarrays
such that each subarray shares a single RF chain. Hence,
each subarray has a fraction of the beamforming gain but
multiple times the spatial gains. Therefore, increasing the
number of RF chains in proportion to the number of antennas
used can significantly improve the rate performance without
additional complexity. The performance gap between the
multistream SVD and the multistream PBSS in Figure 9
shows an achieved spectral efficiency difference of around
0.5 b/s/Hz and 1.6 b/s/Hz for 8 × 8 and 16 × 16 channels. This
results from the fact that, with larger number of antennas,
the channel is defined by a larger number of MPCs arriving
from different directions and the multistream PBSS uses
only the predicted LOS component AoA/AoD to define the
beamforming weights.

6. Conclusion

In the development of 5G networks for HST communica-
tions, HFBswill play an important role in providing high data
rates to train passengers. Hence, in this paper we examined
the feasibility of using HFBs with respect to the 2GHz band
for HST networks. We modified the OFDM frame structure
such that the characteristics of HFBs and high velocity of the
HST are taken into consideration. With the modified frame
structure, we established a lower bound on the SNR/SINR
for a given target spectral efficiency needed to achieve suc-
cessful and reliable communication. The lower bound on the
SNR/SINR varies with the different frequency bands exam-
ined. Based on the OFDM frame structure, the symbol length
is shortenedwith an increase in the carrier frequency, thereby
increasing the sensitivity to both ISI and ICI. A fixed cyclic
prefix length was used to compensate for the effect of both ISI
and ICI, but at the cost of a significant amount of bandwidth
consumed, particularly evident at the 73GHz frequency
band.We also showed that, irrespective of the pathloss model
used, the pathloss dependencies on frequency and distance
are similar when evaluated in terms of the required gain
by HFBs to achieve the same performance at microwave
band. This is motivated by the fact that there are many
existing and ongoing campaign efforts towards 5G pathloss
modelling [52] and it will be important to understand the
impact of the choice of pathloss model used. Then, we
formulated and developed a sequentially ordered codebook
based on the array response vector/analogue beamforming
and proposed a time-based analogue beamforming selection
algorithm for HST without the need for training overhead.
The performance of the proposed algorithm was evaluated
and results show an achievable spectral efficiency comparable
to the ideal SVD scheme with a reduced performance gap of
less than 2 b/s/Hz.

The results provided in this paper demonstrate the
potential of the use of HFBs for HST networks. However,
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a maximum carrier frequency of 38GHz is suggested for
HST due to the increased sensitivity to Doppler shift, ISI,
and ICI at HFBs. For future work, we will consider the
application of variable cyclic prefix length to improve the
spectral efficiency. We will also consider the impact of
velocity estimation error and AoA/AoD estimation error on
the proposed beamforming selection scheme.
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One of the key challenges in railway engineering is how to provide passengers an efficient, secure, and safe service. To achieve
this, operators and stakeholders demand robust and high-capacity train-to-wayside broadband radio. Current radio technologies
implement MIMO (Multiple-Input Multiple-Output) technology, whose use requires a good characterization of the propagation.
In this paper, the results of an experimental campaign on MIMO propagation in subway tunnels are presented. The campaign
makes use of an OFDM testbed at roughly 600MHz, allowing the measurement of the 2×2 channel transfer matrix under different
conditions regarding polarization, antenna separation, tunnel cross section, power allocation algorithm, and so forth. Particular
attention is paid to the probability of appearance of keyholes, which imply a severe degradation of the MIMO performance even
when transmitter and receiver antennas are uncorrelated.Themeasurements are carried out using a train that travels at the normal
operative velocities. As a result of the measurements, it has been found that the use of vertical polarization at both terminals is
advantageous and that, on average but for a narrowmargin, 𝜆-spaced antennas outperform 𝜆/2-spaced ones (90% capacities of 7.00
and 6.76 bps/Hz, resp.), although the latter show a lower probability of keyholes. However, keyhole probabilities are always below
2%, so their influence on the performance of the whole system is limited.

1. Introduction

Communication between trains and wayside is essential
today. Services like CCTV, CBTC (Communications-Based
Train Control), ERTMS (European Rail Traffic Management
System), and push-to-talk radio telephony are a few of the
most popular services in this area. There are many examples
of wireless technologies that could be used such as GSM-
R (Global System for Mobile-Railways) and TETRA (Trans-
European Trunked Radio) or others based on the IEEE
802.11a/b/g standard. However, the needs of both railway
operators and passengers are far more demanding.This leads
to a different scenario, where old technologies do not address
the requirements [1], and new, state-of-the-art technologies
may occupy their place. Some good examples are LTE-A,

WiMAX, or even IEEE 802.11ac. LTE (and LTE-A as well)
has been flagged to be the next key technology in the field
of railway communications [2], but many operators around
the world have opted instead for IEEE 802.11-based solutions.
This is a very actual topic in the railway field, as shown
by the first deliverable of the EU-funded Roll2Rail Project
[3].

All of these recent technologies have one thing in com-
mon: they all useMIMO technology to increase their effective
bitrate [4]. This technique has shown its potential in many
applications and has received a lot of attention since its
very beginning [5, 6]. However, there are some scenarios
where MIMO does not fit and one of them is any scenario
displaying “keyhole effect.” Therefore, this keyhole effect has
to be characterized.
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This effect causes a decrease in the capacity of the
whole channel even when both transmitter and receiver
are uncorrelated. The academic definition of a keyhole is a
simultaneous low spatial correlation and a low-rank channel-
matrix (ideally, 1) [7].This effect was first postulated theoreti-
cally [7] and thenmeasured on a controlled environment [8].

In previous papers, we have measured the keyhole effect
on a railway tunnel and related its probability to the cross
section of the tunnel [9] as well as to the polarization setup
[10]. In this paper, we provide more results on the keyhole
effect and we also map the influence of other parameters on
the MIMO capacity.

In this short review of the bibliography, we will only
mention a few of the most relevant references: a pioneer
paper was centered on narrowband measurements [11] and
another one focused on polarization effects in tunnels [12]
and broadband measurements [13]; however, they lack the
involvement of any train. Moreover, all these papers depict
MIMO measurements in tunnels, with no trains running in
real in-operation conditions and without any study on the
effect of the separation between antenna elements.

This paper is organized in the following way: in Section 2,
themeasurements’ setup and a description of the scenario are
given; in Section 3, channel estimation procedure, capacity
calculation, and keyhole determination are explained; in Sec-
tion 4, results are presented and, finally, the main conclusions
are summarized in Section 5.

2. Measurement Setup and
Description of the Scenario

2.1. Setup: Testbed and Antenna Array. To perform these
measurements, we used a MIMO testbed developed by some
of the members of the team. It is described in full detail in
[14], so in this sectionwewill only highlight the key aspects of
the setup. This testbed consists of a DVB-T2 [15] transmitter
and receiver, in addition to two antennas on each side. The
reason behind choosing DVB-T2 was that the transmission
technology is OFDM (the same as LTE’s downlink), and the
frequency is similar to that of some bands (700 and 800MHz)
that will be used for LTE transmission.The frame structure of
this testbed is based onDVB-T2, with some changes enabling
implementing a 2 × 2MIMO setup instead of a 2 × 1MISO.
The main parameters of the testbed are shown in Table 1.

User data is encoded using a distributed Alamouti [16]
scheme. In this scheme, one branch transmits unmodified
symbols, while the other only transmits modified symbols.

In this research work, we employed short-dipole arrays
(the length of each antenna element is 22 cm), matched at the
desired frequency band (594MHz). Besides being close to the
700 and 800MHz bands, this frequency is not far from some
interesting bands from a railway’s point of view, like theGSM-
R band (876–880 and 921–925MHz) or TETRA (400MHz
band).

To perform a complete measurement, it was required to
place the transmitter onboard and the receiver in the platform
and then the opposite: receiver onboard and transmitter in
the platform. The onboard array was placed in the cabin’s

Table 1: Main parameters of the MIMO testbed.

Parameter Symbol Value
FFT mode — 2K
MIMO setup — 2 × 2
Guard interval GI 1/8
Scattered pilot pattern PP1
Frequency 𝑓𝑐 594MHz
Modulation — 64QAM
Sampling frequency 𝑓𝑠 9.1429MHz
Useful symbol time 𝑇𝑢 2048/𝐹𝑠 = 224 𝜇s
Guard time 𝑇𝑔 𝑇𝑠/8 = 28 𝜇s
Symbol time 𝑇𝑠 252 𝜇s
Bandwidth BW 8MHz
Code — Distributed Alamouti
Data subcarriers 𝑁𝑑 1878
Carrier spacing Δ𝑓 4.26KHz

Figure 1: Rolling stock of the 3000-2 series.

window (see Figure 1) and the wayside array was located in
the platform (see Figures 2 and 3). Thus, the onboard array
was parallel to the axis of the tunnel in a very unfavorable
way.The platform array forms a 30-degree angle with the axis
of the tunnel. This setup (almost worst case) of the onboard
system was intended to avoid permanent installations on the
rolling stock and to test the system in as much real conditions
as possible.

Measurements were carried out with two different spac-
ings within antenna elements, 𝜆 (51 cm) and 𝜆/2 (25.5 cm),
and with copolarization (vertical-vertical and horizontal-
horizontal) and cross-polarization (vertical-horizontal and
horizontal-vertical) setups.

To properly address all the complexities related to tunnel
propagation, we performed the measurements on an old
man-made tunnel, with frequent changes on its section.
Figure 4 shows these sections and the dimension of each
tunnel stretch.This is a very typical scenario in many subway
lines that were constructed prior to the invention of tunnel
boringmachines. In 571meters, we can find up to six different
tunnel shapes plus one slight curve (see Figure 5) and a
gradient of 40 millimeter per meter in average.

3. Data Model and Signal Processing

3.1. Channel Estimation. It is a well-known fact that the
performance of a MIMO system depends heavily on the
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Figure 2: Receiver package.

Figure 3: Transmitter package.

accuracy of the estimated channel matrix. Regarding the
scattered pilot pattern, the DVB-T2 standard [15] proposes
eight different patterns based on FFT size andGI.We decided
to make use of the 2K mode and a GI of 1/8, so the scattered
pilot pattern (for MISO) is the PP1 one. For each OFDM
symbol, scattered pilots were placed every 12 subcarriers. In
the time domain, the pilots begin in the first subcarrier and
the initial point is shifted every 2 subcarriers for the following
three OFDM symbols. So, the pilot structure consists of 4-
symbol blocks in time domain, being different in antenna 1
and antenna 2. In the case of antenna 2, the pilots for symbols
1 and 3 are inverted to figure out the transmitter antenna.
Pilots are generated using a pseudorandom binary sequence
(PRBS).

The data model is shown in (1), where 𝑘 is the sub-
carrier index (we have 𝑁𝑑 subcarriers); 𝑋𝑘 represents the
transmitted data symbol; 𝑁𝑘 is the noise of subcarrier k;𝐻𝑘 is the MIMO channel matrix and 𝑌𝑘 is the received
signal. So, on each symbol we transmit, we have 𝑁𝑑𝐻𝑘

matrices. See Table 1 for the actual values of all these
parameters.

𝑌𝑘 = 𝐻𝑘𝑋𝐾 + 𝑁𝑘, (1)

𝐻𝑘 = [ℎ1,1,𝑘 ℎ1,2,𝑘
ℎ2,1,𝑘 ℎ2,2,𝑘]

=
[[[[[
[

𝑟𝑎1,𝑘 + 𝑟𝑏1,𝑘 (𝑥𝑎1,𝑘/𝑥𝑏1,𝑘)2𝑥𝑎
1,𝑘

𝑟𝑎1,𝑘 − 𝑟𝑏1,𝑘 (𝑥𝑎1,𝑘/𝑥𝑏1,𝑘)−2𝑥𝑎
1,𝑘𝑟𝑎2,𝑘 + 𝑟𝑏2,𝑘 (𝑥𝑎1,𝑘/𝑥𝑏1,𝑘)2𝑥𝑎

1,𝑘

𝑟𝑎2,𝑘 − 𝑟𝑏2,𝑘 (𝑥𝑎1,𝑘/𝑥𝑏1,𝑘)−2𝑥𝑎
1,𝑘

]]]]]
]
.

(2)

To estimate 𝐻𝑘 (the MIMO channel matrix), we use
a scheme specifically developed for DVB-T2 [14], where𝑟1,𝑘 and 𝑟2,𝑘 are the received symbols for antenna 1 and 2,
respectively, for each subcarrier 𝑘. The superscripts “𝑎” and
“𝑏” are related to cases A and B (in case B, both antenna 1
and antenna 2 have noninverted scattered pilots, and case A
has one antenna with an inverted pilot and the other one
noninverted). This procedure should be followed for each
subcarrier of each received symbol while taking care of the
coherence time of the channel (which has to be larger than𝑇𝑠). In this case, 𝑇𝑠 is 252 𝜇s and the coherence time of the
channel is around 1ms.

3.2. Capacity Calculation. Channel-matrix normalization is
performed using Frobenius Norm at every realization of 𝐻
(each subcarrier of each symbol). Capacity was computed
assuming equal-power allocation, so for MIMO channels it
follows expression (3) taken from [5]. Therefore, for every 𝑘,
the capacity 𝐶𝑘 is

𝐶𝑘 = log2 [det(𝐼𝑀 + SNR𝑁 𝐻𝑘𝐻𝐻𝑘 )] . (3)

𝑀 and𝑁 are the receiving and transmitting antenna ele-
ments, respectively, and 𝐻𝐻 is the transpose conjugate
(Hermitian) of 𝐻. 𝐼𝑀 is the 𝑀 × 𝑀 identity matrix (in this
case,𝑀 = 𝑁 = 2).
3.3. Keyhole Determination. The physical definition of a
keyhole consists in having low spatial correlation and, in an
apparent paradox, also a channel matrix with a low rank (ide-
ally 1, which implies no diversity). At first it was postulated
[7] and then measured on a controlled environment [8] (a
narrow hole in a wall between transmitter and receiver). But
noise complicates heavily this theoretical scenario due to the
lack ofmatrix ranks equal to one.Therefore, we shall estimate
a keyhole with a different procedure:

max (𝜆1, 𝜆2)
min (𝜆1, 𝜆2) ≥ 𝜂 → keyhole. (4)

𝜆1 and 𝜆2 are the two eigenvalues of the 2 × 2 correlation
matrix 𝐻𝐻𝐻. 𝜂 is an arbitrary threshold that sometimes
takes the same value as the SNR (this was the approach
the first time a keyhole was measured [8]). In our case, we
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Figure 4: Tunnel cross sections (Callao-Plaza de España).

Figure 5: Floor plan of the track Callao-Plaza de España, showing
a slight curve between them.

decided to have 𝜂 = 20 dB as this is the largest SNRmeasured
in the entire track (excluding the LOS measurements not
considered here). Therefore, our approach is the same as
in [8] but following a more conservative conception of the
threshold (that leads to a higher value for 𝜂) in order to not
overestimate the amount of keyholes.

Keyhole probability is presented here as a ratio between
themeasured keyholes and the total number of realizations of𝐻 which are measured. It is expected to degrade the average
capacity of the 2 × 2 MIMO system, because every time we
have a keyhole, the 2 × 2MIMO system has a performance as
a 1 × 1 SISO one.

Also, when condition (4) is fulfilled, we need to check out
that the local correlation is low (below 0.75 [9]). Otherwise,
we would not have a keyhole but a largely correlated array
instead.With this approach, we separate the effect of the low-
rank criterion in (4) and the correlation between the antenna
elements in the keyhole probability.

4. Experimental Results

4.1. Measurements. We carried out a measurement campaign
in Line 3 of Madrid Metro between the stations of Callao
and Plaza de España. In Figure 4, the cross sections of
the tunnels are shown. Unless stated otherwise, every result
is the average of two different measurements: one for the

Table 2: 𝐶90 (bps/Hz) for VV, VH, HV, and HH polarization setups
for both antenna separations considered (𝜆 and 𝜆/2).
Antenna
distance/polarization VV HV VH HH Average

𝜆 7.23 7.15 6.82 6.78 7.00
𝜆/2 6.79 6.91 6.68 6.66 6.76

uplink and the other for the downlink. Furthermore, every
measurement was under NLOS conditions, with the train
running under real in-operation conditions. These real in-
operation conditions were guaranteed by the ATO (Auto-
matic Train Operation) subsystem, which is part of the
signaling system and controls the speed of the train. ATO
system also guaranteed that every measurement was carried
out at the same speed (±2 km/h). The train employed in the
measurement campaign belonged to the 3000 series by CAF.
Its highest speed at commercial service is 80 km/h. The train
car body shell is made of aluminum.

4.2. Results. The measured results are capacity in bps/Hz as
described in (3) and keyhole probability (4). We will show
the impact of polarization on capacity and the effects of the
antenna separation on both capacity and keyhole probability.
We will consider two antenna-element separations (𝜆 and𝜆/2) and four polarization setups (VV, VH, HV, and HH).

4.2.1. Capacity. To get an idea of the average performance of
the system, a suitable parameter is the capacity exceeded in
90% of themeasurements (𝐶90), which is shown in Table 2 for
all the measurements included in this paper. In Figure 6, an
example of one of these measurements is depicted (as a CDF
plot). Figure 7 shows 6 CDF plots of the measured capacity:
two 1 × 1 SISO (VV and HH) and four 2 × 2MIMO curves
(HV, VV, HH, and VH).

On average but for a narrow margin, 𝜆-spaced antennas
outperform 𝜆/2-spaced ones (7.00 and 6.76 bps/Hz, resp.).
This 3.4% difference is an expectable result, because it is a
well-known fact that capacity increases as distance between
antenna elements becomes larger.
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The best setup in terms of capacity is VV polarization
with 𝜆-spaced antennas, closely followed by HV 𝜆-spaced
antennas (7.23 and 7.15 bps/Hz, resp.). The best setup of𝜆/2-spaced antennas is HV and then VV. We can conclude
that when the receiver is vertically polarized (VV and HV),
capacities are larger, because horizontally polarized receivers
suffer higher attenuations for the presence of curves in
tunnels [17]. This phenomenon happens in both 𝜆 and 𝜆/2-
spaced setups and is coherent with other measurements in
the field [17] but only in terms of attenuation. Here we
present results of keyhole probability and channel capacity.
It is important to note that curve here means both in the
horizontal plane (a “normal” curve) and also in the vertical

Table 3: Keyhole probabilities (%) for VV, VH, HV, and HH
polarization setups for both antenna separations considered (𝜆 and𝜆/2).
Antenna
distance/polarization VV HV VH HH Average

𝜆 0.58% 1.20% 0.85% 0.58% 0.80%
𝜆/2 0.34% 0.94% 0.66% 0.48% 0.60%
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Figure 8: Keyhole probabilities versus antenna separation versus
polarization setup.

plane (i.e., a gradient). In the track, we have a slight curve in
the horizontal plane and an average gradient of 40mm/meter.
Each one of them impacts one polarization setup.

4.2.2. Keyhole Probability. The average keyhole probability
for each type of tunnel considered was measured in our
previous paper [9], wherewe found that the sections thatwere
more likely to have keyholes were stretches 2 and 3 (see Figure2 of [9]).

In Table 3 and Figure 8, average keyhole probabilities are
shown for each setup. We can see that a cross-polarization
setup,HV in𝜆-separated antennas, concentrates almost twice
keyholes compared to the average of all the other setups of
this separation. If we decrease our separation to 𝜆/2, what
we observe is that the same setup (HV) outnumbers all the
others but in a lesser extent. This result is coherent with our
previous paper [10], where wemeasured that the polarization
setup that concentrates more keyholes is HV. Copolarization
setups (VV and HH) have less keyholes than their cross-
polarization counterparts (VH and HV) and are very similar
to each other when the antenna-element separation is the
same (VV andHH, 0.58% in 𝜆; 0.34% and 0.48%, for VV and
HH, resp., in 𝜆/2). So, the relative performance (in terms of
keyhole probability) of 𝜆-separated arrays is the same as 𝜆/2-
separated ones, but the latter have smaller probabilities.

In average, 𝜆-spaced antennas suffer more keyholes
than 𝜆/2-spaced ones (0.80% and 0.60%, resp.). This is a
relative increase of 33.3%. In every polarization setup, 𝜆-
spaced antennas have more keyholes than their 𝜆/2-spaced
counterparts. This result is influenced by the fact that𝜆-spaced antennas have a higher local correlation, so it is
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more likely that when condition (3) is fulfilled, we are not in a
keyhole scenario due to high correlation (i.e., we would have
a low rank caused by high correlation instead of a keyhole).

Moreover, the largest differences between 𝜆-spaced and𝜆/2-spaced arrays exist in VV and VH setups, both in terms
of capacity and keyhole probability. The reason behind this
behavior is the presence of curves in the tunnel which
downgrade the overall performance of horizontally polarized
signals [17]. As explained before, the gradient is also a curve
in the vertical plane, so vertically polarized signals suffer,
too (but less than horizontal ones, because this curve has a
smaller radius).

Another aspect that should be considered is that the
impact of these keyholes on the performance of the whole
system is low. Keyhole probabilities below 2% cannot lead
to a significant decrease of the capacity, so their impact is
negligible.This is the reasonwhy (in average) aMIMOsystem
with 𝜆-spaced antennas has more keyholes and also larger
capacities than the correspondent system but 𝜆/2-spaced
antennas. Large keyhole probabilities and large capacities
(at least a priori) are incompatible with each other but not
if we take into account the fact that the absolute keyhole
probabilities are very low and so not very influential in the
whole performance.

Numerical results point out that the polarization at the
transmitter ismore influential on the keyhole probability and,
in the same way, polarization at the receiver for the capacity.

5. Conclusion

The performance of a MIMO-OFDM train-to-wayside sys-
tem has been appraised. Moreover, the likelihood of a phys-
ical phenomenon that affects the performance of a MIMO
system (i.e., keyhole effect) has also been measured. These
measurements were carried out at 594MHz, using a 2 × 2
MIMO testbed on a train in real in-operation situation inside
the tunnels. On the other hand, the research described in the
paper can be related to the use of OFDM systems, such as
LTE, in the context of railway applications using frequencies
below 1GHz.

We have related the influence of antenna-element sepa-
ration to two key parameters: channel capacity and keyhole
probability. The obtained results are coherent with our pre-
vious papers on this topic and give a deeper insight into the
behavior of MIMO systems in tunnels. Moreover, we see that𝜆-spaced antennas provide larger capacities, whereas they
suffermore keyholes than their𝜆/2-spaced counterparts.This
result is not contradictory when we take into account the fact
that the observed keyhole probabilities are always below 2%,
so their influence on the performance of the whole system is
limited.Therefore, the recommendation for train-to-wayside
systems is to separate antenna elements as much as possible
and also to work only in vertical polarization.
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