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Abstract

The fast development of new technologies such as high-speed rail (HSR)

with high reliability, safety and capacity promote the evolution process of

corresponding dedicated wireless communication system from narrowband

to broadband. The main challenges for the communication system design

and network planning in complex environments include: the enclosed space

in underground systems; the rapidly time-varying channel in high mobility

scenarios, a variety of complex structures in composite scenarios, such as

stations, tunnels, cuttings, viaducts, etc.; and the extra losses caused by

the vehicle’s structure. Thus, Wireless propagation characteristics in com-

plex scenarios are of importance for the design and implement reliable and

efficient communications in modern communication systems.

This dissertation analyzes the key challenges for wireless channel char-

acterization in the complex environments. Then a series of propagation

measurements conducted in real complex scenarios are presented as the

test cases. For the underground system, two typical types of curved tun-

nels are firstly investigated by the mean of narrowband measurements.

The statistical characterization of the path loss exponent, shadow fading

distribution, autocorrelation, and cross-correlation are parametrized and

compared with different configurations. Furthermore, wideband measure-

ment campaigns conducted in a modern subway system at 980 MHz and

2450 MHz are described in detail. The time dispersion is analyzed with

the power delay profile in different regions. The principal parameters,

such as mean power and root mean square (RMS) delay are extracted to

establish region-based tapped delay line (TDL) models. Moreover, the

electromagnetic reverberation in underground system is characterized by

the reverberation time, absorption coefficient, and quality factor (Q) as

the functions of distance for the first time. Also, the transition distance

between station and tunnel is modeled based on the Q versus distance.
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For high mobility scenarios, a series of wideband measurements carried

out in an HSR composite scenario are described. The PDPs are also ana-

lyzed to generate the TDL channel models in different regions. Then the

corresponding 3D ray-tracing simulation is employed to achieve a deter-

ministic channel model for validating the measurement and also providing

the frequency dispersion. The small-scale fading characteristics and the

effect of Doppler shift are statistically analyzed. Propagation mechanism

inside the mass transit system is another “hot” topic. The study of the

outdoor-to-indoor and indoor-to-indoor radio propagation characteristics

inside trains is also conducted in this dissertation. Based on the measure-

ments of actual LTE coverage receiving by external and internal antennas,

the extra loss caused by the train’s physical structure is estimated. Also,

the propagation measurements inside the high-speed train (HST) are pre-

sented. Results show the waveguiding effects inside the HST carriage. The

log-distance path loss models are parameterized, and small-scale fading

statistics for various propagation links are proposed and compared. The

extensive analysis and discussions made in this dissertation are expected

to reflect the propagation mechanism behind the observations in complex

environments. The quantitative results and channel models are useful to

realize the high-performance wireless communication system in complex

scenarios.
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Resumen

El rápido desarrollo de la alta velocidad ferroviaria (HSR) con una alta fia-

bilidad, seguridad y capacidad está demandando actualmente la evolución

de los sistemas de telecomunicaciones inalámbricas empleados en este en-

torno hacia sistemas banda ancha y alta capacidad. Por ello, las comuni-

caciones con los trenes de alta velocidad son uno de los principales casos

de estudio para el desarrollo y diseño de sistemas de comunicaciones en en-

tornos complejos. Este entorno incluye: espacios cerrados en los sistemas

sub-terraneos; canal rápidamente variable en el tiempo en los escenarios

de alta movilidad, variedad de estructuras complejas en escenarios com-

puestos como estaciones, túneles, trincheras, viaductos, etc., y las pérdidas

adicionales causadas por la estructura del veh́ıculo. Por lo tanto, el mod-

elado de las caracteŕısticas de propagación en estos escenarios es de gran

importancia para el diseño e implementación de sistemas de comunicaciones

fiables y requeridas en los sistemas de comunicación modernos.

Esta tesis analiza los principales retos para la caracterización de la propa-

gación en entornos complejos principalmente de ferrocarriles de alta ve-

locidad y metropolitanos. Para ello se han realizado multitud de medidas

de propagación realizados en escenarios complejos reales, las cuales se han

analizado y empleado para el modelado del canal. En los ferrocarriles

metropolitanos se han estudiado en detalle distintos tipos de túneles cur-

vos. El estudio se realiza primero analizando el comportamiento en banda

estrecha, la caracterización estad́ıstica del exponente de perdidas de propa-

gación, la distribución estad́ıstica y sus parámetros de autocorrelación y

de correlación cruzada. Estos parámetros se comparan con diferentes con-

figuraciones de antenas y en diferentes entornos. Por otra parte, se ha

realizado también un modelado de la propagación en banda ancha basado

en la realización de varias campañas de medida realizadas por medio de un

sistema de sonda de canal empleado en entornos de metro a 980 MHz y
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2.450 MHz. De estas medidas se obtiene el perfil y retardo de potencia en

diferentes regiones. Los principales parámetros, como la potencia media y

retardo (RMS) se extraen para establecer modelos de ĺınea de retardo con

tomas basada en regiones (TDL). Otro aspecto novedoso es la aplicación

de la teoŕıa de la reverberación electromagnética en radiocomunicaciones

en entornos cerrados. En este caso se aplica a los sistema ferroviarios sub-

terráneos donde el entorno se caracteriza en primer lugar con el tiempo de

reverberación, coeficiente de absorción, y el factor de calidad (Q) . Ade-

mas,esta teoŕıa se ha aplicado también a la distancia de transición entre

la estación y el túnel, modelando en base a el factor de calidad Q frente a

la distancia. Para los escenarios de alta movilidad, se describen una serie

de mediciones de banda ancha realizadas en un escenario compuesto HSR.

Los resultados son empleados para modelar la propagación en diferentes

regiones. Estos resultados se han aplicado a un modelo de simulación de

trazado de rayos 3D para lograr un modelo de canal determinista para la

validación de la medidas y proporcionando también la dispersión de fre-

cuencia. Las caracteŕısticas de desvanecimiento de pequeña escala y el

efecto del desplazamiento Doppler, el cual se analizan estad́ısticamente.

Otros novedosos puntos de estudio son el mecanismo de propagación en

el interior de los sistema de transporte público y el estudio de la propa-

gación veh́ıculo a veh́ıculo entre trenes. Para ello se realizan medidas de

la cobertura de sistemas 4G LTE real la recepción por antenas externas

e internas, la perdida adicional causada por la estructura f́ısica del tren

se estima. Ademas, se presenta la medición de propagación en el interior

del tren de alta velocidad (TAV). los resultados muestran los efectos de

gua de ondas dentro del carro HST. el camino de la distancia de registro

modelos de perdida son parametrizados, y se proponen y se comparan las

estad́ısticas de desvanecimiento de pequeña escala para varios enlaces de

propagación. Se espera que el extenso análisis y debates realizados en esta

tesis para modelar el mecanismo de propagación dentro de las observa-

ciones en entornos complejos. Los resultados cuantitativos y modelos de

canal son útiles para realizar el sistema de comunicación inalámbrica de

alto rendimiento en escenarios complejos principalmente túneles y grandes

recintos cerrados.
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Chapter 1

Introduction

Since the famous assertion:

“The fundamental problem of communication is that of reproducing at one

point, either exactly or approximately, a message selected at another point.”

from Claude E. Shannon’s stunning paper “A Mathematical Theory of Commu-

nication” is published in 1948, communication has been qualitatively and quanti-

tatively modeled as a statistical process underlying information theory. It brings

the practical result of Shannon-Hartley law for the channel capacity of a Gaus-

sian channel and inspires the further research on the channel capacity of a noisy

channel, including the promise of perfect loss-free communication [1].

As the name suggests, propagation channel refers to the structure or path

along which the signal is propagated, such as wire pair, coaxial cable, waveg-

uide, optical fiber, or radio path. For a wired transmission system, the signal is

delivered in fixed transmission channel with stable propagation characteristics.

Whereas the propagation path of a radio signal is uncertainty. The technology

developing also bring many challenges as limited bandwidth, limited power and

processing data in the dynamic environment. The transmitted signal with limited

power suffers propagation loss along the distance due to the energy dissipation. In

the meantime, radio propagation is vulnerable to the propagation environment.

The reflection, diffraction, and scattering phenomenon in propagation environ-

ment impact the signal and lead to the time and frequency dispersions at the
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receiver side. The effects of multipath propagation include constructive and de-

structive interference and phase shifting of the signal result in the increasing of

bit error rate and decreasing of channel capacity. Hence, theoretical analysis and

channel modeling on the wireless propagation are always the hot topics and diffi-

culties in wireless communication system design and development. This thesis is

dedicated to the study of channel measurement and modeling in various complex

environments.

1.1 Motivation

Wireless communication has undergone a rapid development in the past decades.

After the 1G (first generation) mobile communication system released in the

1980s, and 2G (second generation) proposed in the 1990s, a large number of com-

mercial communication systems, such as GSM (Global System for Mobile Com-

munications), 3G (Third Generation), Wi-Fi (Wireless Fidelity), WiMAX (World

Interoperability for Microwave Access), and 4G LTE (Fourth Generation Long

Term Evolution), are gradually proposed and deployed in the past two decades.

From the roots of analog based 1G networks to todays truly broadband-ready 4G

technology in extensive deployment, the wireless communication industry paves

the way for the worldwide mobile broadband access, and promises the great inno-

vations in the future. Although the wireless communication systems have played

an indispensable role in our daily lives, the communication technology itself is

still continually upgrading. For instance, the requirements and KPI (Key Perfor-

mance Indicators) of 5G have been established. The 5G is the fifth generation

mobile communication technology as the extension of 4G. The application sce-

narios of 5G are divided into two major categories: mobile Internet, and IoT

(Internet of Things). Therefore, aside from Mobile Internet, 5G is expected to

solve the requirement of massive machine wireless communication, thus, signifi-

cantly promote the development of Internet of Vehicles and Industry of Internet.

The information and communication technologies (ICT) are widely implied

in the road, railway, water, and air transport systems, as well as the naviga-

tion systems as illustrated in Fig. 1.1. The Intelligent Transport Systems (ITS)

include telematics and all types of communication techniques for different appli-
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cation links, such as In-Vehicle (IN-V) communications, Vehicle-to-Vehicle (V2V)

communications between adjacent vehicles, Vehicle-to-Infrastructure (V2I), and

Vehicle-to-Cloud (V2C). In general, the various types of ITS communication sys-

tem rely on specialized radio services and communication technologies.

Figure 1.1. Wireless communication systems and complex environments in ITS,
via: etsi.org.

The propagation channel is a factor that cannot be neglected for communica-

tion system design and deployment. A detailed understanding of the propagation

channel is a mandatory premise of the communication system deployments in

particular scenarios. A channel model represents the knowledge of how the prop-

agation environment impairs and distorts the radio signals, in other words, what

do the radio signal experienced in the propagation channel [2]. Thus, an accurate

channel model contributes to the designpredicting, and comparison the perfor-

mance of the new wireless communication systems in actual conditions. However,

complex environments often mean rapidly changing terrains, irregular spatial

structures, the richness of absorption surfaces, or unavoidable obstacles. Radio

propagation in these complex environments usually faces particular challenges

such as great attenuation, severe fading, or serious interface. These significant

problems motivate the studies on the propagation in complex environments to

achieve the dedicated channel models for characterizing the propagation channel.
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Then, the methods for mitigation the impairments and distortions on the wire-

less signals can be devised and evaluated based on the dedicated channel models.

Eventually, the adverse factors of the reliable and efficient data transmission can

be mitigated or eliminated in system design and network planning.

In Fig. 1.1, three representative complex environments have been highlighted.

Channel measurement and modeling in these complex environments face addi-

tional challenges, due to:

• Underground environments: e.g., mine system, road tunnel, railway

tunnel, subway tunnel, subway station, etc. These systems are built in the

underground environments with confined spaces, and surrounding by the

solid, rocks, or concretes. The confined space leads to unique propagation

mechanisms, such as waveguiding effect, dense scatterers, time delay, en-

ergy storage, etc. These effects vary with the volumes of spaces, physical

properties of the surfaces, and transformation of spatial structures.

• High Mobility scenarios: e.g., high-speed vehicle, high-speed railway

(HSR), low altitude flying object (LAFO), etc. The speedy carriers or

objects in these scenarios bring the time varying propagation channel in

rapidly changed terrains. Therefore, the wireless communication system

in high mobility scenarios always suffers failures of frequent handover and

varying channel dispersions across different propagation regions. In the

meantime, the difficult terrains in various regions are mutually affected the

radio propagation.

• Mass Transit systems: e.g., railway/subway train, bus, ferry, airplane,

etc. wireless communication systems for these mass transit systems are not

only required to be responsible for the adequacy, stability, and safety of

control signal transmission, but also expected to provide broadband net-

work access for passenger’s convenience and satisfaction. Nevertheless, the

carriage structures of these vehicles can significantly impair the wireless

propagation links for outdoor-to-indoor and indoor-to-indoor the vehicles.

Hence, the evaluation of radio coverage for onboard mobile user and radio

propagation inside the mass transit systems are of importance.
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In short, these three types of complex environments have their unique features

that can affect the wireless channel and result in exceptional propagation charac-

teristics. Therefore, the customized channel measurement and channel modeling

based on the geometric information are worthy fields of study.

Notably, rail transport system including High-speed railway (HSR), intercity

railway, light rail and subway as the key enabling factor for sustainable mobility

have offered great simplicity for people’s traveling and low-cost logistics. In the

meantime, rail transport as an environment-friendly transport mode with less en-

ergy consumption and limited air pollution than other modes underpins economic

growth. In Europe, the EU Transportation White Paper(European Commission

2011) has targeted a more sustainable, efficient, and competitive transport service

that will shift from road to rail in the future [3]. Hence, channel measurement and

modeling in complex railway environments can be representative. Propagation

in railway environment is particularly complex: i) various geometric structures,

such as the interior of the train, subway stations, tunnels, viaducts, cuttings,

semi-closed stations, etc. ii) multiple communication standards coexisting. For

instance, GSM, GSM-R, LTE, and TETRA work at 900 MHz frequency band. At

2.4 GHz frequency band, there are Wi-Fi, UMTS (Universal Mobile Telecommu-

nications System), LTE, CBTC, and pending LTE-R. Moreover, there are many

wireless radio systems deployed for driverless underground systems work at 5.8

GHz [4]. iii) different kinds of reflection or scattering surface with various materi-

als, such as steel, concrete, etc. These factors lead to the existing channel models

can not match the propagation scenarios in railway. Therefore, this thesis adopts

the channel measurement and modeling in complex railway environments as the

exemplary cases for further analysis and investigations.

1.2 Contributions

The main contributions of this thesis can be summarized as follows:

1. The widely-used channel measurement systems are reviewed. Based on

the periodic pulse sounding technique, two self-developed channel sounders are

designed and deployed for both narrowband and wideband propagation measure-

ments. Also, the promising software-defined radio (SDR) applied as new channel
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sounder is introduced and initially tested.

2. The existing studies on the issues of the radio propagation measurement

and channel modeling in underground environments, high mobility scenarios, and

mass transit systems are surveyed.

3. The first-hand practical measurement results are obtained and presented

in this thesis, including the narrowband measurements in subway curved tunnels

with various configurations; the wideband measurements in subway station and

tunnel at 980 MHz and 2150 MHz; the wideband measurements in HSR station

and a composite regions contain tunnel, cutting, and viaduct; the radio coverage

for outdoor and indoor high-speed train; propagation loss inside the trains.

4. By the mean of extensive measurements, the dedicated channel models

are proposed for each complex environments. The log-distance path loss models

are established in curved tunnels and inside trains with path loss exponents and

shadowing fading standard deviations. These key parameters are compared and

with other standard scenarios for further analysis. For wideband measurements,

the time dispersions are characterized and compared with delay spread in different

regions of the specific environments. Based on the RMS delay values, the region-

based Tapped Delay Line (TDL) models in subway and railway are presented and

analyzed.

5. The decorrelation distance and cross-correlation of the shadow fading are

investigated in the curved tunnels. Besides, the electromagnetic reverberation

theory is firstly introduced in subway system for channel modeling. The absorp-

tion coefficients calculated by the Sabin’s and Eyring’s formulas are presented

in different regions inside a subway tunnel. Also, the Q factor models based

on the reverberation times and carrier frequencies can be helpful for defining the

transition distances from the subway station into the tunnel with different config-

urations. Also, the ray-tracing approach is employed for evaluating the frequency

dispersion in HSR composite scenarios. The Doppler spread at two frequencies

in different regions are obtained and compared.

6. The measurement results and corresponding channel models can be helpful

for radio frequency network planning and wireless communication system updat-

ing in both subway and railway. Besides, the extending study in other complex

environments can reference the relative work in this thesis.
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1.3 Outline of thesis

The rest of this dissertation is organized as follows:

Chapter 2 introduces the background of the fundamental radio propaga-

tion theories and classical channel models. The state-of-the-art review of the

researches in radio propagation measurements and modeling is also conducted

in this chapter. This includes the detailed descriptions of the classification of

fading in time and frequency domains; the widely used models in for large-scale

and small-scale fading, such as log-distance path loss model, small-scale fading

distributions, TDL model, and deterministic modeling.

Chapter 3 surveys the widely-used channel sounding techniques for time do-

main and frequency domain measurements, including the periodic pulse-based,

the sliding correlation-based, sweeping frequency-based approaches. Also, the

self-developed periodic pulse based channel sounder testbeds adopted in the fol-

lowing measurements are described in detail. Besides, the software defined radio

(SDR)-based channel sounder and multi-antenna system are introduced for fur-

ther testing.

Chapter 4 presents the channel measurement and modeling in underground

systems. First, the narrowband channel sounding in the curved subway tunnel

is described, the large-scale characterization and modeling based on the corre-

sponding results are analyzed and compared with straight tunnel and other stan-

dard scenarios. Second, the influences on the radio propagation from the subway

station and tunnel are evaluated individually by the wideband measurements.

The measurements configurations and scenarios are carefully presented. The key

factors, such as delay spread and reverberation time are extracted and parame-

terized. Finally, the region-based TDL models and Q factors along the distance

in the subway station and tunnel are established and analyzed in this chapter.

Chapter 5 demonstrates the channel measurement and modeling in high

mobility scenarios. The propagation measurements in HSR station and an HSR

composite regions at 950 MHz and 2150 MHz are emphasized as the test cases.

The time dispersion in the HSR station in LOS and NLOS scenarios are analyzed

and characterized in Case I. The HSR composite scenario in Case II includes

tunnel portal, cutting, and viaduct. The channel characterizations in these com-
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posite regions are separately analyzed and parameterized. The key factors such

as RMS delay and the number of channel taps are calculated for forming region-

based TDL models. Furthermore, a 3D ray-tracing simulation is conducted and

validated. The stochastic analysis and frequency dispersion are presented based

on the simulation results.

Chapter 6 focuses on the propagation inside the mass transit systems. The

LTE radio coverage testing by the mean of the power receiving by the external

antenna and internal antenna. Moreover, the propagation losses inside the high-

speed train and metro train are carefully described and separated into two links:

Intra-Carriage and Inter-Carriage links. The large-scale and small-scale fading are

characterized and compared within the similar scenarios such as airplane cabins

and corridors. Besides, the propagation from the station to the mobile inside the

train carriage at different frequencies and angle of arrivals are also presented.

Eventually, the obtained results are summarized as the conclusion of the the-

sis, and the topics for further research are also addressed in Chapter 7.
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Chapter 2

Radio Propagation and Channel

Modeling

Scientists have been tantalized by the research on electromagnetism since James

Clerk Maxwell (1831 - 1879) first formulated his famous four equations. His

theory of electromagnetism has discovered that changing electric field induced a

magnetic field and also vice-versa, and demonstrated that electricity, magnetism,

and light are all manifestations of the same phenomenon: the electromagnetic

(EM) field. Then, the electromagnetic wave has proved mathematically and con-

firmed by the German physicist Heinrich Hertz in 1886. His experiments not only

detect the existence of electromagnetic waves but also verify that they propagate

at the speed of light.

It is well known that electromagnetic wave propagation depends on the prop-

erties of the transmission medium in which they travel. The propagation medium

or electromagnetic path connecting the transmitter and receiver is defined to the

communication channel [5]. For the wireless communication channel, it used to

work in the UHF (0.3 - 3 GHz), and SHF (3 - 30 GHz) frequency bands, and

fundamentally dedicate to deliver sufficient signal power to the receiver at the

end of the radio link to achieve some performance objective.

Knowledge of the propagation behavior of a radio channel is of vital impor-

tance to understand and design for a radio communication system. The proper-

ties of the propagation channel govern the level and quality of the received signal.
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Moreover, like any other form of EM energy, reflection, refraction and diffraction

may occur within the radio propagation. Thus the received signal may be a

constructive or destructive combination of several signals that have traveled by

different paths with different time delays, which lead to the distorting of the resul-

tant signal. Unquestionably, propagation characteristics give insight into wireless

communication system performance.

The background knowledge, such as the propagation manifestation and clas-

sification are introduced in this chapter. Also, the underlying principle of multi-

path propagation and widely accepted theory involved in the following chapters

are explained in this chapter.

2.1 Propagation Mechanism

The wireless signal, like light waves and all other forms of EM radiation, typically

travel in a direct path in the ideal free space, where usually infers that the signal

attenuation versus distance. The so-called free space assumes the propagation

environment between the transmitter and receiver is empty, and neither absorbing

obstacles nor reflecting surfaces are considered to affect radio frequency energy.

The atmosphere in this region is perfectly uniform and non-absorbing medium.

Furthermore, the influence of the earth surface is assumed to be entirely absent.

Since the separation d between the transmitter and receiver is much larger than

the far field distance df (df = 2D2

λ , λ: wavelength; D: the largest dimension

of the antenna), the EM waves act like the plane waves that dominate all other

components in the far field, i.e. the radiating antenna can be considered as a point

source with negligible physical dimensions. The far field region is also termed as

Fraunhofer region; then the Friis equation holds in this region to derive the free

space path loss (FSPL) at distance d as follows [6]:

FSPL (d) =
PtGtGr

Pr
=

PtGtGrλ2

(4π)2 d2L
(2.1)

where Pr is the received power, Pt is the transmitted power, Gr is the receiver

antenna gain, Gt is the transmitter antenna gain, d is the separation distance

between transmitter and receiver in meters, L is the system loss factor not re-
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lated to the propagation. λ is the wavelength in meters. As Eq. 2.1 shows, the

attenuation of RF energy between the transmitter and receiver behaves according

to an inverse-square law.

2.1.1 Path Loss and Fading

However, when the signal travels through the wireless channel in the actual prop-

agation environment, the presence of trees, people, buildings, mountains, and

other obstructions result in the signal undergoing many kinds of propagation ef-

fects as shown in Fig. 2.1. Three of these physical effects are primary considered:

reflection, diffraction, and scattering.

!"

!#

$"%#

Diffraction

Reflection
Scattering

Reflection

Figure 2.1. Multipath propagation scenario.

• Reflection occurs when the radio waves impinge on a smooth surface of

the object which has much larger dimensions than the wavelength of the

incident wave. In practice, the incident energy may be reflected partly or

entirely, which is depends on the material properties, wave polarization, the

angle of incidence, and the carrier frequency. Reflections could occur from

the surface of the earth, the buildings, or major contributed by the walls,

floors, ceilings, and items of furniture for indoor environments.

• Diffraction is a phenomenon occurring when the wave interacts with an

obstacle that having sharp irregularities (edges, wedges, etc.). The radio
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waves can propagate behind the obstruction with decreased field strength,

which is the vector sum of the electric field components of all the secondary

wavelets [6]. Diffraction is also known as shadowing.

• The scattering provides extra energy at the receiver, which is caused by

scattering energy in all directions from the trees, the rough surfaces, small

objects, or irregularities. Scattering occurs when the medium through the

wave is traveling contains objects which are much smaller than the wave-

length of the radio wave. Comparatively speaking, scattering is most diffi-

cult to predict [7].

The multipath propagation is defined as the effect that occurs when the ra-

dio signal reaches at the receiving antenna by two or more paths. This multi-

path denotes the radio signal is transmitted from the transmitter, then reflected,

diffracted, and scattered by the interaction objects (also known as “scatterers”)

presented in the channel. The multiple copies of the transmitted signal travel from

several different paths, then arrive and combine at the receiver. This combination

can be either constructive or destructive that can cause random fluctuations in

the received signal’s amplitude, phase, and angle of arrival, which is termed as

multipath fading.

The fading in mobile communication can be classified into two main groups:

large-scale fading and small-scale fading [8]. Literally, the large-scale denotes a

large distance (hundreds of wavelengths) that the radio signal traveled. Gen-

erally, the slow dissipation of energy due to the separation of transmitter and

receiver within such a large distance is defined as path loss. In the meantime, the

penetration or diffraction around large objects in the actual propagation chan-

nel result in the fluctuations on the local-mean power, which are the so-called

large-scale fading (or “shadowing”). Small-scale fading is used to describe the

self-interference of the arrived signals from different paths with different ampli-

tudes, delays, and phases at the receiver over a short period (on the order of 10 ns

depending on mobility) or a travel distance on the same order of the wavelength.

Fig. 2.2 illustrates an example of the large-scale fading that superimposed with

the small-scale fading [9].

As shown in Fig. 2.2, path loss is modeled as the distance-dependent power
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Figure 2.2. Path loss, large-scale fading, and small-scale fading.

decay of EM waves. Then, the large-scale fading is described as the local mean

variation on the path loss. The small-scale fading is the rapid change in signal

strength on a scale of the wavelength. As the time scale is on the order of a typical

duration of physical layer communication, small-scale fading is more complex and

challenging due to [10]:

• channel uncertainty: it is hard to track the channel gain precisely and

require more signaling overhead;

• construction/destruction: with a certain probability, the channel gain may

be deteriorated and results in an instantaneous channel capacity. But in

some other momentsthe capacity may be increased when the channel gain

is favorable because of the construction of multipath reception.

2.1.2 Fading Classification

As mentioned above, the fading can be primarily divided to the large-scale and

small-scale fading based on the spatial or time scale. Whereas for practical mo-

bile communication application, the small-scale fading depends on not only the

properties of the transmitted signal (such as bandwidth Bs, symbol period Ts,

etc.) but also the characteristics of the wireless channel. The small-scale fading

is influenced by three foundational manifestations as follows:

Delay spread of the signal : a certain variation (spread) of the average received

power as a function of the time delay. In other words, delay spread is the overall
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span (i.e., from the earliest arrival time to the latest arrival time) of path delays,

sometimes referred to as the excess delay spread [11].

Time variance of the channel : since the received multipath components (MPs)

are highly dependent not only on the signal frequency but also on the position of

the antenna [12], the significant time variation may occur due to: (i) the relative

motion between the transmitter and the receiver, which results in the random

frequency modulation because of the Doppler shift fd. The Doppler shift can be

positive or negative depends on the mobile receiver is moving towards or away

from the transmitter; (ii) the movement of surrounding objects in the propagation

environment. If the surrounding objects in the propagation area move at a greater

rate than the mobile receiver, this effect dominates the small-scale fading.

Transmission bandwidth of channel : the bandwidth of a channel is used to be

quantified by the coherence bandwidth Bc, which is a measure of the maximum

frequency difference for which signals are slightly correlated in amplitude and as

the figure of merit of system [13]. Thus, the received signal will be distorted if the

transmission bandwidth is greater than the bandwidth of the multipath channel.

Attenuation vs. 
distance

Variation about 
the mean Delay Spread Time Variance

Fading

Large-scale Fading Small-scale Fading

Fast Fading Slow FadingFrequency Selective Fading Flat Fading

Figure 2.3. Fading classification.

In summary, depending on the nature of transmitted signal, the mobile chan-

nel, the velocity of relative motion, the delay spread of the signal and the time

variation of the channel mechanisms in a mobile communication channel result

in four possible distinct small-scale fading types:

• On the basis of delay spread:
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– Flat fading: the bandwidth of the transmitted signal is narrower than

the bandwidth of the multipath channel with a constant gain and linear

phase response. The received signal strength changes with time due

to fluctuations in the gain of the channel caused by multipath, but

the spectrum of the transmission is preserved. Thus the flat fading

channel is also known as amplitude varying channel and sometimes

referred to the narrowband channel (Bs << Bc).

– Frequency selective fading: The channel induced intersymbol inter-

ference (ISI) will appear if the maximum excess delay spread Tm ex-

ceeds the symbol time Ts. Contrary to the flat fading, the bandwidth

of transmitted signal is greater than the coherence bandwidth of the

channel in a frequency selective fading (i.e. Bs >> Bc). Frequency se-

lective fading channels are also known as wideband channels and much

harder to model than flat fading channels since each multipath com-

ponent must be modeled and channel must be considered as a linear

filter [13].

• On the basis of Doppler spread, the coherence time Tc (Tc = 1/fd) is a sta-

tistical measure describing the time frame over which the channel response

can be considered as invariant [14]:

– Fast fading: coherence time Tc of the channel is much smaller than

symbol period of transmitted signal (i.e. Tc << Ts), which implies the

impulse response of channel changes at a fast rate during one symbol

period.

– Slow fading: the coherence time is sufficiently long that the channel

impulse response changes at a slower rate than the transmitted sig-

nal. In this case, the channel can be assumed invariant over any of

bandwidth interval.

Eventually, the channel fading can be illustrated as the tree diagram in Fig.2.3.
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2.2 Channel Modeling

A channel model is known as an abstract and simplified approach to mathemat-

ically demonstrates the main characters of an actual channel, and evaluates the

influences on the performance of a specific wireless technology in this channel.

Thus, establishing our knowledge and understanding of the behavior of how the

propagation environment affects the wireless signals is of important significance,

which is the primary objective of channel modeling. A logical channel modeling

conduces to the design, implementation, testing, and deployment of the corre-

sponding wireless communications system because a precise channel model can

be quantitatively assessed the performance of wireless propagation under realistic

conditions. Consequently, channel modeling is the premise of software simulation,

channel emulation and RF planning, which can provide the supports to mitigate

the impairments and distortions of radio signals in wireless communication [2].

Furthermore, as new wireless communication systems and technologies are de-

veloping in more and more specific environments and expected to provide more re-

liable and efficient links, existing channel models are also necessary to extend and

update for new requirements, such as higher frequencies and particular propaga-

tion scenarios. For instance, radio propagations in railway environment are com-

plex, due to the particular characteristics of the scenarios like tunnels, viaducts,

and cuts. Therefore, new channel models benefit the design and development of

wireless communication systems in railway.

Besides, it is extremely challenging to obtain the exact mathematical char-

acterization of a realistic wireless channel due to the time variation and unpre-

dictable nature. Solving Maxwells equations with proper boundary conditions

that reflect all physical constraints of the propagation environment can be a pos-

sible, but the detailed knowledge of geometric and dielectric properties of the

environment is considerably hard to provide [15]. Therefore, an efficient chan-

nel model should focus on describing the characters that touch the core effects

on the channel propagation and ignore the rest to reduce complexity. As pre-

viously stated, the impairments and distortions of radio signals in the wireless

channel can be divided into two groups: large-scale fading and small-scale fading.

Consequently, a channel model that predict the mean signal strength versus the
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transmitter-receiver separation distance is called large-scale propagation model,

which can be used for calculating the link budget. In the meantime, the rapid

fluctuations of the received signal strength over very short travel distances or

short time durations are characterized in small-scale propagation models [16].

Besides, the modeling approach provides another line of thought for chan-

nel models classification. Fundamentally, the modeling approaches fall into two

categories: physical models and analytical models. The physical models are es-

tablished on the basis of electromagnetic wave propagation and independent of

antenna configurations, such as antenna pattern, number, etc. It models the bi-

direction propagation between the transmitter and receiver based on the measure-

ment or simulation in a specific scenario, which means it changes as the locations

of transmitter and receiver changes. Whereas the analytical models mathemat-

ically/analytically reproduce the statistical properties of the MIMO matrix in

the corresponding domain, whereas the physical propagation mechanisms are not

considered [17]. In this thesis, the physical models are mainly focused by the

mean of measurement campaigns. The physical channel models can be generally

classified into two types [18]:

• Empirical/Statistical model: this kind of channel model is extracted from

the large amounts of measurement data. The propagation characterization

in the specific scenarios is modeled by the statistical analysis of the channel

impulse response (CIR), and then extracting the key parameters, such as

path loss, delay spread, angular spread, etc to parametrized the channel.

• Deterministic models: characterizing the physical propagation in a com-

pletely deterministic way, such as ray tracing/launching. The basic idea of

these deterministic approaches is calculating the received signal from knowl-

edge of geometry, the electrical properties of the medium of propagation,

cross section of objects and antenna radiation pattern.

For measurement-based empirical channel modeling, the first step is the chan-

nel measurement (sounding) in the realistic environment. Specifically, sending a

given training sequence from the transmitting system to the wireless channel, then

capturing and analyzing the attenuated and distorted signal to obtain the CIR

on the receiver side. The principle of channel sounding, the commonly used test
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equipment, and the domestically developed channel sounders are introduced in

the next chapter. Based on the measurement results, the channel can be charac-

terized by a set of parameters: the path loss, shadowing, Rician K factor from the

narrowband measurement; the channel transfer function in space/time/frequency

domains, the resolvable angular/Doppler/delay spread for small-scale modeling.

These concepts are explained in the following subsections. The ray-tracing tech-

nique as the classic deterministic modeling approach is introduced in the last

subsection.

2.2.1 Large-scale fading Models

Path Loss and Shadowing

The Free space path loss model as described in Eq. 2.1 is the area-mean power

that restricted to a clear and unobstructed direct path between the transmitter

and the receiver. Whereas the long-term shadow fading is used to result in the

variation in radio signal power due to the encountering with obstructions over

long distance. Egli demonstrates that the received local-mean power of the radio

signal fluctuates about the area-mean power with a log-normal distribution in [19].

Hence, Log-distance path loss model is a generic model and an extension to Friis

Free space model and expressed as follows:

PL(d) [dB] = PTx [dBm]− PRx [dBm] = P0 + 10n log10

!
d

d0

"
+Xs, (2.2)

where P0 is the path loss in dB at the reference distance d0, and n is the path

loss exponent, which describes the path loss trend versus the distance d between

transmitter and receiver. Xs represents a zero-mean Gaussian distributed random

variable in dB with a standard deviation σx.

In practice, P0 can be obtained from measurements or free space assumption

(friis) from the transmitter to d assumption (friis) from the transmitter to d0. The

path loss exponent n and standard deviation σx can be calculated from measured
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data, using linear regression such that the difference between the measured and

estimated path losses is minimized in a mean square error sense over a wide

range of measurement locations and T-R separations. This model can be used

in computer simulation to provide received power levels in arbitrary locations for

radio coverage planning and network optimization of a communication system as

shown in Fig. 2.4.

Actual Received Signal

X~N(0, σ^2)

− 10 n log10(d/d0)

Pr
/P

t [
dB

]

Log Distance

(Small-scale fading removed)

Figure 2.4. Log distance path loss model.

Other Models

For outdoor environments, the density of people should not be neglected. There-

fore the exclusive path loss model for specific propagation scenario is helpful for

optimum network design. There are several well-known empirical propagation

models, such as:

Okumura Model : radio propagation model for macro cells in urban areas (no

tall blocking structures).

Hata Model : the most widely used prediction model for cellular transmis-

sions in a city environment. It is suitable for both point-to-point and broadcast

transmissions and classified into three versions for Urban Areas (high-density city
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included tall buildings), Suburban Areas, and Open Areas.

Lee’s Model : the most popular macroscopic propagation models. It is a slope-

intercept propagation prediction model. The main assumption of the model is

that the propagation path loss depends on two influencing factors: the natural

terrain, and the clutter from man-made structures.

COST231 Models : (i) COST-HATA Model as the extend Hata model to cover

a more elaborated range of frequencies ; (ii) COST 231 Walfisch-Ikegami Model is

another model for micro cells and small macro cells by combining models proposed

by Walfisch and Ikegami, which introduced additional Characteristics, such as

heights of building, width of roads, building separation, and road Orientation

with respect to the direct radio path.

Through the comparison and analysis, it can be found log-distance path loss

model is more simple, efficient, and suitable for computer implementation without

the knowledge of the environment. Therefore, there is no requirement for invest-

ing time and resources in surveying building layouts. Due to model simplicity,

great accuracy could not be expected. The main parameter n is very sensitive

to the properties of propagation environment, such as the type of construction

material, type of interior, location within the building, etc. The value of n equal

to 2 in the free space, and normally range from 1.2 (waveguiding effect) to 6.

Also, the value of n depends on the way the statistical analysis on measurement

data is performed [20].

Link Budget

The link budget is a written description of all the gains and losses by a transmitter

during its active state. It is a convenient tool to compare power levels between

different technologies and different systems. It is a way of quantifying the link

performance and commonly identified by the following parameters:

• Effective Isotropic Radiated Power (EIRP): EIRP is the power radiated

relative to a perfect isotropic antenna. It is the sum of available transmit

power and antenna gain in dBi, and subtracting any extra loss from cable,

inefficiency, etc. EIRP defines the maximum transmit power.

• Signal to Noise Ration (SNR): SNR determines the certain error probability
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given a signal modulation at the receiver. The SNR is sometimes expressed

in term of energy per bit over noise power spectral density.

• Sensitivity: Sensitivity denotes the lowest power level at which the received

signal may be decoded, it is usually defined as a power level above ambient

noise and interferences, and depends on several parameters such as bit rate,

coding, error rate. The amount by which the received power exceeds receiver

sensitivity is called the link margin.

• Maximum allowable path loss: As mentioned above, the path loss is the sum

of all the losses between transmitter and receiver that are not to do with

the antennas or feeders, which quantifies the radio system performance.

It provides a technology independent value that can be used for coverage,

capacity, or other estimates.

2.2.2 Amplitude Statistics

As previously stated, the received signal in a realistic environment is a combi-

nation of multipath signals arriving from different directions, phases, and am-

plitudes. The small-scale fading distribution is a statistical characterization of

the multipath fading, which describes how the received signal amplitude changes

with time. The envelope of the received signal is usually modeled by a random

variable with a certain probability distribution.

Rayleigh Distribution

Rayleigh fading distribution is widely used to model a small-scale fading and

describes a statistical time-varying model for the propagation. To model a mul-

tipath environment with no line of sight (NLOS) path, the time variant channel

impulse response h(t) in a flat fading channel is given by [21]:

h (t) = r (t) ejφ(t) = x (t) + jy (t) (2.3)

where r(t) denotes the magnitude or envelope, and φ(t) is the phase rotation, x(t)

and y(t) represent the in-phase (I) and quadrature (Q) component, respectively.
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If the signal follows a complex Gaussian distribution, in particular, both ran-

dom processes x(t) and y(t) are statistically independent Gaussian distributed

with the same variance and zero mean, then their joint probability density func-

tion (PDF) can be represented by:

P (x, y) = P (x)P (y) =
1

2πσ2
e−

x2+y2

2σ2 (2.4)

If differential areas is transformed to magnitude and phase through dxdy =

rdrd, the joint PDF of r(t) and φ(t) can be expressed as:

P (r, φ) =
r

2πσ2
e−

r2

2σ2 , r ∈ [0,∞] , φ ∈ [−π, π] , (2.5)

Since the random variables r and φ are statistically independent, i.e. P (r,φ) =

P (r)P (φ), the PDF of r and φ can be obtained as follows:

P (r) =

# π

−π

r

2πσ2
e−

r2

2σ2 dφ =
r

σ2
e−

r2

2σ2 (2.6)

and

P (φ) =

# ∞

0

r

2πσ2
e−

r2

2σ2 dr =
1

2π
(2.7)

Eventually, the envelope and phase of the received signal at any time instant

undergoes a Rayleigh probability distribution and a uniform distribution, respec-

tively.

Rician Distribution

In some propagation scenarios, there is a dominant stationary signal compo-

nent A present, such as the LOS path, the signal amplitude is given by r =$
(A + x)2 + y2, and the small-scale fading fits with Rician distribution, thus

the PDF of magnitude r is given by:

P (r) =
r

σ2
e−

r2+A2

2σ2 I0

!
rA

σ2

"
(2.8)

where σ2 represents the variance of the random component, A is the peak am-
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plitude of the dominant component with power A2/2, I0(z) is the 0-th-order

modified Bessel function of the first kind (I0 (x) = 1
2π

% 2π

0 ex cos θdθ) [11].

Then the Rician K-factor as the ratio of the deterministic to the random

component of the process is defined as:

K [dB] = 10log(
A2

2σ2
) (2.9)

As the amplitude of dominant path decrease (A → 0), K[dB] → ∞, the

Rician distribution degenerates to a Rayleigh distribution [22].

Nakagami Distribution

Despite the Rayleigh and Rician distributions are well fitted with the signal en-

velopes after fading channels in many actual cases, the Nakagami distribution

is proved to provide a better match with the empirical data [23] [24]. Com-

pared with Rician distribution, Nakagami distribution as a more general fading

distribution does not need to assume a direct path condition, and use a para-

metric gamma distribution-based density function to describe the empirical data

and get approximately distribution [25]. The PDF of Nakagami distribution is

represented as:

P (r) =
2

Γ(m)

& m

2σ2

'm

r2m−1 e−
mr2

2σ2 , r ≥ 0; m ≥ 1

2
(2.10)

where σ2 = 1
2E [r2] is the mean-squared value of the random variable, Γ() is

the Gamma function. m =
E2

[r2]
V ar [r2] is the shape factor or fading figure, which

is used to describe the fading degree of the multipath fading channel. In the

special case m = 1/2, the PDF of Nakagami distribution reduces to a one-side

Gaussian distribution; for m = 1, Rayleigh fading is recovered. With proper

adjustment of the parameters, Nakagami can also tightly fit Rician and lognormal

distribution [11]. The Nakagami and Rice distributions can approximate each

other by [26]:

m =
(K + 1)2

2K + 1
(2.11)

which tends to m = K/2 for large Rician K-factor.
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Weibull Distribution

Weibull distribution represents another general distribution, which also included

Rayleigh as a special case. Here the signal envelop is given by r = β
(
x2 + y2,

and the corresponding PDF is expressed as [27]:

P (r) =
β

2σ2
rβ−1e−

rβ

2σ2 , r ≥ 0 (2.12)

where σ2 = 1
2E [r2], β is the shape factor, which determines to the fading severity,

when the β = 2, Weibull distribution degrades to Rayleigh distribution, for β < 2,

the fading is severer than the Rayleigh fading. Nowadays, Weibull distribution

is one of the most widely used tool for reliability engineering and failure data

analysis. In mobile communication, the Weibull distribution is also attracting

more and more interest, since it exhibits good fits to experimental measurements

data in both indoor and outdoor propagation environments [28].

2.2.3 Time Dispersion

In mobile communication, the mobile channels can be modeled as a linear dig-

ital filter. Thus its impulse response includes smallest variations of the signal

and the output of the channel [29]. The impulse response provides a wideband

characterization of the propagation channel and contains the essential informa-

tion to analyze and compare the radio propagation in a particular mobile channel

condition [30].

For recalling the time dispersion, the multipath propagation in Fig. 2.1 can

be analyzed as an example. When a signal is transmitted from single transmis-

sion antenna, the signals travel through various propagation paths with different

travel distances and then arrive the receiving antenna. Assuming there are four

transmission paths, which could be resolved in the receiver side, received signal

in each path has an amplitude ai and a delay time τi (i = 0, 1, 2, 3). Then the

received signals can be represented as shown in Fig. 2.5. As those arrival times

on the axis of time shows, a certain spread of various delays can be found, which

is the time dispersion phenomenon, and such a spread is the so-called “Delay

Spread”. Then the channel impulse can be represented by:
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Figure 2.5. The delay spread conception, via: www.sharetechnote.com.

h (t) =
3)

i=0

aiδ (t− τi) (2.13)

Arrival times of MPCs are affected by the location of the interacting objects

in the channel. In the extreme with a simple geometrical relationship, e.g. each

MPC only interacts once in its traveling path, then the position of the interacting

object uniquely determines the excess runtime. Assuming the interacting objects

in an indoor environment are distributed uniformly in a plane, then the multipath

arrival time is stated as a random process based on Poisson distribution, which

therefore means the inter-arrival times between MPCs follow the exponential

distribution [31].

However, interacting objects are not distributed uniformly in the practical

environment and normally clustered in a group. In other words, groups are sep-

arated in space with certain distances, and objects in a group are close together.

For instance, a television cabinet with TV on it. The group of objects can be ap-

proximately translated into clustering of MPCs. Therefore, the impulse response

in Eq. 2.13 can be extended and written as follows [31]:
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h (t) =
L−1)

l=0

K−1)

k=0

ak,l exp(jφk,l)δ (t− Tl − τk,l) (2.14)

Where L is the number of clusters, and K is the number of MPCs within

a cluster; Tl is the arrival time of the l − th cluster; ak,l, φk,l, and τk,l are the

amplitude, phase, and delay of the k − th component within the l − th cluster,

respectively. Formally, Eq. 2.14 splits the summation in Eq. 2.13 into a double

summation, and thus establish a deeper relationship between the physics of the

environment and the impulse response. Hence, the joint statistics of all the MPCs

within a certain number of clusters can be easily described. Also, the statistics

of the clusters themselves can be easily modeled.

Figure 2.6. The SalehValenzuela model.

Saleh-Valenzuela Channel Model

The principle of Saleh-Valenzuela (S-V) channel model [32] is shown in the

Fig. 2.6 [33]. This model assumes an ideal situation that the small-scale ampli-

tude fading statistics follow a Rayleigh distribution, and the corresponding phase

angles are independent uniform random variables over (0,2π). The power decays
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exponentially with cluster decay rate η as well as excess path delay rate γ within

a cluster. S-V model suggests that the cluster arrival times Tl and path arrival

times within a cluster are random process based in Poisson distributions, with the

inter-arrival rate Λ and λ, respectively. In other words, the inter-arrival times of

the clusters and MPCs are also exponentially distributed. Hence, the channel can

be defined by four parameters [33]: The cluster arrival rate Λ, the path arrival

rate λ within a cluster, the cluster decay rate η, path decay rate γ.

The IEEE TG3a has proposed modified model for IEEE 802.15.3a UWB chan-

nel, which suggests the small-scale amplitude statistics ak,l follow a lognormal

distribution. Then, IEEE TG4a suggests to model the MPCs arrival time with

mixtures of two Poisson processes, and the small scale fading for the multipath

gain magnitude ak,l is modeled as a Nakagami-m distribution in the 802.15.4a

UWB channel model. This model is a generalized version of S-V model for out-

door and indoor environments with longer operating range [34].

Actually, clustering is not the unique phenomenon that only occurs in UWB

channels. Depending on the propagation environment and the bandwidth of the

system, three cases can be defined in Table 2.1 [31]

Table 2.1. Three cases for the cluster and multipath resolution.

Cases Clusters MPCs Remarks

B < 1/τmax Unresolvable Unresolvable Bandwidth is too small

Λ < B < λ Resolvable Unresolvable
Outdoor: B > 1 MHz;
Indoor: B > 10 MHz

B > λ Resolvable Resolvable Bandwidth is sufficiently large

Consequently, the number of the resolvable clusters and/or MPCs depends on

the environmental parameters and measurement bandwidth. The most current

broadband measurements can achieve the resolvable clusters and unresolvable

MPCs. As the measurement bandwidth improves significantly, a sparse impulse

response contains delay bins without MPCs is expected to obtain.

Power Delay Profile

27



Chapter 2. Radio Propagation and Channel Modeling

For small-scale channel modeling, the power delay profile (PDP) of the channel

is found by taking the spatial average of |h (t)|2 over a local area. The PDP

provides a distribution of the average power for the received signal over individual

path, which is represented by the relative power of each path related to that of

the earliest path [35]. If several local area measurements of |h (t)|2 are made in

different position, an ensemble of PDPs can be built. Thus, the power profile of

the multipath channel can be defined based on the Eq. 2.13 as:

φ (t) =
N)

i=0

|ai|2 δ (t− τi) =
N)

i=0

g (i) δ (t− τi) (2.15)

Where N is the maximum number of multipath that system can detect, g (i) =

|ai|2 and τi are the power gain and delay time of the ith path, respectively.

The PDPs are used to measured by the broadband channel sounding tech-

niques, which will be described in the following chapter. The extent of multipath

effects on radio channel can be clearly determined by the time delay spread. Since

the time dispersion is highly dependent on the geometric construction and dielec-

tric properties of materials, Certain channel parameters that grossly quantify the

multipath channel can be extracted according to the PDP curve as follows:

• First arrival delay (τ0): the first arrived component, which is typically the

most significant component that is judged as the LOS path. For the NLOS

case, the first arrival delay might be the first reflected ray. Nevertheless,

this delay has traveled the minimum propagation distance, which is used to

serve as a reference, and the delay component follows it is called the excess

delay.

• Maximum excess delay (τm): the time delay during which multipath energy

falls to XdB below the maximum. XdB is the threshold level dependent on

the receiver sensitivity and noise floor at the receiver. Thus the maximum

excess delay is defined as τm − t0, which describes the temporal extension

of the multipath reception above a particular threshold XdB.

• Mean excess delay (τ): the first moment of the power delay profile is defined
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as:

τ =

*
(τ)φ (τ)*
φ (τ)

(2.16)

• RMS delay (στ): the square root of the second central moment of the power

delay profile. It is the standard deviation about the mean excess delay,

which is similar to the standard deviation of a statistical distribution. For

a discrete channel, RMS delay is given by:

στ =
$

τ 2 − (τ)2, where τ 2 =

*
τ 2φ (τ)*
φ (τ)

(2.17)

RMS delay quantifies the strength of inter-symbol interference (ISI) by the

ratio of RMS delay spread and symbol time duration, which determines the

complexity of the equalizer required at the receiver.

• Coherence Bandwidth As discussed above, the coherence bandwidth Bc can

be used to characterize mobile channel in the frequency domain. It is gen-

erally obtained by the measure of a frequency range that the channel keeps

in “flat”, where all the spectral components have close gain and linear

phase [29]. The coherence bandwidth is obtained with respect to RMS

delay [36]:

Bc,90 ≈ 1

50στ
(2.18)

when the correlation threshold is 0.9 (i.e. 90% coherence bandwidth); and

Bc,50 ≈ 1

5στ
(2.19)

for 50% coherence bandwidth approximation.

Note there is no global agreement on the exact form of above relations [30].

Typically, when the symbol time period is greater than ten times the RMS

delay spread, no ISI equalizer is needed in the receiver [37].
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2.2.4 Tapped Delay Line Model

A common way to model the multipath channel is as a series of amplitude

weighted delayed copies of the input signal, which is the so-called “tapped delay

line (TDL)” model. A TDL model discretely characterizes the wireless channel

by the channel impulse response (CIR) (or the Fourier transform of CIR), which

is a linear, finite impulse response (FIR) filter model as illustrated in Fig. 2.7.

Thus, the output of this channel model is given by:

y (t) = x (t) ∗ h (t, τ) + n (t) =
L−1)

i = 0

hi (t) x (t− τi) + n (t) (2.20)

where ∗ represents convolution, n(t) is the additive noise, x(t) and y(t) denote

the input and output of the TDL model, respectively. τi(t) and hi are the i-th

channel tap delay time and tap weight, respectively. L is the number of taps,

which is the maximum number of time-resolvable multipath components. Each

tap can be considered as an effective delay bin that sum of all signal received

from different paths over the duration of that bin. This is analogous to discrete

frequency spectra as each frequency bin is the combination of all received signal

over the bandwidth that bin occupies [38]. Hence, the output of a TDL model

is the combination of the input signal delay by incremental amounts and mul-

tiplied by a weight function. As a common approach, the delay time between

taps τ1, τ2, ...τL they are equally distributed with respect to the symbol duration

of the transmitted signal. However, they are somewhat irregular in the actual

cases. Thus delay times in this model are not strictly equal [39]. The delay

time between taps and their relative magnitude determine the frequency selec-

tivity of the channel and the severity of ISI. The strength of time-varying taps

provides the large scale attenuation and the statistical approximation of Doppler

spreading and non-resolvable multipath effects to characterize the small-scale fad-

ing. The changes of tap weights affect the coherence time, Doppler spread, and

higher-order statistics, such as the average fade duration [40]. For a time-varying

channel, the ith tap weight is given by:
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hi (t) = ai (t) e
jφi(t) (2.21)

where ai and φi represent the amplitude and the phase information of ith resolved

delay bin, respectively. Then the CIR for a TDL model can be expressed as

follows [41]:

h (t, τ) =
L−1)

i = 0

ai (t) e
j [ωD, i(t)(t−τi(t))−ωc(t)τi(t)]δ [τ − τi (t)] (2.22)

where ωc(t) is the radian carrier frequency and ωD, i denotes the Doppler shift of

ith tap, τi(t) is the time-varying delay of ith tap.

Figure 2.7. Tapped delay line model.

For a time-invariant channel, the multipath structure does not vary with time.

Thus the amplitude and delay spread keep stationary either. If the delay spread

is considerably large than the signal symbol duration, the amplitude and phase of

the radio signal will be distorted as the frequency components experience different

phase shifts along the different paths, and finally, results in a frequency selective

fading. The channel capacity significantly depends on the profile of the channel,

the number of channel taps, and the tap correlation profile.

In addition, the number of channel taps is commonly is determined by the

product of delay spread and the bandwidth of the transmitted signal [42]. Some

researchers adopt the maximum delay spread τm to obtain the maximum number
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of channel taps L by L = τmW , where τm and W denote the maximum delay

spread and the bandwidth of the transmitted signal [39] [18]. On the other hand,

authors in [43] [44] [45] state the RMS delay spread as the “effective delay” should

be used to determine the L as follows [41]:

L =

+
RMS −DSmax

Delay Resolution

,
+ 1 =

+
Max (σrms)

Tc

,
+ 1 (2.23)

where Tc is the symbol rate (chip duration) and [ ] represents the rounding func-

tion.

Moreover, a switch function zi(t) ∈ 0, 1 has introduced for V2V channel mod-

eling in [46] to describe the “birth” or “death” process of ith tap in TDL model.

2.2.5 Angular Spread

The angular spread refers to the spread of angle of incidence to the receiving

antenna or antenna array. The angular spread results in space selective fading,

which causes a variation of the signal amplitude according to the location of the

antenna. Space selective fading is characterized by the coherence distance, which

is related to how far the antennas need to be separated with a low correlation

coefficient. For instance, in the design of a MIMO system, the highest capacity

can be achieved when the signals at the antenna elements are decorrelated. The

coherence distance Dc defines that any physical position separate by Dc have an

essentially uncorrelated received signal amplitude and phase. An approximate

rule of thumb relates to the wavelength and the RMS AoA is given by [47]:

Dc ≈ 0.2λ

θrms
(2.24)

Eq. 2.24 shows that wireless systems at a higher frequency (shorter wave-

length) indicate shorter coherence distances. In this case, the antenna arrays can

be effectively employed with a rich diversity. Thus, characterization of angular

spread is especially important for multi-antenna system development.
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2.2.6 Doppler Spread

Delay spread and coherence bandwidth describe the time dispersive nature of

the channel in a small-scale local area. Yet, the relative movement between the

transmitter and receiver, or the moving objects in the channel cause a change

in the perceived frequency, which is the so-called Doppler effect. Thus, another

aspect in wireless communication is the time rate of changing in the wireless time-

varying channel. In the time domain, Coherence time defines the time duration

over which the channel impulse response is considered to be stationary. In the

frequency domain, the Doppler effect is described by the Doppler spread. Doppler

spread is a measure of the spectral broadening and describes how fast transmitter,

receiver, and scatterers in-between are moving. A slowly changing channel has

a large coherence time and a small Doppler spread. When a pure sinusoidal

tone of frequency fc is transmitted in a time-varying channel, the received signal

spectrum have components in the range of fc ± fd, where fd is the Doppler

shift. BD is defined as the range of frequencies over which the received Doppler

spectrum is essentially non-zero [48]. The instantaneous Doppler shift depends

on the wavelength λ, the maximum relative radial speed vm and wave incident

angle θ as follows:

fd =
vmcosθ

λ
(2.25)

And the Doppler spread is defined as twice the maximum Doppler shift: BD =

2fm, where fm = vm/λ is the approximation of the maximum Doppler shift at

the maximum speed of vm. Coherence time Tc is then given by the reciprocal of

Doppler spread:

Tc =
1

Bd
=

c0
vmfc

(2.26)

where c0 is the velocity of light. Assuming that paths of equal average ampli-

tude and random phases arrive at the mobile from random directions in azimuth

(Clarke’s model), and the coherence time is defined as the time over which the

time correlation function over 50%, then the coherence time is approximately

given by:
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Tc,50 ≈ 9

16πfm
(2.27)

Moreover, a popular rule of thumb is defined by [48]:

Tc ≈ 1

fm

-
9

16π
≈ 0.423

fm
(2.28)

2.2.7 Deterministic Modeling: Ray Tracing

The deterministic modeling dedicates to determine all the contributing propa-

gation mechanisms by employing the EM computation in a mathematically re-

produced environment. The commonly used deterministic modeling approaches

include: ray tracing (RT) [49], Method of Moments (MoM) [50], and Finite-

Difference Time Domain (FDTD) [51]. Although MoM and FDTD have obtained

high accuracy for the near-field simulation, their application is limited by the high

computational complexity.

RT algorithm has better general applicability by using Geometrical Optics

(GO) theory to treat reflection and transmission on plane surfaces and diffrac-

tion on rectilinear edges. It aims to determine all the contributing propagation

mechanisms at the receiver side: such as the LOS component if it is present,

reflected, refracted, diffracted, and the scattered components. For applying the

ray tracing, a “ray” has to obey the rules as follows [52]:

• A ray travels in a straight path in homogeneous medium.

• It obeys the laws of reflection, diffraction, and scattering.

• A ray is treated as a tube (surrounding a central ray) in which the energy

is contained and propagated.

Essentially, the path of the each ray is determined by the Fermat’s principle

of least time, which states the route of the ray is the path that consumes the least

traveling time from the transmitter to the receiver. On the basis of this princi-

ple, the laws of reflection, refraction, and diffraction can be derived. Then the

most simple ray tracing for the reflection path is determined by the image theory.

The image theory can be easily described in three steps for a certain locations of
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transmitter and receiver: first, locating the image of receiver with respect to the

planar reflection surface; next, connecting the image of receiver and transmitter

in a straight line intersects with the reflection surface; eventually, the path from

the transmitter to the intersecting point, and then reflected from the intersecting

point to the receiver compose a simple reflection path. Multiple reflections can

also be determined based on this method. However, this method can be com-

putationally inefficient in a complex scenario with lots of reflection surface. The

Shooting and Bouncing Ray (SBR) method can offer a faster computation speed

with lower accuracy. This method and the hybrid method with image theory is

explained in detail in [52].

Figure 2.8. A ray tracing example: (a) propagation scenario: UPM Campus Sur,
Carretera de Valencia, km. 7, Madrid, Spain; (b) ray tracing illustration; (c)
comparison with the measurement results.

An example of ray tracing procedure in UPM campus is illustrated in Fig. 2.8.

The geometric information of the test environment in Fig. 2.8 (a) is mathemati-

cally reproduced in Fig. 2.8 (b). Then the LOS, reflection, and diffraction paths

are defined by the tracing algorithm in the ray tracer. The propagation coeffi-

cients in every path with different propagation way are then computed by EM

theory. Eventually, the channel transfer function can be obtained by combining

the behavior in each individual paths. The simulation results can be compared

with the measurement results as shown in Fig. 2.8 (c), for tuning or improving

the ray tracer.
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2.3 Discussion

In this chapter, the essential concepts for representation of the radio channel in

time/frequency/space dimensions are summarized. Generally speaking, the radi-

ated radio wave experiences the different levels of energy dissipation for propaga-

tion in different propagation mediums. In actual environments, this dissipation is

usually shadowed by the prominent obstacle contours such hills, buildings, etc.,

and results the transmitted signal is attenuated along the distance and accom-

panied by the large-scale fading. Besides, small-scale fading refers to the rapid

fluctuation of the amplitude of a radio signal over a short period time or travel

distance that can be occurred due to the multipath propagation. The envelope

of the multipath received signal can be statistically described by Rayleigh/Rician

distribution depends on the absence/presence of LOS path or dominant compo-

nent. Besides Rayleigh and Rician, other distributions such as Nakagami and

Weibull include Rayleigh as a special case are commonly used to generally model

the small-scale amplitude. Multipath propagation refers to the transmitted sig-

nal traveling with different paths due to the reflection/diffraction/scattering, and

arriving the receiver side at different times. Multipath propagation causes mul-

tipath interference including constructive and destructive interference and phase

shifting of the signal. In the time domain, the multipath delays result in the time

dispersion or echoes. In the meantime, the mobile receiver or the movement of

surrounding objects lead to varying Doppler shifts in the frequency domain on

signals at different paths. The key parameters for characterizations of multipath

propagation in time and frequency domain are described in Fig. 2.9.

Figure 2.9. Time and frequency dispersion.

Regarding channel modeling, a complete channel model development is not
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only the sounding process but also the post-processing on the RAW data for

data reduction and extracting the channel parameters of interest as illustrated in

Fig. 2.10. The high-resolution parameter estimation algorithms, such as SAGE

and RiMAX applying on the measurement data offers an insight into radio prop-

agation mechanisms. Follow the parameters extraction, a judgment on the key

parameters is essential. The extensive channel sounding may helpful for the fine

tuning to formulate a more precise or abundant channel model. The key pa-

rameters extract from narrowband measurement/simulation, such as the path

loss, shadowing, Ricain K factor determines the radio coverage and quality of

the wireless system. Wideband modeling requires the channel characterizations

in time, frequency, and space dimensions. The extracted delay/Doppler/angular

spread are very critical for the design and development of a high capacity wireless

communication system.

Figure 2.10. Flow chart of the channel model development.

On the other hand, the EM field could be predicted by the Geometrical or Uni-

form Theory of Diffraction (GTD/UTD) on the basis of the appropriate descrip-

tion of the EM environment (geometry, material properties, etc.), as explained in

subsection 2.2.7. In this case, the empirical results can be used to compare with

simulation-based (e.g. ray tracing) results for tuning and verifying between the

measurement design and the ray tracer.
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Channel Measurement Systems

For channel modeling purpose, the simulation-based approach such as ray tracing

may have some advantages of less cost and time-consuming, relative to measurement-

based methods. However, an acceptable simulation-based model requires a large

number of environment details, such as the geometric information, and mate-

rial properties. These kinds of prior information result in the particularly heavy

computation and limit the general applicability of simulation-based approach in

channel modeling. Therefore, measurement-based methods are widely for channel

characterization and validation of simulation results [2]. Since the real wireless

channel determines the ultimate performance limits of the wireless communi-

cation system, propagation measurements and empirical channel modeling are

indispensable for wireless system design and network planning. For instance, the

path loss and fading of the channel determine the coverage of cellular communi-

cation. Moreover, the key features of the wideband channel such as the channel

frequency selectivity, multipath delays, directivity, polarimetric properties, and

interferences significantly affect the channel capability to support high and wide-

band data rates [53].

Based on the systematic requirement analysis, the channel measurements can

be conducted through a suitable testbed system. Abstractly, the measurement

testbed transmits a “sounding” signal excites the channel, and “listening” the

response of the channel on the receiver side. This measurement process designed

for the channel characterization is the so-called “channel sounding”, and the

testbed system employed is the “channel sounder”.
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After a brief overview of the narrowband and wideband channel sounding

techniques, three common types of wideband channel sounder are reviewed in

Sect. 3.1. Next, the high-ended channel sounder and portable channel sounder

designed and developed by our research group are presented in the following

sections. Then the promising channel sounding system based on software-defined

radio (SDR) is discussed. The multi-antenna system combining with conventional

channel sounder can be an enhanced sounding system that provides additional

information in space. This system is also addressed in this chapter with initial

measurement results. Finally, these channel sounding techniques still differ sub-

stantially in their approaches and have their own advantages and disadvantages,

which are evaluated in the discussion of this chapter.

The measurement of propagation characteristics is a quite complex but crucial

step in mobile radio system design and network planning. Accurate devices and

rational approaches are essential to extract key parameters of a wireless channel

that will provide efficient coverage and reliable data transmission in different sce-

narios at different frequencies. Channel sounding is a technique can be used for:

(i) understanding the behavior of the radio channel; (ii) building more and more

accurate model for the wireless channel; (iii) improving and validating the algo-

rithms. However, for different measurement scenarios and purposes, the choice

of channel sounding technique are usually different. The options include the nar-

rowband and wideband transmissions, also whether a time domain or frequency

domain characterization is required [54].

• Narrowband channel sounding : the unmodulated Continuous-wave carrier

(single tone) is adopted in narrowband channel sounding technique to excite

the channel, and the variations in power and phase are captured by a moving

or a stationary receiver. For instance, the transmitter sends a series of

single tone continuous sinusoidal waves with different carrier frequencies;

then the waves are measured by the receiver and collected in the spectrum

analyzer. With this experiment setup, the channel transfer function of the

wireless channel can be obtained. However, this approach can not show

the multipath effect by the spectral lines in a spectrum analyzer, when two

frequencies are correlated.
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• wideband channel sounding : Since the narrowband sounding techniques are

inefficient to capture the frequency and time coherence behavior of the wire-

less channel [55], the wideband channel parameters, such as the maximum

delay spread, the RMS delay spread, and the coherence bandwidth are of

particular importance to determine the small-scale effects, which can be

obtained by the sounding signal occupying wide bandwidth. The typical

wideband channel sounders are reviewed in detail in the following section.

3.1 Channel Sounders

According to the different measurement objectives and methods, the wideband

sounder can be divided to two categories as follows: [56]:

• Channel sounder for frequency domain measurements

The most straightforward means of performing channel measurements in

the frequency domain is directly estimate the transfer function. Swept-

frequency sounder ( or “Chirp Sounder”) measures the complex frequency

response of a channel by sweeping a single carrier across different frequencies

in quick succession and comparing the amplitude and phase of the received

signal at each frequency with the corresponding transmitted signal. These

sweeping can measure different frequencies at different times. The transmit

waveform covers the range ∆f of interest is represented by:

p (t) = exp

+
2πj

!
f0t + ∆f

t2

2Tchirp

",
0 ≤ t ≤ Tchirp (3.1)

Then the instantaneous frequency is f0 + ∆f t
Tchirp

, which changes lin-

early with time. Besides, Sounding the channel on different frequencies at

the same time is another option, i.e. the sounder generates different si-

nusoidal sounding signals at different frequencies with different amplitudes

and phases, then transmit them simultaneously. The vector network ana-

lyzer(VNA) can be used as the swept-frequency stimulus-response test set

and directly measure the complex frequency response of the channel. Then
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the inverse Fourier transform to the measured response can get the channel

impulse response [2].

• Channel sounder for time domain measurements

Wideband channel sounding techniques for time-domain measurements are

proposed mainly based on the periodic narrow pulse approach, and the

pulse compression methods. Depending on different receiver structures,

pulse compression is realized by matched filter or cross correlation [55]. For

time domain measurements, the channel sounders are expected to obtain

the impulse response of the channel directly. Generally, the transmitted

signal s (t) is given by:

s (t) =
N−1)

i=0

aip (t− iTRep) (3.2)

where N is the pulse numbers in the measurement, ai is the pulse amplitude

of the ith pulse, and p(t) is the periodically repeated pulse in every fixed

interval TRep. Based on the choice of transmit waveform p(t), the channel

sounder for time domain measurements is commonly divided into two types:

– The periodic pulse sounder/impulse sounder provides a quick and di-

rect solution to observe the impulse response of a wireless channel as

Fig. 3.1 illustrated. The repetitive short pulse waveform is treated as

an approximation of impulse with a pulse width TW and an interval

of TR. Thus the corresponding bandwidth of the interest spectrum is

BW = 2/TW . On the receiver side, the received signal is firstly filtered

by a bandpass filter with a bandwidth of BW . Then the signal is am-

plified, measured by an envelope detector to get the attenuation, and

eventually displayed and stored on a high-speed digital oscilloscope.

The proper synchronization method for this kind of sounder is of par-

ticular importance. It is possible to be synchronized by coaxial/fiber-

optic cables for indoor environments. Whereas in the case of longer

distance is set between the transmitter and receiver, such as outdoor

scenarios, the Global Positioning System (GPS) could be a practical
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proposal, which can simultaneously record the location as well [57].

Alternatively, the rubidium clocks can be applied instead of GPS be-

cause of the high stability. Consequently, the averaged power delay

profile can be obtained after the post-processing on the RAW data.

So, each narrow pulse provides a “snapshot” of the multipath chan-

nel in each certain time interval, and the combination of a series of

“snapshots” can be used to understand the channel behavior over the

measurement duration.
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Figure 3.1. Principle of a periodic pulse sounder.

– The correlative sounder is based on the pulse compression for linear

systems, which compresses the bandwidth of the wideband signal. As-

suming the channel and transceiver are linear, the output y(t) of the

channel is the convolution of the pulse p(t) and the impulse response

h(t):

y (t) = h (t) p (t) =
)

h [τ ] p [t− τ ] (3.3)

Commonly, the correlative sounder uses a pseudo-noise (PN) sequence

as the input signal to probe the channel as shown in Fig. 3.2. The

maximum-length PN sequence (m-sequence) is a finite-length sequence

of periodic binary numbers (i.e. 0/1) generated using linear feedback

shift registers (LFSR), which appears to be random as the noise. M-
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sequence is popular for wideband channel sounding, because it is easy

to create, balanced, and having excellent autocorrelation and cross-

correlation properties.

There are two approaches to implement pulse compression technique:

(i) Convolution Matched-Filter, mostly is a Surface Acoustic Wave

(SAW) filter. It is a kind of asynchronous sounding, which is no need

to re-generate the transmitted m-sequence at the receiver side. How-

ever the variances in manufacturing process of SAW filters and the

requirement of fast recording equipment limit the performance of the

SAW devices within the system. (ii) The Swept Time Delay Cross-

Correlation (STDCC) is another realization of pulse compression tech-

nique at the receiver, which correlates an incoming signal with a copy

of the transmitted m-sequence and clocked at a slightly lower sam-

pling rate. The time dilation provides effective bandwidth compres-

sion, thus reduces the data capture and archival needs of the system.

For i ∈ {1, ..., Lm}, let bi ∈ {0, 1} and p[i] = 2bi − 1 ∈ {−1, 1} as the

antipodal signal, the normalized autocorrelation function Rm[k] at the

receiver is given by [38]:

Rm [k] =
1

Lm

Lm)

i=1

p [i] p [i+ k] =

.
1 k = 0

− 1
Lm

k ∈ {1, ..., Lm}
(3.4)

Combining Eq. 3.3 and Eq. 3.4, the impulse response can be obtained

as the output of the correlator in Fig. 3.2 [38]. In other words, the

received complex baseband signal is multiplied by a replicate of the

transmitted m-sequence and low-pass filtered. The STDCC-based cor-

relative sounder is also known as the “sliding correlator sounder”.

VNA as the channel sounder for frequency domain measurements in various

environments can be found in many publications, such as on-board a warship at

2 and 5 GHz [58], in an underground mine at 2.4 GHz [59], inside a rectangular

metal cavity from 3 GHz to 10 GHz [60]. Temporal distributions of multipath

delay with the associated power have been early measured in New York City at

450 MHz by the periodic pulse sounding method [61], then the measurements with
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Figure 3.2. Principle of a correlative channel sounder.

a narrower pulse (50 ns) at higher frequencies (2.9 GHz) have been conducted

in [62] and [63], respectively. Besides the urban scenarios, this technique has

also been employed for indoor environments [32] [64] [65].The sliding correlator

sounder has been firstly used to measure channel impulse responses in outdoor

suburban environments at 910 MHz [66], in the office buildings at 850 MHz, 1.7

GHz and 4 GHz [67], and in a large train yard at 915 MHz [68].

In the past decades, a series of wideband channel sounder has been launched.

For instance, wideband sounder at 2.4 GHz [69], wideband MIMO sounder at

5.8 GHz [70], a parallel receiver channel sounder for spatial and MIMO charac-

terization [71], and a VNA-based MIMO channel sounder has been proposed for

indoor measurements at 60 GHz [72]. The commercial sounder systems are also

of interest and have been employed in a number of measurements, such as the

SIMOCS 2000 produced by Siemens [73], ECHO 24 channel sounder developed by

the Swiss Federal Institute of Technology Zurich [74], the RUSK sounders family

manufactured by MEDAV GmbH [75] [76], and the Elektrobit Propsound CSTM

MIMO channel sounder [77];

3.2 Channel Sounder Development

3.2.1 Requirements

For channel sounder development, the following general requirements summarized

in [57] must be fulfilled to make the sounding signal perform efficient measure-

ments:
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• Large bandwidth: since the minimum resolvable delay between multipath

components is equal to the probing pulse width. Thus the impulse must

be sufficiently narrow to ensure that the signal bandwidth is larger than

the channel coherence bandwidth to obtain a considerable resolution and

capture as much echoes as possible.

• Large time-bandwidth product (TBP): for instance, a longer m-sequence

means a longer period and bigger TBP (because the bandwidth is constant).

Thus a higher transmission power is allowed, which results in a higher SNR

and smaller error rate at the receiver.

• Signal duration: On the one hand, a larger TBP is obtained by a longer

signal duration. On the other hand, the signal duration should not be longer

than the coherence time to maintain the channel’s stationary. Therefore,

the ideal signal duration is larger than the maximum excess delay of the

channel but shorter than the coherence time.

• Power-spectral density (PSD): the PSD of the sounding signal |PTX(jw)|2

should be uniform over the bandwidth of interest to ensure the same quality

of channel estimation inside this bandwidth, and little signal energy outside

the bandwidth to yield higher efficiency.

• Low peak-to-average ratio (PAR): A lower PAR (C =
|p(t)|peak
p(t)rms

) implies

efficient transmit power amplifier.

• Good correlation properties: For correlative channel sounder develop-

ment, the autocorrelation function (ACF) should be set with a high peak

off peak ratio (POP), and a zero mean allows unbiased estimates.

Generally, for wideband channel sounder design or optimization, the following

aspects should be involved: (i) a rational pulse width to meet the requirement of

measurement resolution. (ii) a compromised sounding signal duration according

to the channel coherence time and the required TBP. (iii) the same absolute value

for all frequency components inside the bandwidth of interest to obtain a constant

PSD. (iv) adjusting the phases of the frequency components to obtain a low PAR.
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3.2.2 Self-developed Channel Sounders
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Figure 3.3. High-ended channel sounder transmitter front-end.

High-end Channel Sounder On the basis of periodic pulse sounding ap-

proach, a channel sounder system has been designed at Technical University of

Madrid (UPM) and tested in real railway environment [78]. This system is a

flexible and extensible hardware that covers multiple frequency bands include

LTE/LTE-A bands. Thus, it can be applied as the RF front-end for LTE RF link

measurements, and also can work individually for channel sounding measurements

with high performance.

The transmiting system is composed of two subsystems: the baseband sub-

system and RF subsystem. The baseband signal can be generated by a computer

and an FPGA, for instance, a USRP configured by the host computer can gen-

erate the LTE baseband signal for LTE propagation testing. Then the baseband

signal is delivered to the RF front-end subsystem as illustrated in Fig. 3.3. It is
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Figure 3.4. elf-developed channel sounder receiver front-end.

comprised of two main parts:

• Up/Down converter: the RF transmitter front end receives the modulated

signal from the baseband system, removes the unwanted signal and noise,

then converts it to the output signal at desired frequency. For this pur-

pose, the baseband signal is directly injected into the front-end, or mixed

with a wideband frequency synthesizer (HMC-C083) covered 2-6 GHz, then

up/down converted by a 4-bands switch filter bank for selecting the desired

frequency band up to 6 GHz. Also, the local oscillator (LO) leakage and

harmonics are rejected by the bandpass filters (BPFs).

• Pulse modulation & Power amplifiers: the first stage of this unit is the op-

tional process of the pulse modulation that controlled by an SPST switch.

The pulse modulator is applied to generate the narrow pulse sounding sig-
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nal. The other option is inactivating the pulse modulator and offering the

signal tone in CW mode. The final stage is the power amplifier unites. The

RF subsystem provides a 29.5 dBm internal power amplifier (PA), and an

external high power amplifier (HPA) for higher amplification requirement

up to 42 dBm.

Sounder Tx

Sounder Rx

Pulse Generator

Signal Generator

Digital Oscilloscope

Figure 3.5. Photograph of the channel sounder system.

Correspondingly, the receiving system is in charge of converting received signal

at the high frequency to an intermediate frequency (IF) for better observation,

and recording the channel impulse response to analyzing the channel behavior.

The receiver front-end is designed to a dual-conversion structure and composed

of three units as Fig. 3.4 demonstrates:

• Low noise amplifier (LNA) and filter bank: the received signal is amplified

and filtered out the image frequency and adjacent band interferences in

this unit. Two LNA are employed to reduce the noise figure and increase

the dynamic range of the system at two frequency bands: 0.4-3 GHz and

1-12 GHz, respectively. Then the filter bank provides four bands cover the

LTE/LTE-A bands for different applications.

• The first IF stage (IF1): after the filter bank, a wideband mixer is followed

by an IF 850/860 MHz filter. Thus the filtered signal is mixed with a

48



Chapter 3. Channel Measurement Systems

0 90 180 270 360 450 540 630 720 810 900-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

Time [ns]

Am
pl

itu
de

 [V
]

 

 

Pulse
Delay profile

Figure 3.6. Single pulse synchronization.

frequency synthesizer(HMC-C083) covering from 2-6 GHz, then obtain the

first IF signal at 850/860 MHz. This IF signal passes amplifiers and a

programmable attenuator and provides the output at the constant power

level. The final IF1 signal can be observed after a 10-dB directional coupler.

• The second IF stage (IF): the other branch of IF1 then arrives the second

IF stage. Firstly, it is mixed with a fixed 700 MHz PLL by a narrowband

mixer, and the 150/160 MHz output is obtained. Then another four filter

bank is used to match the channel bandwidth. This filter bank provides

5/10/20/100 MHz as options. Eventually, a proper logarithmic detector is

set at the end of one branch. The logarithmic detector is used to demodulate

the received pulse, and an RF power meter is set to measure the other

branch to provide the power information in the channel sounder operation

mode.

Besides the RF front-ends, the complete high-end channel sounder has to in-

clude: the signal generator to generating the baseband signal, the pulse generator

to produce the narrow pulse trains, a digital oscilloscope to record and pre-process

the signal captured at the receiver side, and the corresponding antennas for both

transmitting and receiving systems. An example suite of the channel sounder

equipment is shown in Fig. 3.5. For synchronization, Fig. 3.6 shows an example

of the single transmitted pulse and the corresponding delay profile at the receiver.
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Table 3.1. High-end channel sounder profiles.

Transmitter
Frequency Range 4 bands: 0.5-1.9/1.9-3.2/3.2-4.6/4.6-6.0 GHz
Output Power up to 42 dBm
Modulation Pulse: up to 10 ns / External: LTE

Receiver
Frequency Range 4 bands: 0.4-1.8/1.0-3.0/3.0-5.0/5.0-7.0 GHz
IF Dual Conversion IF1: 860/ IF2: 160 MHz
IF Bandwidth 5/10/20/100 MHz
Noise Figure 4 dB
Demodulation Logarithmic Detector / LTE Demodulator
Dynamic Range 90 dB

The synchronization process is conducted by the single pulse. Furthermore, the

technical parameters of the channel sounder system are listed in Table. 3.1.

Portable Channel Sounder

Although the high-end channel sounder above provides excellent performance

and precise experiment results, the size and weight of this sounder with assorted

equipment and peripherals eliminate the portability and convenience during the

actual measurement. To improve the mobility of the channel sounder system,

we have designed a portable channel sounder. Unlike the bulky channel sounder

above, the portable channel sounder is highly integrated and easy to configure.

For the portable channel sounder transmitter, the Trinity Power Incorporated

(TPI) synthesizer (version 4.1) is adopted to replace the external signal generator.

The TPI synthesizer covers from 35 MHz to 4.4 GHz, and can be controlled

and powered by a laptop computer running Windows via its USB port. The

customized software on a laptop computer can generate the PLL synthesized RF

signal at the desired frequency.

Then, the DS1040-75 programmable one-shot pulse generator is employed as

the alternative solution of the conventional external pulse generator. This pulse

generator is only 0.001 kg at an extraordinarily small size. Five programmable

pulse widths (15/30/45/60/75 ns) are available for easy selection.
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As shown in Fig. 3.7, the signal at desired frequency is generated by the

synthesizer and then modulated by pulse modulator to get a narrow pulse with

selectable pulse widths. The SPST switch is used to set the transmitter working

in pulse mode or continues wave mode for different channel sounding purposes.

In the final stage of the transmitter, the sounding signal is amplified by a high

power amplifier and sent to the wireless environment. Also, the transmitter offers

a TTL trigger output port for synchronization usage.
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Figure 3.7. Block diagram of the portable channel sounder.

At the receiving end, the radio signal is captured by the receiving antenna,

filtered, and sent to the LNA. Then, the amplified signal is mixed with a local

oscillator signal (also generated by the TPI synthesizer) for superhet receiving to

obtain a +/− 150 MHz intermediate frequency, through an addition or subtrac-

tion to the transmitted signal frequency. A 100 MHz band pass filter is followed to

remove the unwanted parts. Next, the logarithmic amplifier is used as an envelop

detector, which can provide the magnitude of the received signal. Eventually, the

digital oscilloscope displays the PDP and stores the raw measurement data for

post-processing.
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Table 3.2. Portable channel sounder profiles

Transmitter Receiver
Frequency Range 35 - 3000 MHz Frequency Range 100 - 4550 MHz
Output Power up to 36 dBm IF/ IF Bandwidth 150/100 MHz
Pulse Width 15/30/45/60/75 ns Noise Figure 3 dB
Pulse Period 1000 ns Max. Input Power -20 dBm
Reference Frequency Internal: 10 MHz Sensitivity -100 dBm
Power Supply: 12 V, 5A
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Figure 3.8. Protograph of the portable channel sounder

The specific parameters of transmitter and receiver can be found in Table. 3.2.

The photograph of the portable channel sounder is presented in Fig. 3.8. The

overall system is less than 10 kg, which is easy to implement by the portable

hardware coupled with customized software.

3.2.3 SDR-based Channel Sounder

The Universal Software Radio Peripheral (USRP) is a low-cost hardware, which is

commonly used to realize a typical software defined radio platform together with

radio software, e.g. the open-source software GNU Radio in Linux and the shared

software Labview in Windows. With easily configurable parameters such as the

center frequency, bandwidth (sample rate), gain, etc., it is a promising system

for the data collection in complex environments. With the assistance of USRP,
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the simpler and quicker channel measurements are expected to be conducted at

modest cost, thus reducing the cycle time for further channel modeling, design

and deployment efforts. Note this approach obtains the advancement of the rate

by sacrificing some level of accuracy and sensitivity, compared to the conventional

channel measurement campaigns using laboratory equipment or custom-built de-

vice [79]. The SDR-based sliding correlator channel sounding systems have been

proposed and carried out some initial propagation measurements. For instance,

the USRP and PN sequence based channel sounding with 4M chips/s [80]; the

sliding correlator achieved 60 ns temporal resolution has been implemented for

wideband measurements in indoor and outdoor enviroments [79]; the spread spec-

trum channel sounder experiments on USRP N210 [81]; the simulated sliding cor-

relator in Labview has been designed for comparison of PN sequence lengths [82];

the delay and Doppler spread have been parameterized by the SDR-based channel

sounder in different scenarios [83].

Passive Sounding System

Besides the sliding correlator method, another inexpensive and easy-to-use

methods for measuring the channel is the so-called passive sounding system [84,

85]. Namely, the passive sounding measurement only needs the dedicated re-

ceivers to sounding the existing signals. Thus the active procedure of transmitting

the sounding signals can be omitted. The main idea is to exploit the downlink

signals of the commercial in-service communication networks e.g. Universal Mo-

bile Telecommunications System (UMTS) networks and LTE networks. When

the transmitted signals in the commercial network as the sounding signals are

known, the downlink channel impulse responses or the channel transfer functions

can be obtained with valuable channel information.

Specifically, the common pilot channel of UMTS networks is transmitted with

known bit sequences (m-sequence), and the cell-specific reference signal of LTE

networks is transmitted on specific subcarriers mapping to known complex-valued

sequences. A direct and economic approach is to record the real-time downlink

signals and then calculate the CIRs offline due to the fact that the real-time

downlink signals can be easily collected by using a Universal Software Radio
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Peripheral (USRP) device controlled by a host computer. Therefore, the mea-

surement system can be simply composed of a USRP device, a host computer

with SDR software installed, and receiving antenna(s).

The recorded downlink raw data can be processed in four steps:

• Filtering: in this step, a rectangle window in the frequency domain with

the same width of UMTS signal bandwidth is applied to remove possible

interferences in the neighboring frequency range (the sample rate is usually

larger than Nyquist sample rate) and to compress the noise power.

• Synchronization: the beginnings of the time slot and the time frame and the

bit sequence possibilities (8 possible bit sequences) used in the CPICH are

determined by matching the primary synchronization code and the second

synchronization code with the received data respectively.

• Scrambling code detection: the exactly used bit sequence of the CPICH is

determined by matching all the eight possibilities with the received data.

• CIR extraction: CIRs are extracted by the correlation of the received data in

the CPICH frame (other channels included can be neglect since the UMTS

is a code division multiple access (CDMA) system) with the transmitted

CPICH bit sequence determined in the former steps. The CIRs are repre-

sented by the ACF of the bit sequence, which is mathematically the same

with the correlative sounder. Also, the bandwidth of the bit sequence is

3.84 MHz.

Compared to the UMTS, LTE systems have a higher effective bandwidth (up to

18 MHz), which results in higher delay and spatial resolution. The offline pro-

cessing for the LTE networks is very similar. The real-time downlink data is also

first filtered to remove interferences in the neighboring frequency range and to

compress the noise power. After that, the primary synchronization signals (PSSs)

and secondary synchronization signals (SSSs) are detected with their locations

and indices determined. Also, the cyclic prefix (CP) type (normal or extended)

can be known by examining the distance between the PSS and SSS in the time

domain. The information of PSS, SSS, and CP together determined the trans-

mitted cell-specific reference signals (CRSs) in the time and frequency domain,
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i.e., the occupied symbols and subcarriers of CRSs are obtained. By the inverse

Fourier transformation in the last step, the CIRs can be easily acquired form the

channel transfer functions.

3.2.4 Multi-antenna system

MIMO system points to a promising solution to enhance channel capacity and im-

prove QoS. The evaluation of the effectiveness of these multiple antenna systems

in the radio environment is of interest. The additional aspects of the radio chan-

nel can be characterized by the antenna arrays with multiple transmitting and

receiving antennas in conjunction with suitable signal processing or data reduc-

tion methods. The distribution of angles at which signals leave the transmitter

and/or arrive at the receiver can be extracted in this way. Consequently, the cor-

relation between the fading signals observed at each antenna element in spatial

diversity and MIMO transmission schemes can be obtained. A double-directional

channel model needs a full characterization of MIMO channels by estimating the

angle-of-arrival (AoA) distribution observed at the receiver side for rays launched

at each of the possible angles-of-departure (AoD) from the transmitter side [2].

The simplest multi-antenna system involves using fixed antennas at the trans-

mitter and/or receiver. For example, mounting a single antenna on a mechanical

device and moving it through a set of closely spaced positions in space. Then

the virtual array can be generated and thereby spatial correlation, temporal cor-

relation, and angle-of-arrival distributions can be characterized. Alternatively,

we mouth 6 APA-M25 panel antennas on a multi-ports RF circle switch (EMI-

EYAL LR-3930-XO-21-41), which is controlled by a USB I/O controller as shown

in Fig. 3.9. Each element in this hexagon antennas array can be activated by the

preconfigured RF switch port within a certain period. With a complete sweeping

of 6 antennas, the transmitted signals can be individually received from every 60◦

in space.

An example measurement has been conducted with this multi-antenna system

in a subway train. The high-ended channel sounder is implemented in conjunction

with the antenna array. The narrow pulse is transmitted by a single antenna at

the transmitter side, and received by the antenna array at different AOA as shown
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Figure 3.9. Photograph of the hexagon multi-antenna system.

in Fig. 3.10.

Figure 3.10. Channel sounding with multi-antenna system.

The averaged PDPs at the receiver side are distributed with the corresponding

antennas and shown in Fig. 3.10. The results perform significant directional de-

pendence. The receiving antennas faced to the transmitter appears much stronger

power in the LOS path, whereas the rest PDPs from the other directions shows

larger fluctuations and more complex multi-path components, especially at the

backside, e.g. Antenna 6. These measurement results are rational and of interest

for future MIMO channel measurements and modeling.

56



Chapter 3. Channel Measurement Systems

3.3 Discussions

This chapter first reviews the channel sounding techniques for narrowband and

wideband measurement. The single-tone CW system can be employed to mea-

sure the path loss and fading statistics over the radio link with simple and cheap

hardware system. For exploiting the multipath propagation in complex environ-

ments, the wideband channel sounder system has to be employed for analyzing

the time delay spread and spatial information. This chapter summarizes three

common wideband channel sounder for the time-domain and frequency-domain

measurements.

For swept-frequency sounders, VNA is usually implemented to measure the

channel responses over short ranges (e.g. indoor environments). It is able to

track system error and provide an absolute delay to power delay profile, and also

a relatively flexible system easy to apply. But there are some drawbacks can

not be ignored: (i) the VNA are generally not portable and expensive; (ii) the

individual frequency sweep with a relatively slow collecting rate; (iii) it is difficult

to ensure the channel is relatively stationary in each frequency sweep time; (iv)

the synchronization between the transmitter and receiver over ranges greater than

a few hundred meters requires extra work.

The advantages of this periodic pulse sounding are good time resolution and

the ability of real-time processing. However, only the amplitude variations are

recorded by the envelope detector, whereas phase information is discarded. The

coherent detector may overcome this problem and measurement the multipath

phases. Theoretically, the periodic pulse sounding technique is an ideal tech-

nique, if the pulse duration approaches zero since the delay resolution is infinitely

small [55]. However, this system is subject to interference and noise, due to the

wide passband filter required for multipath time resolution. Therefor the periodic

pulse channel sounder requires a transmit power amplifier with a large dynamic

range in order to guarantee the accurate measurements. Moreover, the synchro-

nization of this system is used to relying on the ability to trigger the oscilloscope

on the first arriving signal. If the first arriving signal is blocked or fades, the

system may not trigger properly.

One of the biggest advantages of correlative channel sounder, compared to the
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periodic pulse sounder, is the ability to reject passband noise and thus improving

the coverage range for a given transmitter power. PN sequence synchronization

between the transmitter and receiver is eliminated by the sliding correlator. Also,

sensitivity is adjustable by changing the sliding factor and the post-correlator

filter bandwidth. Hence, required transmitter powers can be considerably lower

than comparable direct pulse systems due to the inherent “processing gain” of

spread spectrum systems. However, it is difficult to measure the channel in real

time. Since the PN codes sliding past each other, the measurement time is long

due to the extra processing time of pulse compression. The phases of individual

MPCs can not be measured by a coherent detector. Even if coherent detection

is used, the sweep time of a spread spectrum signal induces delay such that

the phases of individual MPCs with different time delays would be measured at

substantially different times, during which the channel might change [48].

For the passive sounding system, the lack of knowledge of the transmitted sig-

nal may obstruct the channel modeling. For instance, the absolute propagation

path delays can not be obtained, since the time information at the transmitting

sides is unknown. Another drawback is that frequencies are fixed in the commu-

nication networks, which confines the channel investigation in several frequency

bands. Nevertheless, the SDR-based passive sounding measurement can be con-

ducted extensively and conveniently since the wide coverage of commercial com-

munication networks. Also, the light weight and the simpleness of the SDR-based

sounding hardware (e.g. USRP) result in the efficient work in multiple scenarios,

e.g. HSR scenarios, metro scenarios, LAFO scenarios. With these advantages,

channel measurements based on SDR starts to attract more attentions.
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Propagation in Underground

Environments

The wireless communication network in underground environments is one of the

promising application areas of the recently developed wireless networking tech-

niques. The underground wireless communication network consists of wireless

devices that work below the ground surface. These wireless devices can be clas-

sified depending on two main applying directions [86].:

• Wireless Underground Sensor Networks (WUSNs), the wireless nodes are

completely buried under dense soil, rock, or water, as the new communi-

cation medium with respect to the air. Significant attention to WUSNs

capabilities for monitoring various underground conditions is caused by the

variety of existing and potential applications. For instance, intelligent irri-

gation, environmental monitoring, infrastructure monitoring, localization,

and border patrol.

• Wireless communication links for underground spaces, the existing under-

ground system such as mines, stations, road/subway tunnels are focused

as the propagation environments for radio signals. In this case, the com-

munication medium is the air in the bounded open underground space. It

is essential to improve the safety and productivity in underground mines

and to realize convenient and efficient communication links for drivers and

passengers in road/subway tunnels and subway stations.
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The primary challenge for propagation in underground environments is the

realization of efficient and reliable underground wireless links. For WUSNs, a

wireless network with multiple hops and disseminate data for seamless opera-

tion has to be established in soil, rock, or water. Although the electromagnetic

waves for terrestrial signal propagation have been widely investigated, the chan-

nel model in the underground medium needs a further study. Besides EM waves,

Magnetic Induction (MI)-based WUSNs can be an alternative solution, which

makes use of magnetic antennas implemented as coils, improves the transmission

range due to a much lower path loss [87]. For the wireless communication sys-

tem designed for underground mines/stations and road/subway tunnels, the EM

waves are still the first choice for wireless signal propagates through the air. How-

ever, the propagation characteristics of EM waves are significantly different with

respect to the terrestrial wireless channels, because of the enclosed spaces and the

lossy dielectric walls/ceilings in the underground mines/stations or road/subway

tunnels.

There have been several studies on analyzing the propagation of UHF and

SHF radio signals in underground environments in the last decades. For instance,

a hybrid tunnel propagation model has proposed based on the measurements

at 900 MHz on horizontal and vertical polarization in a typical coal mine [88];

the radio propagation model for underground low-power sensor nodes [89]; the

measurements in road tunnel [90], railway tunnel [91], subway tunnel [92], etc.

There are also few propagation characterizations based on wideband radio channel

measurements, which have been made in a highway road tunnel at 5.2 GHz [90];

in the underground mining environments in the range of 150-900 MHz [93], at 1

GHz [94], and at 2-5 GHz [95, 96].

The underground space becomes the inevitable choice of city development

as potential and abundant resources. Since the urban transportation is under

lots of pressure, improving the efficiency and capacity of the subway system are

the urgent requirements. A large number of studies on ITS applications have

been conducted [97, 98, 99, 100] to enhance operational safety and efficiency. Be-

sides, various public wireless communication technologies have been incorporated

in train signaling and control communication systems. Therefore, propagation

characteristics at three most commonly used frequency bands: 900 MHz, 2.4/5.8

60



4. Propagation in Underground Environments

GHz, are of high interest for both industry and academia of ITS.

This chapter presents both narrowband and wideband channel measurements

and modeling in underground subway systems in Part I and Part II, respectively.

4.1 Part I: NarrowbandMeasurements in Curved

Tunnels

In recent years, many research and development work on wireless propagation in

various subway tunnels have been done. For instance, narrowband measurements

have been conducted in circular tunnels at 450 MHz and 900 MHz [101]; in arched

railway tunnels at 400 MHz [102] and at 900 MHz [91]; and in subway tunnels at

2.4 GHz [92]. Then the measurement-based empirical model [103] and stochas-

tic models have been proposed, such as two-slope models [104, 105], three-slope

model [106], four-slope models [102, 107], five-zone models [108, 109, 110], etc.

Other modeling methods also have been applied in channel characterization in

tunnels, such as the modal analysis based on waveguide theory [111], GO ap-

proach [112, 113], and Vector Parabolic Equation (VPE) techniques [114]. These

research work provide the understanding of wave propagation in tunnels, experi-

mentally or deterministically. Most of these studies focus on the straight tunnels,

whereas curved tunnels are rarely concerned.

Some simulations for the radio wave propagation have been applied in curved

tunnels. For instance, theoretical deduction of modal analysis in [115]; ray

tracing-like approaches with some specific cross sections in [4, 116, 117, 118, 119,

120, 121, 122]; the parabolic equation (PE) along with the alternate direction

implicit (ADI) method in [123, 124]; hybrid modeling approaches in [125, 126].

These simulations approaches can somehow predict the propagation losses or

attenuations. Yet, propagation characterization in curved tunnel merely by sim-

ulation is limited and insufficient. Curved subway tunnels with different cross

section sizes and dimensions, wall roughness and materials, and floor structure

from the road, railway, and mine tunnels can not be simply reproduced by the

simulators. Hence, corresponding measurements are essential for further channel

modeling in curved tunnels.
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This section presents a series of narrowband propagation measurements in

various subway tunnels with different configurations at 900 MHz, 2400 MHz, and

5800 MHz. The large-scale fading is characterized by the mean of measurements,

which can be used for network planning, channel modeling, key techniques eval-

uation in underground tunnel environments at various frequencies.

4.1.1 Measurement Scenarios and Configurations

The two most common tunnels in subway systems are the semicircular tunnel

and the other one with an arched cross section. Most of the arched tunnel have

been built in the 80s and 90s of last century. Whereas the semicircular tunnels

have been excavated by Tunnel Boring Machine (TBM), thus it is relatively new

and commonly adopted in the new lines. The curvature radius range in subway

tunnels is typically from 90m to 1000m, and the slope of the tunnels is generally

less than 5.5%. In our case, the measurements are conducted in two types of

curved tunnels in the subway system of Madrid. As Fig. 4.1 shows, arched tunnel

consists of three plane walls and an arched roof; semicircular tunnel includes a

semicircle roof and a plane floor, or an inclined plane in the case of the curved

tunnel. The test system setup and relative position along the tracks inside the

arched tunnel with dimensions 7.59 m × 5.52 m and semicircular tunnel with

8.41 m × 6.87 m are also illustrated in Fig. 4.1.

Table 4.1. Datasheet of the test systems for the narrowband measurements in
subway tunnels.

Frequency Output Power Model Type Gain Beam Width
Transmitter Tx Antenna

920 MHz 27 dBm HG908 Panel 8 dBi H:75◦, V:65◦

2400 MHz 24 dBm HG2414P Panel 14 dBi H:30◦, V:30◦

5705 MHz 22 dBm HG5419P Panel 19 dBi H:16◦, V:16◦

Receiver Rx Antenna
920-5705 MHz - HL050 Log-Periodic 8.5 dBi H:85◦, V:70◦

For the purpose of conducting narrowband measurements, the transmitting

system consists of a continuous wave (CW) transmitter (Tx) and a directional
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Figure 4.1. Measurement setup and photographs in the arched and semicircular
tunnels.

panel antenna manufactured by L-COM. Three most commonly used frequen-

cies are involved in the measurements, three suites of transmitting systems are

assembled, which working at 920 MHz, 2400 MHz, and 5705 MHz. These trans-

mitting systems are fastened on a tripod to ensure stability during the test. On

the receiver side, the wideband log-periodic antenna HL025 is adsorbed on the

trains windshield and connect to an Agilent N9912A spectrum analyzer in the

train’s cabin to capture the power of the receiving signal versus the distance for

offline processing. Moreover, the train moves forward at low speeds (<10 km/h)

and the received power is recorded. Fig. 4.1 presents the measurement setup and

photographs in two tunnels. The datasheet of the transmitting system and the

receiving system are listed in Table 4.1.

During the measurements, two main potential factors may affect the propa-

gation in the tunnel are considered: frequency and polarization. Thus, 920 MHz,

2400 MHz, and 5705 MHz are tested as the carrier frequencies to evaluate the

influence of the frequency. On the other hand, vertical polarization (V-pol.) and

horizontal polarization (H-pol.) are measured separately in the arched tunnel

with same Radius of Curvature (RoC) (500m) to compare the impact of differ-

ent polarizations. The antennas are set to be horizontal polarization during the
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measurements in the semicircular tunnel with two RoC (300 m and 500 m) at

the three frequencies. The sampling intervals are shorter than one wavelength,

and repeated measurements are taken to collect sufficient samples for the study

of the propagation behavior. The small-scale fading is stripped from the received

power by averaging samples over 40 wavelengths [127] to clarify the large-scale

fading property specified in the real curved tunnels. Moreover, the lowest average

signal-to-noise-ratio (SNR) is about 30 dB. Therefore a reliable evaluation of the

channel parameters is feasible.

4.1.2 Measurement Results Analysis

The measurement results are presented in Fig. 4.2 after the post-processing.

There are some comparisons can be made based on the results to discuss the

influences of the following factors:

First, the propagation loss of horizontally polarized wave should be less than

that of the vertically polarized wave based on the modal analysis in a straight

tunnel, where the width of the tunnel is larger than its height. However, by

comparing the subfigures in the left column of Fig. 4.2, the horizontal polarization

in the curved tunnel seems to result in relatively larger propagation loss than the

vertical polarization. This opposite result implies that the horizontal polarization

is more sensitive to the curvature than the vertical way. Then, as shown in the

right column of Fig. 4.2, the green lines with the 300 m RoC presents much steeper

than the yellow lines with the 500 m RoC, which means that the wave propagated

in the more curved tunnel can obtain the larger loss. Similar results are stated

in[4, 123, 121, 118]. Next, If we compare the dotted lines in Fig. 4.2 at the same

frequencies, which are all in the horizontal polarization and in the tunnels with

500m radius curvature, the waves in the curved arched tunnels experience smaller

attenuations than that in the semicircular tunnels. Last but not least, as the

waveguide theory indicates, wave propagation at higher frequencies experiences

the less attenuation. Whereas the global losses at three frequencies are quite close

in the practical tests with the same polarization, tunnel type, RoC. It can be

explained that the higher frequencies are more sensitive to the curved part of the

tunnel, which compensates the losses. Regarding the fading, higher frequencies in
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Figure 4.2. Measured received power (small-scale fading removed). Comparison
with different polarizations in the traditional curved arched tunnel with 500 m
RoC at: (a) 920 MHz, (b) 2400 MHz, and (c) 5705 MHz; Comparison with
different radii of curvature in semicircular tunnels with horizontal polarization at
(d) 920 MHz, (e) 2400 MHz, and (f) 5705 MHz.
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the curved tunnel have suffered fading as severe as in the straight tunnel. These

analyses based on the measurement results pave the way to model the large scale

fading of the propagation channel in the curved tunnels.

Path Loss Exponent (PLE) and Shadow Fading Extraction

The statistics of large-scale fading is described in terms of a mean path loss

and a log-normally distributed variation about the mean in the log-distance path

loss model, which provide a way to estimate the path loss as a function of distance.

The PLE and the variation are depicted as mentioned earlier:

PL(d) = PTx − PRx = P0 + 10n log10

!
d

d0

"
+Xσ, (4.1)

where d is the separation distance between Tx and Rx along the track of the

tunnel. PL(d) is the difference between the transmitting power and receiving

power, which is so-called ”path loss”. P0 is the referenced power at the reference

distance d0. n represents the PLE. Xσ is the log-normally distributed variation

on the path loss mean. After the averaging over 40 wavelengths, the small-scale

fading is removed. Then the PLE n can be obtained through the least-square

regression. An example of the least-square fitting of n in the arched tunnel

at 5705 MHz with horizontal polarization is illustrated in Fig. 4.3. Then the

variations on the mean path loss can be evaluated. In our case, the transmitting

system and receiving system always have a direct Line-of-Sight (LOS) path. Thus

the variations can be considered to the shadow fading with a standard deviation

σ. The probability density (PDF) of the shadow fading in the arched tunnel at

5705 MHz with horizontal polarization is illustrated in Fig. 4.3, which follows a

log-normal distribution.

The standard deviations (σ) of the shadow fading are extracted based on the

averaging of repeated measurements and listed Table 4.2 and Table 4.3.

Autocorrelation and Cross-correlation

Besides the distribution, the autocorrelation of shadow fading is another key
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Figure 4.3. Path loss and probability density of shadow fading in the arched
tunnel at 5705 MHz with horizontal polarization.

point, which is of interest for power control and base station planning. When

the transmitter is fixed, the autocorrelation is defined as the correlation of the

shadow fading of the received signal at different positions. The autocorrelation

is used to described by the correlation coefficient as follows:

ρ1,2=
E {S (d1)S (d2)}
σ (d1) σ (d2)

(4.2)

where S (d1) and σ (d1) are the value of shadow fading and standard deviation at

the distance of d1, respectively; S (d2) and σ (d2) are the value of shadow fading

and standard deviation at the distance of d2, respectively.

The autocorrelation coefficient is commonly defined by the exponential model

and 802.16J model. The exponential model is proposed in [128], and admitted

in the standard [129, 130]. The standard IEEE 802.16J is better known as the

Worldwide Interoperability for Microwave Access (WiMAX). The exponential

model is defined as follow:

ρexp (∆d) = exp(− |∆d|/dcor) (4.3)

The 802.16J model is only have a ln2 weight difference with the exponential
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Figure 4.4. Empirical autocorrelation coefficient of shadow fading fitting in the
theoretical models by LS regression in the arched tunnel at 2400 MHz with hor-
izontal polarization; dcor(0.5) and dcor(e−1) represent the dcor equal to 0.5 and
e−1, respectively.

model and expressed as follow:

ρ802.16J (∆d) = exp((− |∆d|/dcor)× ln 2) (4.4)

where ∆d is the distance between the two observed positions. dcor is the decor-

relation distance. which is defined as the distance that the correlation is equal

to 0.5 (dcor(0.5))in [131, 132, 133] and set to e−1 (dcor(e−1)) in [128]. For the

general purpose, these two definitions of decorrelation distance are involved in

the both aforementioned models of autocorrelation coefficient. Then the auto-

correlations are obtained by the LS fitting of the repeated measurement results.

Fig. 4.4 shows an example of the empirical autocorrelation coefficients fitting in

the theoretical values by using LS regression in the arched tunnel at 2400 MHz

with horizontal polarization.

The cross-correlation of shadow fading is of interested in handover tech-

niques, macro-diversity schemes and interference power control[134]. Thus the
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cross-correlation is studied based on our measurement results as well. The cross-

correlation coefficients of shadow fading among different types of tunnels, different

polarization ways and various frequencies are evaluated based on the measure-

ment results.

The cross-correlation coefficient ρ is defined by the shadow fading components

of two groups of received signals as follow:

ρ =

n*
i=1

(Xi −X)(Yi − Y )
-

n*
i=1

(Xi −X)2
-

n*
i=1

(Yi − Y )2
(4.5)

where Xi and Yi denote the a pair of shadow fading component that are jointly

wide-sense stationary. n is the total number of the shadow fading component

samples of the two separate received signal. In this study, n is from 200 to

400 in different measurement routes. X and Y are the mean of shadow fading

components. Generally, if the absolute value of the estimated cross-correlation

coefficient lies in [0, 0.1], two random variables can be treated as uncorrelated.

4.1.3 Large-Scale Fading Characteristics

Based on the above parameter extraction and initial evaluations base on the

measurement results, the large-scale fading characteristics of wave propagation

in curved tunnels can be quantitatively analyzed and discussed in this section.

PLE and shadow fading distribution in curved arched tunnels

Table 4.2. PLE and the standard deviations of shadow fading in the curved arched
tunnel

Tunnel: arched; RoC: 500 m
Frequency [MHz] 920 2400 5705

Polarization Vertical Horizontal Vertical Horizontal Vertical Horizontal
PLE 0.94 2.44 1.81 3.73 2.20 2.41

Std. Dev.[dB] 4.95 2.18 3.61 4.12 3.36 2.74
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Table 4.3. PLE and the standard deviations of shadow fading in the curved semicir-
cular tunnel

Tunnel: semicircular; Polarization: horizontal
RoC [m] 500 300

Frequency [MHz] 920 2400 5705 920 2400 5705
PLE 3.36 5.37 4.94 4.61 5.50 4.78

Std. Dev.[dB] 6.52 4.67 4.46 4.64 4.09 5.18

Firstly, the PLEs n and the standard deviations (Std. Dev.) of shadow fading

distributions σ in the two types of tunnels with different frequencies, radiuses of

curvature, and polarizations are calculated and listed in Table 4.2 and Table 4.3.

Through the comparisons of these two critical parameters of large-scale fading,

the following discussions can be addressed:

i. In most cases of wave propagation, the attenuation along the distance is

greater than the case of free-space propagation, which means the PLE is

larger than 2 (n = 2 for free-space propagation), except a waveguide effect is

established in a specific environment, such as a straight tunnel or corridor.

These kinds of confined scenarios lead to a n small than 2. Whereas most of

the path loss components we obtain in the curved tunnel are larger than 2,

although curved tunnels are also confined, which reveals that the waveguide

effect is reduced by the curve part of the tunnel, which results in an excess

loss of propagation compared to the straight case.

ii. The PLEs in the curved arched tunnel are from 0.94 to 3.73, which are gen-

erally smaller than the values of PLEs from 3.36 to 5.50 in the case of curved

semicircular tunnel. Even though the constructions of modern subway sys-

tems preferentially adopt the TBM semicircular tunnel than the old-fashioned

arched tunnel, the PLEs are larger. Thus wave propagations may experience

more propagation loss in semicircular tunnel.

iii. The PLEs at higher frequencies are slightly larger than those at lower fre-

quencies in both types of tunnels. Since the higher frequencies experience

smaller path loss in the straight tunnels due to the waveguide effect, it is

worth noting that the tunnel curve may suppress the waveguide effect. An
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extreme example is reported in [135] that the path loss in proportion to

the frequency in curved tunnels. Therefore, the higher frequencies are more

sensitive to the curvature of the tunnel.

iv. As Table 4.3 presents, in the semicircular tunnel with the same polarization,

the PLEs are 3.36 and 5.37 with 500 m RoC at 920 MHz and 2400 MHz,

which are smaller than the values of 4.61 and 5.50 in the tunnel with 300 m

RoC, respectively. This reveals the influence of the curvature of the tunnel

on the wave propagations inside the tunnel. The authors in [115] state the

larger path loss in the more curved tunnel. We can confirm it at 920 MHz and

2400 MHz based on our measurement results, whereas at a higher frequency,

this conclusion is not entirely clear since the PLEs at 5705 MHz are quite

close.

v. In Table4.2, in the arched tunnel with the same curvature, the PLEs are

from 2.41 to 3.73 with horizontal polarization, which is significantly larger

than 0.94-2.20 in the case of the vertical polarization. This is consistent as

mentioned above that the excess loss for the horizontally polarized wave is

larger than the vertically polarized wave.

vi. The standard deviations of the log-normal distributed shadow fading in the

curved tunnels are between 2.18 to 6.52, which are larger than the values in

most of other railway traffic scenarios. Besides, when the wave propagate in

the same radiuses of curvature (500m) and with the same horizontal polar-

izations, the standard deviations are from 2.18 dB to 4.12 dB in the curved

arched tunnel, which is much smaller than the values from 4.09 dB to 6.52

dB in the curved semicircular tunnel.

Integrations and Comparisons

The complete integrations and comparisons of PLEs and the standard devia-

tions of the variations on the path loss mean among various tunnels and other rail

traffic scenarios are summarized in Table 4.4 between 900 MHz and 5700 MHz

bands.
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Firstly, it can be found that the smaller PLEs are always obtained in the

straight tunnels than in the curved tunnel regardless of the tunnel’s cross sec-

tion. Furthermore, among the straight tunnels, the subway tunnel gets the worst

propagation condition with the largest PLE and standard deviation of the vari-

ations; then railway tunnel is relatively better than the subway tunnel, and the

smallest PLE and variations are obtained in the road tunnel. This is determined

by the dimensions of the space of the tunnel, where the road tunnel generally has

the largest cross section and smallest dimensions in the subway. The PLEs and

standard deviations in the curved railway tunnel are also greater than the curved

subway tunnel. Then, the large-scale fading parameters in the most widely used

rail traffic scenarios, such as train station, crossing bridge, cutting, and viaduct

are also listed and compared with tunnels in Table 4.4. The curvature of tun-

nel results in the excess loss, since the PLE in the curved tunnel is relatively

larger than in the other rail traffic scenarios, especially the curved arched tunnel.

The standard deviation of the variations in the curved arched tunnel is relatively

closer to the crossing bridge and cutting scenarios, but larger than the case of

the train station and viaduct scenarios. This indicates that just like the steep

walls on both sides of the track in the crossing bridge and cutting scenarios, the

route and walls of the curved tunnel can also lead to the extensive reflections,

diffractions, and scatterings to amplify the variations on the path loss mean.

Table 4.4 is a comprehensive evaluation of the large-scale fading characteris-

tics in the most common rail traffic propagation scenarios, which could helpful

to develop and deploy the new wireless communication systems inside various

tunnels. For example, more relay systems should be deployed for the wireless

network planning inside the subway tunnels; more base stations (BS) or access

points (APs) should be arranged in the railway tunnel than the road tunnel.

In addition, the comparisons among the propagation in the curved tunnel

scenario with in the other ten standard scenarios in the WINNER model [130]

are involved as shown in Table 4.5. The PLEs and standard deviations of shadow

fading are listed and compared again. It is clear that the PLEs in the curved

tunnel are larger than in the standard scenarios in WINNER in most cases. On

the other hand, the standard deviations of the variations in the curved tunnel

scenario are close to the most LOS cases in WINNER model, but not as large
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as in the NLOS case or Outdoor to Indoor scenarios. Thus, the existing large-

scale fading models cannot exactly fit the characteristics of the propagation in

the real curved tunnels. Therefore the propagation characterization based on our

measurements is worth be considered for the system design and network planning

of wireless communication systems in the curved subway tunnels.

Table 4.4. PLEs and standard deviations of shadow fading distribution among
tunnels and various propagation traffic scenarios

Traffic scenario Freq. [MHz] PLE Std. Dev. [dB]

C
u
rv
ed

T
u
n
n
el

Subway Arched
920 0.94-2.44 2.18-4.95
2400 1.81-3.73 3.61-4.12
5705 2.20-2.41 2.74-3.36

Subway Semicircular
920 3.36-4.61 4.64-6.52
2400 5.37-5.50 4.09-4.67
5705 4.78-4.94 4.46-5.18

Railway Arched 954-2000 0.55-2.97 4.87-5.00

Subway Arched
2400 Wide: 5.49 2.75
5000 Narrow: 7.13 4.17

S
tr
ai
gh

t Road Tunnel 2800-5000 0.57-0.82 2.70
Railway Tunnel 954-2000 1.40-2.03 4.36-4.95

Subway Tunnel 945-2650
LOS: 1.65-1.94 3.40-4.60
NLOS: 3.20-7.28 5.47

Train station 930 Extended Hata1 1.57-3.92

Crossing bridge 930 Extended Hata2 1.88-4.73

Cutting 930
Deep: 13.05e−0.039(wup−wdown) 2.10-

Low: 1.66wdown
2 − 58.51wdown + 517.6 4.50

Viaduct 930
2.36− 0.43H, d ≤ 400 m 2.00-
16.5− 0.2H, d > 400 m 2.32

Remarks: Excess loss [dB]: 1 : 0.37 − 21.80; 25.96 − 14.18; wup: upper width; wdown: lower width; H: viaduct height.

References: [92, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148]

Autocorrelation and Cross-correlation Characteristics

The statistics of the decorrelation distances defined by dcor (0.5) and dcor (e−1) are

summarized in Table 4.6, in the different curved tunnels with different radiuses

of curvature, at three frequencies, and with two polarizations. The decorrelation

distances in 10th, 50th, 90th percentiles are provided in Table 4.6. In the curved

semicircular tunnel, the mean values of decorrelation distances in the tunnel of
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Table 4.5. Comparison of large-scale fading characteristics between curved arched
tunnel scenario and standard scenarios in WINNER

Propagation scenario Freq. [GHz] PLE Std. Dev. [dB]

Curved Subway Tunnel Arched
0.92 0.94-2.44 2.18-4.95
2.4 1.81-3.73 3.61-4.12

5.705 2.20-2.41 2.74-3.36

Curved Subway Tunnel Semicircular
0.92 3.36-4.61 4.64-6.52
2.4 5.37-5.50 4.09-4.67

5.705 4.78-4.94 4.46-5.18
Indoor Office/ LOS 2-6 1.87 3.00
Residential [A1] NLOS 2-6 3.68/2.00 4.00

Indoor to Outdoor/
NLOS 2-6 2.27 7.00Outdoor to Indoor

[A2/B4/C4]
Typical Urban LOS 2-6 2.27/4.00 3.00
Micro-cell [B1] NLOS 2-6 max (2.8 − 0.0024dk, 1.84) 4.00
Large Indoor LOS 2-6 1.39 3.00
Hall [B3] NLOS 2-6 3.78 4.00

Suburban [C1]
LOS 2-6 2.38/4.00 4.00/6.00
NLOS 2-6 (4.49 − 0.655 lg (hBS)) 8.00

Typical Urban LOS 2-6 2.60/4.00 4.00/6.00
Macro-Cell [C2] NLOS 2-6 (4.49 − 0.655 lg (hBS)) 8.00

Rural LOS 2-6 2.15/4.00 4.00/6.00
Macro-Cell [D1] NLOS 2-6 2.51 8.00
Moving Networks

LOS 2-6 2.15/4.00 4.00
BS-MRS, Rural [D2a]
Remarks: dk ≤ 400 m; hBS = 25 m.

500m RoC are 11.19-16.75m at 920 MHz, 1.41-1.83m at 2400 MHz, and 4.13-

5.78m at 5705 MHz. Which are mainly larger than the relative decorrelation

distances when the RoC is 300 m: 6.35-8.87m at 920 MHz, 2.05-2.56m at 2400

MHz, 3.23-5.50m. This means that the larger radiuses of curvature, the longer

decorrelation distance, and better for decorrelation of the received signal. Besides,

the mean values of decorrelation distances in the curved arched tunnel are 1.86-

4.10m at 920 MHz, 2.26-3.43m at 2400 MHz, and 1.79-3.28 m at 5705 MHz, which

are less distance than those in the urban macro scenarios, 32m, 45m, and 97m as

reported in [149], and in other outdoor railway environments, such as viaduct in

14.81-131.6m as the author in [130, 150, 151] state. Therefore, the shadow fading

component along the distance varies fairly faster in the curved subway tunnels

than in the open area.
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Table 4.6. Decorrelation distance statistic in the curved arched and semicircular
tunnel

Tunnel: arched; RoC: 500m
Frequency 920 MHz 2400 MHz 5705 MHz
Polarization Vertical Horizontal Vertical Horizontal Vertical Horizontal
Correlation 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1

dcor [m]

10% 2.47 3.12 1.51 1.51 1.66 1.95 1.96 1.96 0.89 1.18 0 1.18
50% 3.39 4.19 2.04 2.04 2.24 2.82 1.96 3.23 1.45 2.02 1.18 1.18
90% 4.19 4.81 2.04 3.51 3.11 4.21 3.23 3.23 3.18 6.64 3.49 3.49
Mean 3.27 4.10 1.86 2.62 2.26 3.43 2.46 3.16 1.89 3.28 1.79 2.08

Tunnel: semicircular; Polarization: horizontal
RoC 300m 500m

Frequency 920 MHz 2400 MHz 5705 MHz 920 MHz 2400 MHz 5705 MHz
Correlation 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1

dcor [m]

10% 3.89 5.30 1.59 1.86 2.96 2.96 9.83 10.50 0.73 0.73 2.96 4.00
50% 5.74 6.67 1.86 2.33 2.96 3.44 10.50 11.38 0.73 2.66 4.00 4.84
90% 8.79 11.50 2.80 3.30 3.44 9.18 11.08 37.77 2.66 2.66 4.84 6.60
Mean 6.35 8.87 2.05 2.56 3.23 5.50 11.19 16.75 1.41 1.83 4.13 5.78

To evaluate the goodness of fit (GoF) between the exponential model and

802.16J model, the mean error (ME), standard deviation (Std.) and and root

mean square error (RMSE) are involved within all the measurement results with

two definitions of dcor. The statistic values are calculated and presented in Table

4.7. Since the mean values of ME are close to 0 in all cases, and the mean

values of RMSE are near to 0.15, the autocorrelations of the measurement fit

both models quite well. However, the mean values of RMSE in the exponential

model is always slightly larger than the values in 802.16J model, which implies

that the 802.16J model fits better with the measurement data and thus a more

appropriate model for real curved subway tunnels. In the meantime, comparison

shows the decorrelation distance defined by dcor (e−1) alway has a better GoF

than the definition of dcor (0.5), regardless of the type of tunnel.

Table 4.8 presents the statistic results of cross-correlation characterization of

the shadow fading in curved tunnels with various configurations. It can be ob-

served the cross-correlation values in the tunnel with 300m RoC are smaller than

in the curved tunnel with larger RoC (500m), and the horizontally polarized waves

also have smaller cross-correlation values than the cases of vertical polarization.

However, the both differences are slight. It implies that the variation of curved ra-

dius or polarizations in the curved tunnel may only bring little influences on shad-

owing cross-correlation. Moreover, the cross-correlation coefficients are smaller
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Table 4.7. Statistic values of the ME, Std., and RMSE between measurements
and the exponential model and the 802.16J model

Tunnel Type arched semicircular
Model Exponential 802.16J Exponential 802.16J

Correlation 0.5 e−1 0.5 e−1 0.5 e−1 0.5 e−1

ME

10% 0.016 0.018 0.022 0.027 0.024 0.030 0.033 0.043
50% 0.012 0.017 0.018 0.025 0.013 0.022 0.021 0.032
90% 0.007 0.012 0.010 0.018 0.005 0.006 0.007 0.009
Mean 0.012 0.016 0.017 0.024 0.012 0.017 0.017 0.024

Std.

10% 0.100 0.096 0.100 0.091 0.101 0.094 0.092 0.086
50% 0.148 0.140 0.141 0.134 0.107 0.104 0.103 0.100
90% 0.237 0.230 0.224 0.217 0.280 0.271 0.267 0.256
Mean 0.158 0.016 0.150 0.144 0.147 0.140 0.138 0.131

RMSE

10% 0.101 0.097 0.100 0.093 0.101 0.095 0.092 0.087
50% 0.148 0.141 0.142 0.136 0.107 0.104 0.104 0.101
90% 0.237 0.230 0.225 0.219 0.281 0.272 0.268 0.260
Mean 0.158 0.151 0.151 0.146 0.148 0.140 0.140 0.133

than 0.41 in all cases. Which indicates that the signals in different frequencies or

types of tunnels are uncorrelated or with a low correlation. Furthermore, since

the effects of the propagation channel on the 920 MHz, 2400 MHz, and 5705 MHz

are essentially uncorrelated, frequency diversity among these frequencies can be

expected for diversity gains. And more specifically, various communication sys-

tem standards, such as GSM/GSM-R/LTE/TETRA/LTE-R work at 900 MHz,

Wi-Fi/UMTS/LTE/CBTC/LTE-R at 2400 MHz, and CBTC, etc. at 5700 MHz

could be accepted to work together and without severe interference in the same

curved tunnel. However, the cross-correlation values in the channels at the same

frequency in different types of curved tunnels are quite small. Thus the chan-

nels are uncorrelated. This instead implies that the cross sections of the tunnel

can largely determine the shadow fading of received signal in the curved tunnel.

Therefore, the network planning in different types of curved tunnels should be

designed and conducted independently.
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Table 4.8. Cross-correlation of the shadow fading between the 920 MHz, 2400
MHz, and 5705 MHz in curved subway tunnels

Frequency Bands 920 vs. 2400 MHz 920 vs. 5705 MHz 2400 vs. 5705 MHz

Tunnel: arched; RoC: 500 m
Vertical Pol. 0.41 0.24 0.08

Horizontal Pol. 0.24 0.13 0.08
Tunnel: semicircular; Polarization: horizontal

Radius: 300 m 0.23 0.12 0.04
Radius: 500 m 0.27 0.04 0.07

Tunnel: arched & semicircular; RoC: 500m; Polarization: horizontal
Frequency Bands 920 MHz 2400 MHz 5705 MHz

Arched vs Semicircular 0.05 0.05 0.04

4.2 Part II: Broadband Measurements in Sta-

tion and Tunnel

As discussed above, the tunnel is a common scenario in public transportation sys-

tems. Radio propagation modeling in this scenario is important as the wireless

communication technology involved is developing at a dramatic rate. Further-

more, in subway environments, stations are also in abundance and can not be

ignored. This section presents a set of broadband (20 MHz) propagation mea-

surements conducted in the subway system of Madrid at 980 MHz and 2450 MHz.

The measurements have been divided into two groups of testing for considering

different influences on the wireless propagation in subway environments.

In the first group of testing, namely TEST I characterizes the propagation

inside the subway station, with and without the metro train. The key parameters,

such as RMS delay and reverberation time are compared in different situations.

Then, the wireless channel from the subway station to the channel is divided into

various regions with different propagation mechanisms in TEST II. The RMS

delay and the number of channel taps are parameterized to establish a region-

based TDL model. Also, the reverberation time, quality factor (Q) are extracted

from the RAW data to model the electromagnetic reverberation in the enclosed

space, and the transition distance from the station to the tunnel is modeled based

77



4. Propagation in Underground Environments

on the Q values.

4.2.1 Measurements Scenarios and Configurations

Measurement Scenarios

The broadband measurement campaign has been conducted in a modern sub-

way station of line 3 in Madrid and the adjoining tunnels. The main dimensional

parameters of the test environment can be found in Fig. 4.5, where the station

can be roughly regarded as a reverse T-shaped block with 112 m in length and

16m in width. Two straight TBM semicircular tunnels with the lengths over

1000m have been joined at the two ends of the subway station. The cross section

of the semicircular tunnel has an 4.17m radius, which also has been marked in

Fig. 4.5 with dimensions in detail. The test vehicle is a commercial CAF S/3000

train with 89.38 m long.

20.10m 18.47m

8.20mRx system

Tx system

Tunnel Cross Section

Figure 4.5. Diagrammatic sketch and photo of the measurement scenarios and
setup of the 1st Test.

Measurement Assignment

78



4. Propagation in Underground Environments

Tunnel 2896 m

8.20m

Rx system

Tx system

Tunnel Cross Section

8.20m
5.80m

Figure 4.6. Diagrammatic sketch and photos of the measurement scenarios and
setup of the 2nd Test.

Since the subway station and tunnel have different architectural structures

with different interior surfaces, broadband measurements are divided into two

group of testings:

• The first group testing is designed to model propagation in the station

and the influence of the train body at different positions. On this test,

both transmitter and receiver are placed on the platform of the station and

separated 20 m as Fig. 4.5 shows. The train is driven on the track near to

the testbed and stopped at different positions inside the station and tunnel

as illustrated in Fig.4.7.

Figure 4.7. Simplified diagram of the first group testing.

• The second group testing is set to collect the channel impulse responses

when the train is moving from the station into inside the tunnel. As shown
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in Fig. 4.6 and Fig.4.8, the transmitter is placed on the platform in the

middle of the station. The receiver is placed in the operating cab, with the

receiving antenna adsorbed on the windshield of the front car.

Figure 4.8. Simplified diagram of the second group testing.

In addition, both groups of testing are repeated at two frequencies: 980 MHz

and 2450 MHz, and making an average of 256 PDPs in all positions. The results

provide an accurate distribution of signal power received over a multipath channel

as a function of propagation delays in the time domain.

Measurement Testbeds

The measurements have been conducted using the wideband channel sounder

described in Section. 3.2.2, which is a high-performance and reconfigurable chan-

nel sounder testbed specially developed for railway measurements [78]. This

channel sounder system has separate transmitter and receiver. The transmit-

ting system is composed of the signal generator, the narrow pulse modulator,

and a high power amplifier. The receiving system is equipped with a high-quality

logarithmic detector, a high-performance oscilloscope, and a portable laptop com-

puter. Detailed configuration and related parameters are listed in TABLE 4.9.

Three types of antennas have been involved in the broadband measurement

campaign: a pair of L-Com HG 908P and HG2414P Flat Panel antennas are used

for the fist group testing in the station; the R&S HL025 Log-periodic antenna

covers from 0.3 t0 6 GHz as the receiving antenna in the second group testing, and

HG 908P and HG2414P are also adopted as transmitting antenna for measure-

ments at difference frequencies. The photos and characterized radiation patterns

can be found in Appendix: Fig.1 and Fig.2.
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Table 4.9. Channel sounder configurations.

Item Description
Frequency 980/2450 MHz
IF bandwidth 100 MHz
Modulation Pulse
Pulse width / period 47 / 1500 ns
Tx power 980 MHz: 40 dBm / 2450MHz: 38 dBm
Noise figure 4 dB
Sensitivity - 90 dBm
Demodulation Logarithmic detector
Synchronization Single pulse

During the tests, the transmitting system generates and transmits the periodic

narrow pulses into the specific scenarios. Then the distorted and delayed signals

from multipath are captured by the receiving system. The channel impulse re-

sponse is represented by the envelope detector, and the PDPs are recorded and

stored by the digital oscilloscope for the off-line processing.

4.2.2 Measurement Results Analysis

The RAW data stored by the digital oscilloscope is post-processed by Matlab.

The measurement results are analyzed by the PDPs in different scenarios.

TEST I: Influences from the Station and the Train

The main objective of TEST I is evaluating the influence of the station and

the impact of train’s arriving. For these purposes, the transmitter and receiver

are fixed inside the station, and the testing train is stopped at different positions

along the track. The PDPs are stored for different positions of the train moving

from the station into the tunnel (see Fig. 4.7). Fig. 4.9 and Fig. 4.10 show the

PDPs in different cases of train’s location at 2450 MHz and 980 MHz, respectively.

Firstly, propagation at higher frequency has shorter excess delay (80 ∼ 180 ns)

than at lower frequency (480 ∼ 520 ns). Besides, it can be found most of the

PDPs at the same frequency are very similar when the train is stopped at different

81



4. Propagation in Underground Environments

positions. Yet, the obtained PDPs at each frequency can generally be classified

on the basis of three cases:

• Train in the station: the whole train body is stopped in the middle of the

station.

• Train near the entrance: the train’s head is located near the entrance of the

station, which is closed to the transmitter and receiver.

• Train in the tunnel: the train is driven inside tunnel and very limited affect

the propagation inside the subway station.
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Figure 4.9. Empirical PDP samples in the subway station at 2450 MHz, when
the train stopped at different positions.

Propagation in these three cases are slightly different as the highlighted PDPs

present in Fig. 4.9 and Fig. 4.10. When the train is stopped in the station,

the PDPs have the shortest delay spread at both frequencies, compared to the

other cases. The possible reason is the train body compressing the propagation

space in the station, and contributes many MPCs with short delays. When

the train is approaching the entrance of the station, the absence of the train

makes the propagation space greatens in this case. Hence, the PDPs present
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Train in the station
Train in the tunnel
Train near the entrance

Figure 4.10. Empirical PDP samples in the subway station at 980 MHz, when
the train stopped at different positions.

longer delays. Also, the reflections on train body create MPCs near the entrance,

whereas this effect is highly filtered when the train is located deeply in the tunnel.

Consequently, the PDPs are shorten again at 980 MHz and 2450 MHz. Note that

the power amplitude of PDP varies small in all cases.

TEST II: Influence from the Tunnel

The influence from the tunnel occurs when the receiving system is on-board

the train from the subway station into the tunnel. The change of spatial structure

in the subway system brings particular multipath propagation, thus this special

time dispersive appearance is worthy of study. The second group testing TEST II

is designed to observe the effects on the propagation from the different regions in

the tunnel. Fig. 4.11 and Fig. 4.12 show the PDPs obtained at several positions

along the moving path from the subway station into the tunnel at 980 MHz and

2450 MHz, respectively. PDPs have been normalized and limited with a -30 dB

minimum threshold to clarify the effect from the tunnel. These figures are very

relevant and clearly demonstrate how the power of multipath components varies

along the train passing from the station into the deep tunnel.
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Figure 4.11. PDPs variation versus distance at 980 MHz.

It is evident that the filtering effect of the tunnel that attenuates the MPCs

in the subway. This effect is clearly greater at 2450 MHz than at 980 MHz.

In the time domain, the maximum excess delay beyond 1000 ns at 980 MHz,

while the time delay at 2450 MHz is less than 200 ns. Generally, the time delay

spread is much longer at 980 MHz than the delay spread in the corresponding

test point at 2450 MHz, Spatially, there is no more noticeable MPCs received

when the transmitting system is over 200 m away from the transmitter at 2450

MHz. Whereas in the case of 980 MHz, PDPs at the positions over 500 m still

show the visible delays. This is thus evident, the transition distance from the

area with dense MPCs to the area with handful MPCs is expected to be much

longer at 980 MHz than at 2450 MHz.

4.2.3 Characterization and Modeling

RMS Delay and Number of Channel Taps

For digging deeper information of the propagation in subway system, the RMS

delay of each PDP is calculated as follow [152]:
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Figure 4.12. PDPs variation versus distance at 2450 MHz.

στ =

/*
k P (τk)τ 2k*
k P (τk)

− (

*
k P (τk)τk*
k P (τk)

)2 (4.6)

Eq. (4.6) expounds the calculation of RMS delay spread στ , which is the

square root of difference between the second moment (τ)2 and first moment τ 2.

Note k represents the k− th resolvable path with the corresponding delay τk and

power P (τk).

Moreover, to establish a TDL model, the number of channel taps has to be

calculated on the basis of the RMS delay on each test point. A channel tap indi-

cates the minimum delay spread in the channel that the receiver can be effectively

resolved. As Section 2.2.4 discussed, the number of channel taps L is given by:

L =

+
Max (στ )

Tc

,
+ 1 (4.7)

where στ is the RMS delay and Tc is the chip rate or pulse width depends

on the sounding technique. As Eq. 4.7 shows, longer RMS delay spread leads to

more channel taps. Also, the channel capacity highly depends on the profile of

the channel, tap correlation profile, and the number of taps.
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Electromagnetic Reverberation

When a sound wave is emitted into an enclosed space, upon arrival to the

listener, it comes with many discrete reflections from the surfaces of the envi-

ronment. These replicas are mixed and cause the auditory impression of “pro-

longation” of the sound until the reverberation process “fade away” [153]. Re-

verberation is a key factor for qualifying the acoustic status in a room because

the amount of reverberation generated in the room is directly proportional to

the transmitted magnitude and inversely proportional to the sound absorption

of the surface. Reverberation occurs when the sounds continually bounce off the

reflective surface, e.g. the ceiling, floor, walls and combined all together in the

receiver. Conversely, the absorbent surfaces, such as curtains, padded chairs, and

even human body can reduce the reverberation phenomenon. Reverberation time

is used to quantify the time required for the sound annihilating under a certain

threshold in a closed area as shown in Fig. 4.13 [153], which describes the re-

verberation time it takes for the sound to decay by 60 dB (i.e. RT60) after the

sound source is removed. Practically, it is more common to use the RT30 and

RT20 with the thresholds of 30 and 20 dB, respectively.

Figure 4.13. The reverberation phenomenon for qualifying the acoustic environ-
ment, via: karagioza.com.

Since the wavelengths of acoustic waves and microwaves are typically of the

same order in the centimeter range. There is naturally a close resemblance be-
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tween room acoustics and room electromagnetics [154]. Also, the dimensions of

a room are used to much larger than the wavelength, which matches the far-field

condition, thus propagated microwaves can be considered as rays in a room. The

applicability of methods applied in room acoustics to microwave propagation in

a room has been demonstrated in [154].

Room electromagnetic model is a simple model that considers an LOS com-

ponent (if present) and an exponential PDP decaying with the so-called rever-

beration time parameter, depending only on the wall area, the volume of the

room, and an absorption coefficient. Room electromagnetic theory is interest-

ing, as it does not require complete knowledge of the propagation environment,

and it offers an alternative description of diffuse scattering in a room using only

simple parameters. The properties of materials are very helpful to improve the

simulation-based models. Moreover, the room electromagnetic theory is similar to

the special case of S-V model explained in Chapter 2: the single-exponential de-

cay (L=1) [31]. The single-exponential decay model has a significant first arrival

delay path and following with a purely exponential decay multiplied by a log-

normally distributed random variable. Also, based on experimental observations

of the behavior of the delay-power spectrum and on analogies to models used in

room acoustics and electromagnetic fields in cavities. The delay-power spectrum

in enclosed space can be modeled as a combination of a dominant component and

a reverberant component [155], as simplified in Fig. 4.14.

Figure 4.14. The concept of delay power spectrum in reverberation model.

As discussed in Chapter 2, the delay power is term to the square of the channel
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impulse response with separation distance d between transmitter and receiver as

follows:

P (d, τ) = E
0
|h (d, τ)|2

1
(4.8)

The mean operation E[ · ] is the expectation of the squared magnitude of the

impulse response. As Fig. 4.14 shows, the PDP P (d, τ) can be derived by the

combination of the first arrival component and the reverberant components as

follows [156]:

P (d, τ) = P0 (d, τ) + Preverb (d, τ)

= P0,0

!
d

d0

"n

δ

!
τ − d

c0

"
+ Preverb,0exp(−

τ

τr
)u

!
τ − d

c0

" (4.9)

where P0 (d, τ) denotes the first arrival dominant component, which is con-

tributed by the direct path (LOS) or first-order reflection (NLOS). This first

arrival dominant component is mainly determined by the separation of transmit-

ter and receiver d, which is the first absolute time delay. Hence, it is defined by

the large-scale parameters: the reference power P0,0 at reference distance d0, the

PLE n, and the velocity of light c0. δ( · ) and u( · ) in Eq. 4.9 denote the Dirac

delta function and unit step function, respectively. The reverberant components

represent the multipath receiving at the receiver side, which is exponentially de-

cayed in the period of reverberation time τr.

Reverberation Time

The discrete echoes accompany the direct sound as shown in Fig 4.13, which

are not perceived as such due to the time proximity and the quantity. Therefore

they could not be differentiated separately but as a whole queue of progressively

decreasing signal. Consequently, the reverberation process is divided into two

sub-process, named early reflections and reverberation tail. The denser early

reflections and with short arrival time indicates a more compact room and vice

versa.

As the theory derivation proved in [154], the reverberation model from room
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acoustics also can be applied into room electromagnetics with similar assumptions

on the isotropic diffuse field. The energy density W in a totally diffuse field is

given by:

W = 4π
I

c0
(4.10)

Where I is the ray intensity and c0 is the velocity of light. Assuming the

volume of the room is uniformly distributed, then the total stored energy of diffuse

radiation is W × V . One other thing to note is the energy is partly absorbed by

the interior surface of the room. Since ray tube intensity I is independent of

direction, the absorbed power Pab is defined by the integration of I over a half-

space as follows:

Pab = ηSπI (4.11)

where η is the absorption coefficient, which denotes the fraction of energy

absorbed by the surface area S. Hence, combining Eq. 4.10 and Eq. 4.11 the

input power radiated by the transmitting source Ps can be defined as the sum of

diffused power and absorbed power, which is given by:

Ps = Pdif + Pab = V
dW

dt
+W

c0ηS

4
(4.12)

When the radiation source is turned off, Eq. 4.12 becomes to a homogeneous

equation. Then the solution is obtained by [154]:

W = W0e
−t/τr (4.13)

τr =
4V

c0ηS
(4.14)

Where τr is the electromagnetic reverberation time, which is solely determined

by room size and the properties of the absorption surface. Apart from the sub-

stitution of sound’s speed by the velocity of light, this equation is consistent with

the classical Sabine’s formula in acoustics [154].

In addition, authors in [156] have introduced the Eyring’s formula from room
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acoustics to provide an alternative solution to define the reverberation time. The

Eyring’s formula takes into account relatively higher absorption coefficient, and

the reverberation time is expressed by:

τr =
4V

−ln(1− η)c0S
(4.15)

Unlike the diffuse filed assumption in Sabine’s model, Eyring’s formula is

proposed based on the mirror source theory, which considers a sound field is

composed of plane sound waves. These waves lose energy each time when they

hit an absorption surface. The fraction of absorbed energy is (1− η), where η is

the surface’s absorption coefficient. More details can be found in [157].

Furthermore, indoor electromagnetic reverberation measurements in [158, 159]

have proved that the reverberation time can be calculated based on the exponen-

tial decay of the PDP’s tail. The reverberation time is given by:

τr = −10log(e)

slope
(4.16)

where e is the Euler’s constant, and slope is the slope of the linear regression

of the PDP’s tail in log-scale.

To define the PDP’s tail, a delay interval TD can be positioned to minimize

the influence of the first arrival component and distinguish it with the reverberant

components, as shown in Fig. 4.15. In the case of NLOS, since the first arrival

component is usually the first order reflection, TD can be equaled to TW , which

is the width of the transmitted pulse. Whereas for LOS condition, TD plus the

maximum propagation time TP along the separation of transmitter and receiver

can be selected as the delay interval to obtain the reverberation time. In other

words, the delay interval between the first arrival component and reverberant

components is given by:

TD =

.
TW NLOS

TW + TP LOS
(4.17)

Eventually, the slope of the tail can be obtained by the linear regression

between the delay after TD and the maximum delay above the threshold, as

shown in Fig. 4.15.
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Figure 4.15. Definition of PDP’s slope.

Given the above, the reverberation time can be calculated from the PDP,

which has a tail exponentially decay with the delay time. Moreover, the corre-

sponding absorption coefficients can be obtained on the basis of reverberation

time, when the space volume and the area of absorption surface are available.

Channel Modeling for TEST I

Based on the TDL model and electromagnetic reverberation theory discussed

above, the mean power, RMS delay, and reverberation time of PDPs in TEST I

are calculated and summarized in TABLE 4.10.

The first interesting point of TABLE 4.10 is the different performances at two

different frequencies. The values of RMS delay spread at 980 MHz over a hundred

nanoseconds, which are much longer than these values at 2450 MHz from 21.4

ns to 48.4 ns. This implies the radio waves experienced longer path to arrive

the receiver side at 980 MHz than at 2450 MHz. Thus, higher frequency yields

shorter RMS delay and therefore high data capacity can be reached.

When the head of the train is -74.5m away from transmitting system, i.e.

the train is located in the middle of the subway station, the receiving system

obtained the shortest RMS delay, no matter at 980 MHz or 2450 MHz. This

could be explained by the impact of the train body, which significantly narrowed
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Table 4.10. Train’s influences on the mean power, RMS delay and reverberation
time in the subway station.

Frequency Tx-Train Separation Mean Power RMS delay Reverberation

980 MHz

-74.5m -23.2 dB 128.8 ns 67.3 ns
26.5m -22.8 dB 151.0 ns 78.8 ns
46.5m -22.5 dB 152.6 ns 78.8 ns
76.5m -21.5 dB 159.2 ns 96.8 ns
126.5m -22.2 dB 141.2 ns 77.6 ns

2450 MHz

-74.5m -15.5 dB 21.4 ns 12.3 ns
0m -14.0 dB 27.3 ns 17.1 ns

10.0m -16.1 dB 27.3 ns 16.4 ns
16.5m -18.3 dB 48.4 ns 29.0 ns
21.5m -16.9 dB 43.4 ns 25.9 ns
31.5m -16.0 dB 42.7 ns 25.8 ns
46.5m -18.5 dB 39.5 ns 21.7 ns
126.5m -18.8 dB 37.0 ns 19.5 ns

down the size of propagation space. This results in the waves are reflected by the

train body, thus can not arrive at the wall on the other side of the track, causes the

RMS delay not as long as the train located inside the tunnel. Similar conclusions

can be found in [160, 161], which states the RMS delay increases as the size of

the room increases. Moreover, when the train is stopped near the entrance of

the tunnel, A higher RMS delay is obtained as more than 150 ns at 980 MHz

and more than 40 ns at 2450 MHz. Since the train is moved into the tunnel, the

space of the station is released. Thus the delay spread becomes longer. It worth

noting that, the strong reflections from the steel surface of the train body still

exist in this case. Consequently, as the train is located in the deeper tunnel, e.g.

the transmitting system and the head of the train are separated to 126.5m, the

impact of the train is suppressed and results in a shorter RMS delay: 141.2 ns

at 980 MHz; and 37 ns at 2450 MHz. Note that as far as the train is 50m away

from the station entrance (Tx-Train Separation: 76.5m), the impact of the train

body is still present. While this effect is decreased from 16.5m, which means the

propagations at lower frequencies suffer more and influences from the train body.

Generally, one can compare the parameters between the testing train is present
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and absent in the station. It can be found that the impact on the received signal

from the train body is small with very close RMS delay spread (i.e. same number

of channel taps) and mean received power. There is a relatively greater influence

created by the train body when the train’s head is driving into the station, but it

is usually quickly finished in the commercial use. Therefore, the influences from

the train body on the propagation in the subway system are limited, especially

at lower frequencies.

TEST II: Region-based TDL model

Figure 4.16. RMS delay of TEST II at 980 MHz and 2450 MHz.

The RMS delay spread samples along the receiver moving path are collected

in Fig. 4.16. As shown in Fig. 4.16, the RMS delay in the station is high, and

achieve the peak value when the receiver arrived at the conjunction point of the

station and tunnel. This is due to the indoor space between the transmitter and

receiver becomes larger since the train driving into the tunnel. Thus a higher

RMS delay is obtained. However, as the train moves into the deep tunnel, the
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effect of the station disappeared gradually. Simultaneously, the filtering effect

of the tunnel appears. Therefore the RMS delay decreases with the separation

distance between the transmitting system and receiving system increases, These

effects from the tunnel are also worth to evaluate. As discussed in [162], radio

propagation in a tunnel is mainly affected by the carrier frequency, properties of

the tunnel, and the separation between the transmitter and receiver. Further-

more, the different propagation mechanism in different regions can be collected

to achieve a complete model in the tunnel. Unlike the narrowband measurements

in [162], TEST II provides deeper insight for small-scale characterizations, such

as time dispersion and electromagnetic reverberation. Since the RMS delay in

Fig. 4.16 presents the stepped shape at both frequencies, the region-based models

also can be established as shown in Fig. 4.17.

Figure 4.17. Region division for evaluating the different influences from the dif-
ferent zone in tunnel along track: (a) 2450 MHz; (b) 980 MHz.

As measurement results show, multipath components at higher frequency de-

crease faster than at lower frequency. Specifically, the delay spread at 2450 MHz

almost vanished after 400m in the tunnel, whereas the visible delay spread can

be found over 900m at 980 MHz. Hence, based on the region division in Fig. 4.16

and Fig. 4.17, the key parameters for a region-based TDL model, such as the

averaged RMS delay, the number of channel taps are calculated in each region,

and listed in Table. 4.11.
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Table 4.11. Key parameters for TDL models in different regions.

Region Name Distance Range Excess Delay RMS Delay Taps
980 MHz

I Near Station 0-275m 1361 ns 310.6 ns 8
II Middle Tunnel 275-725m 746 ns 192.5 ns 5
III Deep Tunnel 725-945m 49 ns 64.8 ns 2
IV Dead Zone 945-1000m ≈0 ns ≈0 ns 1

2450 MHz
I Near Station 0-150m 200 ns 19.1 ns 2
II Tunnel 150-350m 36 ns 4.7 ns 1
III Dead Zone 350-400m ≈0 ns ≈0 ns 1

Note: (1) The “Near Station” Regions include part of station about 55m long;

(2) The ”0m” stands for the middle point of the station’s length.

TEST II: Absorption Coefficient & Q factor

The quality factor (Q) is used to describing the capacity of electromagnetic

energy stored in a resonant system [159]. The underground system, such as sub-

way environment is almost sealed. Therefore, the subway station and tunnel can

be roughly regarded as a cavity resonator that can store the energy radiated from

the transmitting source in the enclosed space. Moreover, the Q can be obtained

by the power ratio method in the frequency domain and based on the decay time

method in time domain. Authors in [163, 164] have concluded that decay time

method has achieved a better estimation on Q. Hence, the reverberation time

obtained by formulas or PDP curves provides a feasible way to estimate the Q.

Simultaneously, room electromagnetics theory is equally applicable to the elec-

tromagnetic wave propagate in the underground system. The Q factor reveals the

channel capacity and the electromagnetic energy store in enclosed space, which

is frequency-dependent and defined by:

Q = 2πfτr (4.18)

Here τr denotes the time constant of the free energy relaxation of the cavity

resonator’s field (exponential decay) if the input power is switched off, i.e. re-

verberation time. Eq. 4.14 and Eq. 4.18 describe the original definitions of the
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reverberation time τr and Q factor in a cavity resonator that has a volume of

V , and the surface is covered by the materials with the absorption coefficient η

and the absorption area of S. c0 denotes the velocity of light. In subway envi-

ronments, the subway station is mainly constructed by the steel structures. Yet,

the inner wall of the tunnel is constituted by the smooth concrete. Thus the

absorption coefficient η in these two scenarios can be different. Moreover, since

the dimensions of the subway station and tunnel are easy to obtain, the Q can

be described as follows:

Q = QDensity × κ, where κ =
V

S
(4.19)

where QDensity denotes the density of Q value in a specific space coefficient κ,

which is the ratio of the volume V to the absorption surface area S. Based on

the dimensions of the subway station and the cross sections of tunnel marked in

Fig. 4.5 and Fig. 4.6, the κ values in station and tunnel can be calculated as two

different constants: κs ≈ 2.8 in the subway station and κt ≈ 1.8 in the tunnel.

Consequently, the values of the reverberation time τr(d) and Q(d) along the

train’s moving path from the station into the tunnel can be obtained based on

Eq. 4.16 and Eq. 4.18 at every position. Furthermore, the absorption coefficient

η(d) and QDensity(d) based on the Sabine’s formula and Eyring’s formula can be

defined as the functions of distance between transmitter and receiver as follows:

ηSab(d) =
4κ

c0τr(d)

ηEyr(d) = 1− exp[− 4κ
c0τr(d)

]
(4.20)

QDensity(d) =
Q(d)

κ
=

2πfτ(d)

κ
=

8πf

c0η(d)κ
(4.21)

As the key parameters for electromagnetic reverberation model listed in Ta-

ble. 4.12, the reverberation time and QDensity have the similar downward trend

with the RMS delay and Taps number as the train moves from the station into

the tunnel. Moreover, since the absorption coefficients ηSab and ηEyr has the re-

lationship of ηEyr = 1− exp(−ηSab), the Sabine’s model and Eyring’s model can

be easily transformed.
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Table 4.12. Key parameters for reverberation models in different regions.

Region Index Name Avg. τr Avg. ηSab Avg. ηEyr Avg. QDensity

980 MHz
I Near Station 196.7 ns 0.19 0.17 432.6
II Middle Tunnel 111.3 ns 0.22 0.19 380.8
III Deep Tunnel 42.7 ns 0.56 0.43 146.1

2450 MHz
I Near Station 14.7 ns 2.53 0.92 81.0
II Tunnel 10.9 ns 2.19 0.89 93.2

TEST II: Transition Distance

In addition, Fig. 4.18 shows the Q values vary with the separations between

transmitter and receiver at 980 MHz and 2450 MHz. Since the start point of

the train’s moving is the middle of the subway station, Q reaches a high value

in the first 56m: ≈ 1200 at 980 MHz and ≈ 220 at 2450 MHz. As the train

moves into the tunnel, these high Q values do not decrease rapidly, even space

becomes smaller, and the surface is replaced by the concrete greater absorption

coefficient for electromagnetic waves. This indicates the impact of the subway

station still exists over a certain distance. When the distance between transmitter

and receiver reaches more than 200m, the confined tunnel results in the filtering

effect on the wave reverberations. Thus the reverberation time sharply decreases

along the distance until 800 m at 980 MHz and 400m at 2450 MHz. After this

area, the Q values almost equal to 0, thus almost no reverberation presents at

two frequencies. The transition distance is thus defined as the distance from the

position in the tunnel with long reverberation time and high value to a region

with a very short reverberation time and low Q factor, impaired with the train

going deeper into the tunnel. To clarify this transition distance, we propose the

simplified models of the Q versus distance as shown is Fig. 4.19.

After the station region Ls, The transition distance dT is roughly considered

to consist of two parts: the part affected by the influence from the subway station

to the tunnel denoted by d1, which leads to the maintenance of the high Q factor;

the sharp decreasing region that the reverberation decreases from high level to
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Figure 4.18. Q-factor variations and fittings versus distance at 980 MHz and 2450
MHz.

the very low level, described by d2. Thus, the transition distance is represented

by:

dt = d1 + d2 (4.22)

Based on our measurement results, d1 at both frequencies are close to 90m,

which can be estimated by the dimension parameters of the subway station Ls,

κs, and κt. Ls is the distance between the transmitter and the farthest wall. κs

and κt denote the ratio of volume to the area of absorption surface V/S in the

subway station and tunnel, respectively. Moreover, the other part of the dt can

be obtained by the Qs and slope s of the simplified linear transition model in

Fig. 4.19. It worth noting the slope s is inversely proportional to the frequency.

If the measurement results as the example values are introduced in the model,

the transition distance can be roughly estimated by:

dt ≈
Lsκs

κt
+

Qs

−s0
× f

f0
(4.23)

Where s0 and f0 are the reference slope and frequency. Base on our measurement

results, s0 × f0 at two frequencies in GHz are equal to −1.96, which can be

considered as a example value. Therefore the transition distance can be redefined
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Figure 4.19. Transition model base on the Q-factor variations at 980 MHz and
2450 MHz.

based on Eq. (4.16) and Eq. (4.18) and plugging the example value −1.96 in

Eq. 4.23 as follow:

dt ≈
Lsκs

κt
+

Qs

1.96
× f = (

LS

κt
+

8πf 2

1.96c0ηs
)× κs (4.24)

Based on Eq. 4.24, if the dimension parameters of station and cross section of

the tunnel are supplied, the transition distance and absorption coefficient ηs can

be estimated.

The model combines with the measurements can provide detailed information

about the behavior of wideband communications in subway system and helpful

for determining the optimized antenna configurations. Actually, in most subways

antennas are usually installed in the stations, nevertheless installing them inside

the tunnels (after d1) is expected to highly reduce the multipath effects. Also,

2×2 MIMO configuration is recommended to mount one antenna in the station

and the other inside the tunnel, with different polarizations. With these settings,

the channels can be highly uncorrelated.
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4.3 Discussion

In this chapter, both narrowband and wideband measurements conducted in sub-

way systems are presented for describing propagation behaviors in underground

environments. Based on the large-scale fading characteristics and comparisons

in Part I, and time dispersion analysis in Part II, some useful discussions can be

addressed as follows:

i. Path loss: PLEs in the semicircular (3.36 ∼ 5.50) are generally larger than

the values in the arched tunnel (0.94 ∼ 3.73), which implies the transmitters

(AP/BTS) in the curved traditional arched tunnels can be deployed more

sparsely than in the modern semicircular tunnels. Since most of the obtained

PLE values are greater than 2, the tunnel curve is considered to reduce the

waveguiding effect and results in the extra loss with respect to the straight

tunnel. Moreover, the sharper the tunnel curve is, the greater the path loss

is. Besides, radio signals in horizontal polarization and at higher frequencies

are more sensitive to the tunnel curve. Note that PLE values in the curved

tunnel are larger than in the similar standard scenarios of WINNER models.

ii. Shadow fading: the measured shadow fading is well fitted by the log-normal

distribution. The standard deviations of the shadow fading in curved tunnel

show curved subway tunnel results in more severe shadow fading than in the

other railway scenarios, such as railway station, cutting, and viaduct. In

addition, the standard deviations of shadow fading in the curved tunnel are

close to the values in the outdoor-to-indoor scenarios of WINNER. Thus,

the existing models in standard scenarios are insufficient to represent the

propagation in the curved tunnel.

iii. Autocorrelation and decorrelation distance: through the comparative

analysis, the 802.16J model performs more suitable for the curved arched

subway tunnels. Then, the several meters decorrelation distances are much

shorter than this value in the urban macro environments or other outdoor rail

traffic scenarios. Therefore, the shadow fading component along the distance

varies faster in the curved tunnel than in the open space, which is worthy of

additional concern in the communication system design.
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iv. Cross-correlation of shadow fading: the signals at different frequencies

or in different types of tunnels are uncorrelated. Therefore, the frequency di-

versity can be applied to ensure a reliable communication in subway systems

for emergency cases. Moreover, various communication systems in various

frequency bands are expected to work simultaneously in the same curved

tunnel without severe interference. Note that the shadow fading of received

signal in different types of tunnels is very different. Thus the network plan-

ning should be conducted independently in various kinds of curved tunnels.

v. Influence from the station & train: the wideband signal can be affected

by the train parked in the station. The train’s body compresses the propa-

gation inside the station and results in a short time delay than in the empty

station. When the train is located near the entrance of the tunnel to the

station, longer delay spread is achieved due to the reflection on the train’s

head. These settings lead to the variations of the time dispersion at the re-

ceiver side, especially at a higher frequency. Nevertheless, these variations

are relatively slight, which can be ignored in the actual operation. As the

train stopping at different positions in the subway station and tunnel, the

values of RMS delay and reverberation time at the receiver side are very

close at the same frequency. Note that the CIRs of the radio waves at higher

frequency have shorter RMS delay spread and reverberation time.

vi. Influence from the tunnel: In the case of the receiver attached to the train,

the influence from the tunnel on the propagation can be observed. As the

receiver moves from the subway station to the tunnel, the MPCs contributed

by the station are gradually attenuated by the tunnel. The RMS delay at 980

MHz decreases from about 310 ns inside the station to 0 ns after 940m away

from the transmitter inside the tunnel. Yet, this decreasing process begins

with a much lower RMS delay and is finished much faster at 2150 MHz, the

MPCs contributed by the station are almost faded away after 350 m inside

the tunnel. Base on the ladder-like trend of RMS delay, the region-based

TDL models can be established, which characterize the channel along the

distance with different regions. The average time delay and the number of

channel taps are calculated for each region. Besides, the reverberation time
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and corresponding absorption coefficients are provided for each region on the

basis of electromagnetic reverberation theory. Also, the frequent dependent

parameter Q is calculated along the distance. Based on the change of Q along

the distance, a transition distance is defined from the position with high Q

to the position with very low Q. The estimation model for the transition

distance is of interest for wireless communication system design and updating

in subway systems.
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Chapter 5

Propagation in High Mobility

Scenarios

The radio coverage and transmission rate of most existing wireless communi-

cation systems are significantly limited by the high mobility scenarios. Hence,

development of wireless communication system for high mobility environment

has generated a lot of public interest in recent years. In addition to known High-

Speed Railway (HSR) system, there appear many new application scenarios such

as highway vehicular communications systems and Low Altitude Flying Object

(LAFO) systems [165]. The maximum train moving speed of HSR trialed by the

French National Rail Corporation has reached nearly 575 km/h [166]. Whereas

the relative speed between the transmitter and receiver of LAFO system can even

higher than 1000 km/h. Come to the age of 5G, the research on wireless signal

propagation faces new tasks: How to provide a high capacity and speedy data

transmission in a high mobility scenario? Before answering this question, a series

of special challenges have to be addressed due to the increasing of relative speed.

An essential feature of the high mobility scenarios is the fast time-variation of

the fading channel caused by the high relative speed with a large Doppler spread.

Furthermore, Doppler spreads are also time-varying and then result in a non-

stationary fading channel in the rapidly changing scattering environment. The

Doppler shift causes the mismatch between the frequency of the oscillators at

transmitter and receiver, which is the so-called Carrier Frequency Offset (CFO).
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CFO can significantly affect the orthogonality among the subcarriers and pro-

duces the Inter-Carrier Interference (ICI) in OFDM systems. Note that larger

Doppler spread means a high Doppler diversity order, which can be exploited

to improve system performance. In the meantime, as the speed increases, the

common assumption of perfect Channel State Information (CSI) adopted for the

low mobility systems is no longer applies. Thus, the channel estimation errors

increase and led to added requirements for system design. Therefore, a tradeoff

between Doppler diversity and channel estimation errors has to be considered in

the system design. Additionally, it is foreseeable that the handover procedure in

high mobility scenarios can be frequent and fast, due to the high speed of move-

ment. Thus, new handover algorithms have to be developed to reduce possible

handover failures in a shorter handover time.

All of these challenges can greatly affect the design and development of next

generation communication systems in high mobility scenarios. On the one hand,

the fast movement of the wireless terminals seriously degrades the system perfor-

mance. On the other hand, high mobility also provides some unique opportunities

that can benefit system designs, on the premise that the propagation channel in

high mobility is comprehensively understood. For this purpose, the channel mea-

surement and modeling in these environments is of importance.

There have been many valuable works for channel measurement and modeling

in high mobility environments. For example, Vehicle-to-Vehicle (V2V) channel

measurements in 5 GHz band [167, 46] and simulation [168] reveal the severe fad-

ing and statistical non-stationarity in V2V channel models. Besides, the Air-to-

Ground (AG) communication channel has been reviewed in [169], which states the

existing AG channel measurement is insufficient because AG channel is different

with the terrestrial cellular or indoor channel. The AG channel has to be com-

prehensively characterized by the mean of experimental investigation. The AG

channel measurements by an 802.11a-based small quadrotor (Unmanned Aerial

Vehicle) UAV have been conducted with different height in [170], which charac-

terized the impact of UAV ’s yaw, height, and distance on the AG channel. The

example wideband measurements can be found in [171], which parameterized not

only the path loss but also the channel dispersion.

The most-watched high mobility application for wireless propagation is HSR,
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which is widely treated as the fundamental solution for the improvement of the

public transportation situations of countries and cities all over the world. The ex-

isting global system for mobile for rail (GSM-R) standard supports a maximum

data rate up to 200 kbps, whereas this narrowband data only serve for train

control signals. The fourth generation (4G) Long Term Evolution for Railway

(LTE-R), is expected to provide not only optimized services for train control but

also the high-quality internet access for passengers in the future. Several propa-

gation measurement campaigns have been conducted in different HSR scenarios

for the wireless channels, e.g., in viaducts [172, 173, 35], hilly terrains [174, 175]

cuttings [176, 177, 178], train stations [179, 180], and tunnels [181, 182] scenarios.

The empirical results analysis and statistical modeling in large-scale and small-

scale have been conducted based on these measurements. The TDL models for

hilly terrain, viaduct, and plain scenarios on HSR are presented in [183]. In [184],

the authors propose an algorithm for joint channel estimation and Doppler fre-

quency offset estimation based on Ricean channel model. Deterministic models

based on ray-tracing in HSR can be found in [185, 186].

However, most of the studies above are mainly confined in an isolated scenario.

Whereas various scenarios are continuous for wireless communication systems in

the real HSR environment. In the meantime, the receiver with high velocity

experiences various regions over a very short time, and these regions with different

topographies cannot be separated from the view of the receiver. Then the severe

fading frequently occurs in these composite regions. The existing research has

ignored the details about the transition from one scenario to another as well

as small-scale parameters in Doppler domain. Hence, the non-stationarity of

rapidly time-varying channels in the composite scenario of HSR requires further

investigation.

The first part of this chapter presents the wideband measurements in an HSR

station and the time dispersion analysis in both LOS and NLOS conditions. The

wideband measurements have also carried out in a composite scenario that com-

poses of a tunnel portal, a viaduct, and two cuttings. The PDPs in this composite

regions are presented and analyzed at 950 MHz and 2150 MHz. Also, the channel

non-stationarity characteristics in these composite regions are investigated by ray

tracing simulations.
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Table 5.1. Channel sounder setups

Item Description
Frequency 950 MHz/ 2150 MHz
Transmitting power 35 dBm
Pulse width/ period 30 ns/ 1000 ns
IF Bandwidth 100 MHz
Noise figure 3 dB
Sensitivity -100 dBm

5.1 Hardware Systems

The portable channel sounder as introduced in Section 3.2.2 is employed as the

systematic hardware system to measure the behaviors of wireless signals in HSR

environment. As the wideband test, the channel sounder transmitter generates

a series of periodic narrow pulses to stimulate the wireless channel in HSR. The

distorted and faded signal is then received by the channel sounder receiver. After

the envelope detection, the demodulated signal is sent to the digital oscilloscope,

which allows capturing, digitizing, and storing the power delay profile in real time.

In order to meet the requirements of high-speed sampling, Keysight Ininiium

MSO9104A oscilloscope that offers bandwidths up to 1 GHz is adopted at the

receiver side. The high-performance scope channels with responsive deep memory

ensure superior viewing of signals under test. The detailed configurations of the

portable channel sounder system are listed in Table 5.1.

Moreover, the channel sounder transmitter is equipped with the L-Com HG727

14P-090 panel directional antenna with 90◦ horizontal and 17◦ vertical beamwidth.

The channel sounder receiver is attached to the L-Com HG72107U omnidirec-

tional antenna with 3-meter height. Note both the transmitting and receiving

antennas are vertical polarized. More details can be found in Table. 5.2. The

antenna photos and radiation patterns can be found in Appendix: Fig. 3(a) and

Fig. 3(b).
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Table 5.2. Antenna informations

Item Tx Antenna Rx Antenna
Frequency Range 698-960/ 1710-2700 MHz 698-960/ 1710-2700 MHz
Gain 13/ 14 dBi 4/ 7 dBi
Vertical Beamwidth 17◦ 55◦ 28◦

Horizontal Beamwidth 90◦ 360◦

Polarization Vertical Vertical
Front to Back Ratio ≥ 23 dB -
Height 3m 1.2m
Dimensions 1568*320*160 mm Length: 1.02 m

5.2 Case I: HSR Station

The train station is one of typical HSR scenarios. Channel characterization in this

scenarios has mostly focused on the large-scale characteristics, such as path loss,

shadow fading, or the correlation properties [179, 180, 187]. Yet, small-scale fea-

tures such as time dispersion by the mean of wideband measurements, are rarely

studied. The newly-built HSR routes are distinguished from conventional lines,

by gentler curves, shallower grooves, and wider tunnels [188]. Also, the modern

HSR stations are designed to a gigantic multifunctional complex that usually

built largely to provide the additional service and meet the greater requirement

of passenger capacity. However, these big buildings present new challenges. For

example, with the conventional base station position, there can be a Non-Line-

of-Sight (NLOS) scenario on the platform generated by the blocking of the new

station. This motivates the wide measurements and channel characterization in

both LOS and NLOS regions on the platform.

5.2.1 Measurement Scenarios and Configurations

The wideband measurement has been carried out in the “TaiYuan South” railway

station, Shan Xi, China as shown in Fig. 5.1. This HSR station has been under

construction with a large station hall close to the station platform. As the yellow

circle marked in Fig. 5.1, the transmitting system has been set in the open area

next to the construction site, which is a typical position that the commercial base
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Figure 5.1. Measurement scenarios and configurations in the HSR station.

station located. Moreover, the station platform is shaded by the steel roof. At

the receiver side, the receiving system has been arranged to move on the platform

passage that close to the station hall and transmitting system. In this case, two

different regions can be easily divided for propagation: part of the passage that

shaded by the station hall has been an NLOS situation towards to the transmitter,

and receiver in the rest part of the passage that has a direct path (LOS) to the

transmitter.

To evaluate the difference between the propagation characteristics in LOS

and NLOS, the receiving system has been placed in 13 test points that moving

on the passage near to the station side, from the NLOS (green line) area to LOS

(red line) area as illustrated in Fig. 5.1. There have been 2 points located in the

NLOS region, and rest have been placed in the LOS region. Moreover, the first

LOS point has been marked to 0, and the test points in NLOS region have been

marked as negative numbers. Afterward, the PDPs on each test point have been
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collected and recorded for the off-line process. For comparison, measurements

have been carried out at two carrier frequencies: 950 MHz and 2150 MHz, in

both LOS and NLOS regions.

5.2.2 Measurement Results Analysis

In HSR station scenario, both the transmitter and receiver have many reflectors

in their vicinities. More MPCs can be expected due to the complex surrounding.

Fig. 5.2 shows the example PDPs in LOS and NLOS regions at 950 MHz and

2150 MHz, respectively. The PDPs in LOS region has a dominant direct path as

expected, particularly at 2150 MHz. PDP in LOS region at 950 MHz presents

some short delay less than 400 ns, whereas propagation in NLOS regions observes

longer excess delay beyond 600 ns and fainter dominant path. Similar situations

occur at 2150 MHz, where almost no obvious delay spread can be found in the

LOS region. Also, the shorter time delay and fainter dominant component are

presented in NLOS situation at 2150 MHz, compared to the PDPs at 950 MHz.

This is because the radio wave at higher frequency suffers larger attenuation along

the propagation paths.

Figure 5.2. The PDPs in LOS and NLOS regions at two frequencies.

Furthermore, the comprehensive measurement results are shown in Fig. 5.3,

which presents the received power versus time delay in all test points at 950 MHz

and 2150 MHz. It can be observed that almost all the test points in LOS region

present shorter delay spread at 2150 MHz than at 950 MHz. Also, propagation

in NLOS region show more MPCs at 950 MHz than at 2150 MHz. In short, radio
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propagation in HSR station at 2150 MHz suffers less multipath effects than at

950 MHz.

���� ����

��� ���

Figure 5.3. The received power versus time delay and test points at two frequen-
cies.

For qualitatively revealing the channel characterizations in LOS and NLOS

regions at two frequencies, the RMS delay spread and the number of channel

taps are calculated by Eq. 4.6 and Eq. 4.7. The mean parameters are collected

and listed in Table. 5.3. The experimental results show propagation at higher

frequency is less susceptible to the effects of the scatterers in the complex sur-

rounding of HSR station. Hence, the optimal choice of the carrier frequency for

propagation in HSR station is 2150 MHz, with respect to 950 MHz. To mitigate

the large delay spread in the NLOS region of the platform, a repeater or AP

should be set.

Table 5.3. Parameters of time dispersion at two frequencies

Region NLOS LOS

Frequency 950 MHz 2150 MHz 950 MHz 2150 MHz

Mean Normalized Power -17 dB -18 dB -6 dB -6 dB

Average Excess Delay 430.0 ns 128.8 ns 424.4 ns 55.1 ns

Average RMS Delay Spread 148.3 ns 40.2 ns 138.7 ns 18.2 ns

Average Number of Taps 6 2 5 1
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5.3 Case II: HSR Composite Scenario

Cuttings are widely used in rail construction on the uneven ground to pave the

way for high-speed train cut through large obstacles such as hills. A regular

deep cutting, where steep walls on both sides of the rails have almost the same

depths and slopes. The cutting structure creates a large container which can

accommodate lots of reflection and scattering components. Viaducts with a height

of 10 m to 30 m are also used in HSR to ensure flatness of the rails and thus

enable the high speeds of the train. The viaduct raises the antennas, creates a

relatively clear LOS channel, and reduces the number of the scatterers that can

affect the fading. Therefore, cutting and viaduct have the significant difference

in the radio wave propagation characteristics. In 3GPP TS36.104, only LOS

path is taken into account in HSR open space and tunnel scenarios. However, the

existing measurement results [35, 174] have stated that MPCs also exist in typical

HSR environment. These MPCs with different delays result in the frequency

selective fading to channel responses, which is important for future wideband

communication system design [175]. In this section, the channel dispersion in the

composite scenario that is composed of cuttings and viaduct are investigated.

5.3.1 Measurement Scenarios and Configurations

The wideband measurements have been conducted in a composite scenario, which

is located in the “Datong-Xi’an” HSR line (Xinzhou, Shanxi Province, China).

As illustrated in Fig. 5.4, the entrance of the composite scenario is a mountain

tunnel of 9.2 m high. Then, two cuttings regions with 130 m and 100 m long are

connected by a viaduct of 250 m long. The multipath components reflected or

scattered by the sidewalls can lead to severe fading. Moreover, a semi-enclosed

space is generated by the cutting structure combining with the mountain, which

can accommodate a large sum of MPCs. The propagation mechanism in this

composite scenario provides a good reference for HSR communication system

design.

For evaluating the effects of MPCs on the propagation in composite scenario,

a series of wideband measurements have been carried out at 950 MHz and 2150

MHz. The channel sounder transmitter mounted with the transmitting antenna
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Figure 5.4. The measurements in the HSR composite scenario: (a) sketch of
the composite scenario; (b) photo of the test site; (c) aerial view of the HSR
composite scenario from google earth; (d) photo of the tunnel portal.

are placed on a platform of the right steep wall. The height of transmitting

system is close to the left steep wall and near to the mountain tunnel portal. The

downward inclination angle of transmitting antenna is 5◦. The channel sounder

receiver attached with receiving antenna are located on the rail track and 30

meters distant from the transmitting system as shown in Fig. 5.4 (b). During

the measurements, the receiving system is moved along the track in a straight

line, and recording the average PDPs at 50 different positions in the composite

scenario.

As shown in Fig. 5.4 (c), the measurement environment can be divided into

four regions based on the geometric information and expected density of MPCs.

Region I: the first few locations near to the tunnel portal, where sounding by the

cutting steep walls and mountain thus forming a restricted space full of MPCs;

Region II (cutting 1): the first cutting region with two steep walls, which can

reflect the transmitting waves and create some MPCs; Region III: the space oc-

cupied by the viaduct, where MPCs are quite a few in this open area. Region
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IV (cutting 2): the second cutting area that few MPCs could exist in these loca-

tions. The configuration is optimal for typical HSR environments where principal

scattering objects are located near to the track. The test sample interval is 50

ns and approximately 20000 channel impulse response (CIR) for each snapshot

are collected. Each two neighboring snapshots are separated nearly 10 m. The

distance between Tx and Rx varies from 30 m to 458 m.

5.3.2 Measurement Results Analysis

The wireless channel fading characterization is essential for the physical layer de-

sign of communication system. It is helpful for designing fading countermeasures

including transmission/reception diversity, error correction coding. Thus, it is

of great significance to parameterize the fading properties of HSR channels in

various scenarios.

Tunnel Portal Cutting 1

Cutting 2Viaduct 3Viaduct 2

Viaduct 1

(a) (b) (c)

(d) (e) (f)

Figure 5.5. Representative PDPs in different regions:(a) tunnel portal; (b) cutting
1; (c) the part of viaduct close to cutting 1 (Viaduct 1); (d) middle part of viaduct
(Viaduct 2); (e) the part of viaduct close to cutting 2 (Viaduct 3); (f) cutting 2.
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The railway base station is usually installed on the side of the rail track.

Therefore railway environment is a typical LOS propagation scenario except for

the tunnel part. In general, the wave coming from direct path contributes the

dominant component of the received signal. Besides, the waves coming from other

directions that are generated by multipath components are scattered or reflected

by the steep walls or hills, which causes the time delay spread.

The representative PDPs in different regions as examples are demonstrated in

Fig. 5.5. Upon the Rx being in Region I, i. e., near the tunnel portal, the direct

path from the transmitter to the receiver is blocked by the tunnel roof in the

shadowed area. Therefore, an NLOS situation is presented in Region I. PDPs at

both frequencies show weak dominant component and long time delay in Fig. 5.5

(a). Especially, the delay spread at 950 MHz is longer and more intense multipath

effect occurs than at 2150 MHz. Upon the Rx being in Region II, i. e., within the

cutting 1 region, there are strong LOS components and follow few delay spread

caused by the scattering from the cutting steep walls at both frequencies, as shown

in Fig. 5.5 (b). When Rx reaches at the first part of Region III, i. e., the first

part of the viaduct near cutting 1, the LOS component is attenuated, whereas the

impact of cutting 1 is still presented. Thus the PDPs in Fig. 5.5 (c) have similar

MPCs with slight weaker dominant LOS components. Moreover, some distant

scatters may contribute some weak multipath components. In Fig. 5.5 (d), the Rx

arrives at the middle part of the viaduct, where MPCs are hard to be detected

because of the disappearance of reflection surfaces, therefore the delay spread

is greatly decreased. Once the Rx approaching cutting 2, the LOS components

are further declined as the separations between Tx and Rx are increased. In

the meantime, some reflections from cutting 2 are received, which leads to some

certain delay spread as shown in Fig. 5.5 (e). Apparently, there is only one

dominant path can be found in Fig. 5.5 (f). Since the size of cutting 2 is much

smaller and asymmetric with lower height (see Fig. 5.4), the time delay caused by

the MPCs is very short and close to the LOS component. Therefore, the remote

MPCs originated by the cutting 2 are relatively insignificant to be resolved on

the PDPs in Region IV, which results in an addition effect on the dominant

component.

Furthermore, the PDP fluctuations along the track at 950 MHz and 2150
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Figure 5.6. PDPs along the cutting and viaduct in the composite region at 950
MHz and 2150 MHz

MHz are shown in Fig. 5.6. Generally, propagations at two frequencies present

quite similar behaviors with the change in distance. In the first 150 m, the

propagations at both 950 MHz and 2150 MHz perform quite a clear delay spread.

More obvious delay spread appears when the receiver is closer to the mountain

tunnel portal, which is due to the strong reflections from the wall above the tunnel

and steep walls. Then, the delay spread presents a trend of shortening when the

receiver moves along the cutting, which can be explained by the more open space.

However, there are still rich multipath components in the first cutting. When the

separation between receiver and transmitter reaches to 150 m, i.e., the viaduct

entrance on the open area, the delay spread is sharply decreased. Thus, a large

number of MPCs die away, and the propagation is dominated by the direct ray.
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Once the receiver is approaching the remote cutting, reflections increases and

results in delay spread rising slightly. The region boundaries are also marked on

Fig. 5.6 to clarify the differences among the regions.

5.3.3 Time Dispersion Analysis

As discussed in Section 2.2.3, multipath propagation leads to channel dispersion

in the time domain. To analyze the delay spread profile on the basis of wideband

measurement, a common way is grossly quantifying the channel by excess delay

and RMS delay spread in a specific scenario. These parameters describe the time

dispersive nature of the channel and can be applied to calculated the number of

channel taps. Then a region-based TDL model can be established for different

areas in the composite scenario. The PDPs are normalized by the first detectable

peak path [189]. The excess delay is the maximum delay above a certain threshold

above the noise floor, which reveals the maximum relative distance between the

receiver and reflection/scattering surfaces. The commonly quantified RMS delay

spread is the square root of the second central moment of the PDP and is given

by Eq. 4.6, which can be used to extract the number of channel taps.

Figure 5.7. RMS delay spread at two frequencies

The average excess delay, average RMS delay spread and the average number

of channel taps in each region are summarized in Table. 5.4. The RMS delay

along the measurement points at 950 MHz and 2150 MHz are presented in Fig.
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5.7. The change of RMS delay spread along the Rx’s moving path is interpreted

as the evidence of above discussions. The resolved MPCs in each area of the

composite scenario are different, and the general propagation mechanism can be

explained with the geometric knowledge in each region. Specifically, as the Rx

moving from a restricted space to an open area, the average RMS delay decreases

from about 70-100 ns to 5-7 ns. Correspondingly, the number of channel taps

varies with the same downward. Note, even though the average excess delay in

Region IV is smaller than Region III, the RMS delay values are just the opposite.

It means few MPCs with a short delay may exist in cutting 2 due to the steep

walls as discussed above, which imply an potential extra resolvable channel tap

in this region.

Table 5.4. Statistical results for modeling the time dispersion at two frequencies

Region Index I II III IV

Corresponding Scenario Tunnel Cutting 1 Viaduct Cutting 2

Avg. Excess Delay
950MHz 270.1 ns 105.6 ns 36.8 ns 21.7 ns

2150MHz 165.3 ns 129.6 ns 31.2 ns 31.3 ns

Avg. RMS Delay Spread
950MHz 106.4 ns 32.6 ns 5.3 ns 16.2 ns

2150MHz 71.3 ns 43.3 ns 7.5 ns 13.7 ns

Number of Channel Taps
950MHz 4∼5 2 1 1∼2

2150MHz 3∼4 2 1 1∼2

5.3.4 3D Ray Tracing

The radio propagation environment properties greatly influence the wireless com-

munication systems[186], particularly for a deterministic model. Since the radio

waves in different scenarios have different propagation mechanisms, precisely 3D

reconstruction of the propagation environment is a necessary prerequisite for de-

terministic modeling approach. On the basis of the re-produced environment,

the radio channel behavior of the composite scenario as mentioned above can be

simulated by the deterministic propagation model. To begin with, the dimensions

and altitudes of the viaduct, cutting and barriers have been measured by a laser
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range finder. Then the GPS information and landscape of the test site have been

obtained by satellite image from Google Earth. Consequently, a complete vector

database for 3D environment reconstruction can be established by gathering all

the information above.

For the 3D reconstruction, the major objects in the realistic HSR can be

can be classified as the large-scale structure and the small-scale structure. The

large-scale structural components include ballestless track, cutting, tunnel, and

viaduct are set as triangles and polygons with different electromagnetic parame-

ters. The pylons and vegetation as the small-scale structures are defined to finite-

length conductor cylinders and an 8-facet polygonal prism. The main propagation

mechanism is set to the scattering rather than reflection. Eventually, the real test

scenario is reconstructed by the composite structure of the tunnel, cutting, and

viaduct as shown in Fig. 5.8. Also, the electromagnetic parameters of all ob-

jects, the positions of transmitter and receiver, and the directions of antennas are

included in the scenario model.

Figure 5.8. Scenario model of the HSR composite scenario and a snapshot of ray
tracing process.

As the snapshot of the ray-tracing process in Fig. 5.8 shows, the 3D ray-

optical based channel simulation can be used to establish 3D deterministic channel

model. The information of each ray is contained in the deterministic model, such

as path type, path delay, path loss, and the 3D angular properties. Therefore,

the fine details of the propagation channel are provided, for instance, the ray

type, its angle of arrival and departure, traveled distance, and equivalent complex

baseband representation.
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Stochastic Description

As described in Chapter 2, the radio propagation in linear time-varying (LTV)

channel is mainly suffered multipath propagation and the Doppler effect. Based

on the discussion in [190], assuming a LTV channel with continuum scatterers,

the received signal is generally given by:

r (t) =

# +∞

−∞

# +∞

−∞
SH (τ, fd) s (t− τ) exp (j2πfdt) dτdfd (5.1)

where SH(τ, fd) denotes the delay-Doppler spreading function of the LTV

channelH. SH(τ, fd) presents the overall complex attenuation and scatterer reflec-

tivity of all paths with the time delay τ and Doppler frequency fd (see Eq. 2.25),

which characterizes the channel dispersion in both time and frequency domains.

Particularly, if P discrete ideal point scatterers are simulated, the Eq. 5.1 can be

rewritten as follows:

SH(τ, fd) =
P)

p=1

hpδ(τ − τp)δ(fd − fd,p) (5.2)

where hp, τp and fd,p denote the complex attenuation factor, time delay, and

Doppler frequency at pth path. The time-varying impulse response h(t, τ) is a

Fourier transform of spreading function SH(τ, fd).

A wireless channel can be treated as wide-sense stationary (WSS) if there are

no great variations in a stationarity time interval [191, 192]. Thus, WSS channels

are stationary in time with the uncorrelated Doppler frequency coefficients. Be-

sides, the uncorrelated scattering (US) channels are featured with uncorrelated

time delay coefficients and stationary in frequency. Therefore, for the joint hy-

pothesis of wide-sense stationary uncorrelated scattering (WSSUS) channel, the

spreading function SH(τ, fd) is a 2D white process, and thereby offering a second-

order statistical characterization of the (time-frequency) TF domain [190],

E{SH(τ, fd)SH
∗(τ ′, f ′

d)} = CH(τ, fd)δ(τ − τ ′)δ(fd − f ′
d) (5.3)

where S∗
H(τ

′, f ′
d) is the complex conjugation of SH(τ ′, f ′

d). CH(τ, fd) is the
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5. Propagation in High Mobility Scenarios

scattering function of channel H, which characterizes the average strength of

scatterers with delay τ and Doppler frequency fd. Hence, CH(τ, fd) statistically

describes the TF dispersion in a WSSUS channel.

Furthermore, one of the marginals of the scattering function is sufficient for

time/frequency domain analysis in some cases. Specifically, the power delay pro-

file and power Doppler profile are defined by c(1)H (τ) and c(2)H (fd), respectively,

as

cH
(1)(τ) !

+∞#

−∞

CH(τ, fd)dfd, cH
(2)(fd) !

+∞#

−∞

CH(τ, fd)dτ. (5.4)

These two profiles are used to analyze mean excess delay, mean Doppler shift,

RMS delay spread, and RMS Doppler spread. The mean excess delay and mean

Doppler shift are defined by the the first moments and calculated as follows,

τ̄ ! 1

ρH2

+∞#

−∞

τcH
(1)(τ)dτ , f̄d !

1

ρH2

+∞#

−∞

fdcH
(2)(fd)dfd; (5.5)

where ρ2H is the average power attenuation.

Moreover, RMS delay spread and RMS Doppler spread are the square root of

the second central moments of c(1)H (τ) and c(2)H (fd), which are given by:

στ ! 1

ρH

23334
+∞#

−∞

(τ − τ̄)2cH(1)(τ)dτ , σfd !
1

ρH

23334
+∞#

−∞

(fd − f̄d)
2
cH(2)(fd)dfd. (5.6)

These globe channel parameters provide key properties of LTV channel in TF

domain, which are relevant for wireless communication channel design.

Validation

It has been widely known that the main disadvantage of ray tracing approach

is time-consuming. Therefore, in order to improve the efficiency of RT algorithm,

the objects involved in the scenario reconstruction model, such as the external wall

of the tunnel, viaducts, and cuttings are predominant for the HSR environment.
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In other words, the objects that are invisible, remote, and lower than the track

in a real environment are excluded in the simulation. Configuring the ray tracer

in this way speeds up the processing of computation on each snapshot, then

significant time savings could be realized entirely (up to 70%).

Defining λ/16 as the sampling interval in the RT simulation, where λ is the

wavelength of the center frequency. The speed of the train is set to 300 km/h. As

a result, the total simulation duration is about 6.4 s. The remained parameters for

RT simulation configurations remain consistent with the measurement settings.

The time axis is marked on the import scenario model and indicates the train

position, as illustrated in Fig. 5.8.

Figure 5.9. Comparisons of the PDPs between the measurement and the proposed
deterministic model at two frequencies

Fig. 5.9 shows the comparison of PDPs from the measurement and the pre-

diction of RT simulation in one snapshot at both 950 MHz and 2150 MHz. The

measured and predicted results have a good agreement both on the normalized

power and multipath delay structure. Due to the simply modeling of remote scat-

terers, there are some delay points longer than 300 ns are not precisely matched.

However, the mismatch of these points is unimportant since their normalized

power are relatively low. Fig. 5.10 gives the PDPs along the scenario time points

at two frequencies. The variation trends of the statistical properties are basically

consistent with the measurement results. The delay obtained by deterministic

channel model is prevalently shorter than the measured delay, whereas the power

of MPCs is higher than the measurement results owing to the scenario simplifi-

cation. Nevertheless, the deterministic channel model is generally applicative for

further small-scale fading and Doppler characteristic analysis.
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Figure 5.10. PDP along scenario time at different frequencies

Small-scale fading and Doppler statistical properties analysis

Since the transmitter bandwidth, output power, antenna parameters and po-

sition in RT simulation is consistent with the field measurement, the small scale

fading can be extracted and analyzed based on the RT simulation. After re-

moving the large-scale fading effect by averaging received power in each sliding

window (window size: 40λ), the small-scale fading as the function of time in the

composite scenario is obtained, as shown in Fig. 5.11. The significant differences

are observed as the small-scale fading characteristics in a different location at

both 950 MHz and 2150 MHz. The fading characteristics are investigated by

employing the fading depth (FD) and maximum fading depth (Max. FD). The

FD is the signal level difference between the 1% and 50%, and Max. FD is the

corresponding difference between 50% and maximum fading value. The fading

characteristics at two frequencies in each time frame are given in Table 5.5. The

different zones are partitioned by the scenario time axis in Fig. 5.8. It can be

observed that the higher fading values in zone 1 and zone than most of the rest

zones, thus the rapid changes in signal strength can be predicted in the restricted

area with serious multipath effects. Then, FD in zone 2 is bigger than in zone 3

for both 950 MHz and 2150 MHz, even though these two zones are both located

in viaduct region. This is because zone 2 is closer to cutting area than zone 3.

Besides, a prominent Max. FD about -59 dB is presented in zone 4 at 2150 MHz,
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which is much deeper than the rest zones at 2150 MHz and all the cases at 950

MHz.

Figure 5.11. Small-scale fading along the scenario time at two frequencies.

Table 5.5. Analysis of normalized short-term fading

Zone index 1 2 3 4 5

Time frame [s] 0-1.5 1.5-2.7 2.7-4.7 4.7-5.6 5.6-6.4

FD at 950 MHz [dB] 6.1 5.2 2.1 0.7 0.9

Max.FD at 950 MHz [dB] 46.07 14.87 6.02 1.68 4.38

FD at 2150 MHz [dB] 15.4 17.9 2.8 15.5 0.7

Max.FD at 2150 MHz [dB] 48.37 37.87 3.35 59.04 1.37

As the receiver (simulated high-speed train) passing by the transmitter from

the tunnel, the mean Doppler shift rapidly decreases from 200 Hz to -600 Hz

at 2150 MHz and from 100 Hz to -260 Hz at 950 MHz, as shown in Fig. 5.12.

Moreover, the mean Doppler shift and RMS Doppler spread at two frequencies are

presented in Fig. 5.13. By means of comparisons between Fig. 5.13 and Fig. 5.11,

TF domain analysis can be concluded. The trend of fading depths is consistent

with the RMS Doppler spreads, where the test point with larger fading depth

also has a lager RMS Doppler spread. A possible reason is the dense scattering
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components from asymmetric cutting creating severe Doppler spread. Therefore

several Doppler-shifted waves are superposed. Furthermore, a deep fading is

obtained at the test point that has a long delay spread. Generally, Doppler spread

at 950 MHz is not as large as at 2150 MHz by the mean of simulation, which means

no serious fading with larger FD has occurred. Note that the angle-modulated

radio signals can be impaired by the phase shifts caused by the Doppler effect at

the receiver side. Hence, directional receiving antenna or diversity technique has

to be considered in the wireless communication system design and development

to mitigate the Doppler effects.

Figure 5.12. Doppler power spectrum along scenario time at two frequencies.

5.4 Discussion

In this chapter, the key features and challenges for channel measurement and

modeling in high mobility scenarios are introduced. Then a set of wideband

propagation measurements in real HSR station and composite scenario at 950

MHz and 2150 MHz are presented and analyzed as the practical test cases. The

customized channel sounder specially designed for railway environment has been

employed and achieved good performances. On the basis of the measurement

results, the key parameters for analyzing the time dispersion properties in HSR

scenarios are extracted. These parameters including the excess delay, the RMS
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Figure 5.13. Mean Doppler shift and RMS Doppler spread along scenario time
at two frequencies.

delay spread, and the number of channel taps, are calculated and compared to

different configurations and situations. Furthermore, the TDL channel models

can be established in detail in different regions. For instance, in the HSR station,

the LOS and NLOS have different propagation mechanisms that result in differ-

ent time delay characterizations. As the second test scenario, the HSR composite

scenario includes some typical HSR scenarios: tunnel, cutting, and viaduct. The

channel measurement and modeling in this complex joint environment are highly

interesting and different with the isolated scenario. The measurement results

show some important appearances in these composite regions channel: the rela-

tively small difference of time delay at two frequencies; the more MPCs in the

cutting and tunnel portal result greater RMS delay than the rest regions; time

dispersion characterization in viaduct is influenced by the two connected cut-

tings, i.e., the middle part of the viaduct has shown less time delay than the

two ends. Moreover, the number of channel taps varies in different regions with

the same trend of RMS delay. For obtaining more details of the radio channel

in time and frequency domains, a deterministic channel model of the composite

regions are proposed based on 3D ray tracing. The real measurement site is sim-

ply reconstructed in 3D to conduct the 3D ray tracing approach. The simulation

results are compared and validated based on the measured data gathered in the

same regions. The transition regions are explicitly recognizable by the normalized
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small-scale fading. Also, the Doppler characteristic analysis in frequency domain

proves the necessity of studying composite regions can rely on the combination

of measurement and simulation. The interferences of the scattering components

from cuttings create not only deeper fading but also delay and Doppler disper-

sion. Since the propagation channels in HSR station and composite regions have

a strong impact on the radio coverage, reliability and quality of service of HSR

mobile communication networks, the results and models in this chapter can be

helpful for the system design, network planning and optimization in HSR complex

environments.
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Chapter 6

Propagation inside Mass Transit

Systems

Mass Transit System (MTS), also widely known as public transport, is a basic

mean of providing mobility for the general population in daily life. Buses, trams,

subway/railway trains, high-speed trains, including sophisticated driverless ve-

hicles, need an efficient communication system which grows at the same pace

as their own operations, all the while as they meet the service availability and

safety expectation of their customers [193]. MTS is an essential part of the devel-

opment of modern society. Therefore, continues control signals, voice and data

communication between the BTS and mobile user inside the vehicles, as well as

communications between different carriages or vehicles are issues of crucial im-

portance. The wireless communication system for MTS is expected to provide

two types of applications [194]:

• Vital Applications: related to signaling and control/command of equip-

ment. For instance, voice communication with the driver, public address,

and Intercom systems, etc.; critical data for alarm management, vehicle

diagnostics, location, emergencies, etc.; signaling data for driving instruc-

tions. Such applications generally require a low bandwidth (several 10 to

100 Kbps) but a very high degree of availability (at least 99.99%), robust-

ness and liability (typically a packet error rate of 10−3 for an approximately

200 byte packet length). Such performance indicators have equally to be
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fulfilled under high-speed mobility (handover timing when a mobile termi-

nal must change its connection from one fixed base station to another).

These vital applications are typically CBTC in the case of metros or ETCS

in the case of mainline trains.

• Non-vital Applications: related to non-critical data communications.

For example, passenger information; remote maintenance; onboard video

surveillance for displaying real-time images from trains; fixed video surveil-

lance for monitoring of tunnels, crossings, and stations; Internet access for

advertising and entertainment for passengers, etc. Such non-vital appli-

cations generally require much higher bandwidth (several 10s of Mbps in

both direction train-to-ground and ground-to-train), together with lesser

robustness constraints (a packet error rate of 10−2 for an approximately 1

MB packet length). The advent of broadband applications such as High

Definition (HD) video transmission along with the need to collaborate and

network through the Internet, has made the need for these non-vital appli-

cations even more relevant.

The challenge for the wireless communication system in coming years is the

development of high-capacity 5G networks. 5G systems are expected to provide

simultaneous broadband services to a large number of users traveling at speeds

up to 500 km/h, the speed achievable by HSR systems, at a data rate of 150

Mbps or higher [165]. Also, rising demand for high speed and high capacity

data service on board the MTS stimulates the telecommunication operators and

public transportation companies showing a great interest in deploying broadband

mobile wireless networks in Mass Transit System (MTS). Nevertheless, providing

a high capacity wireless link for the MTS is an interesting difficulty. Typically,

an MTS such as the high-speed train with 500 passengers providing 50 Mbps

connections to each user would require a connection of several Gbps. This is

particularly difficult for MTS moving in a complex environment such as tunnel,

cutting, and station. Besides, traveling across the boundaries of areas covered

by two different base stations triggers handover. For MTS, hundreds of mobile

devices inside MTS trying to handover at the same time results in the group

handover and generating the so-called signaling storm. Moreover, a significant

128



6. Propagation Inside Mass Transit Systems

shielding effect on the received signal due to the metal construction of the MTS

can not be ignored. In the mean time, this extra loss varies in different types

of vehicles and environments. To overcome these difficulties, it is necessary to

develop moving relay solutions to provide high-quality network inside the MTS,

such as the Mobile-Relay technique proposed by 3GPP [195]. Therefore, radio

propagation characteristics for wireless communication systems onboard the MTS

is essential for future relay system development.

In the last few years, research on communication systems for MTS have mainly

focused on the Vehicle-to-Infrastructure (V2I) communications [196], whereas

studies on the propagation behavior of wireless links onboard the vehicles are

rather little. Propagation properties for different yet related scenarios have been

studied. For instance, many research have been conducted in airplane cabins

by the mean of simulation [197], narrowband measurements [198, 199, 200], and

wideband measurements [201, 202, 203, 204]. Propagation inside small vehicles

include bus with passengers [205]; elevator shafts [206] and cars [207, 208] have

been characterized. Also, propagation properties in other confined environment

such as rooms, corridors [209], and tunnels [210, 211, 212] have been summarized

and compared. In these settings, researchers concluded that PLE values vary

between 2 and 3 in the airplanes with medium to large size. Whereas the esti-

mated PLE is less than 1 in the cargo bay of a military airplane, which indicates

waveguiding effect in small size vehicles [199]. This effect also has been described

in [213], [214], and [215] in the case of radio propagation aboard the train in the

2 GHz band. Reflected waves from car-body in a railway tunnel at 2.4 GHz have

been estimated by FDTD analysis in [216], which states a nearby train does not

significantly affect the radio propagation. Besides, experimental results in [217]

have shown an extra 10.4 dB loss of the signal re-entering through the windows of

the train in Inter-Car links at 5 GHz. In addition, outdoor-to-indoor high speed

channels have been evaluated by means of measurements and simulations in [218]

and [219].

In general, wireless network access systems for the railway environment can be

classified into five types as shown in Fig. 6.1: BTS-to-Train (B2T) link: the

outdoor-to-outdoor link between the BTS and the external antennas of the train;

BTS-to-Mobile (B2M) link: the outdoor-to-indoor link between the BTS and

129



6. Propagation Inside Mass Transit Systems

BTS-to-Mobile
BTS-to-Train

Carriage-to-Carriage
In-Train

Train-to-Train

Figure 6.1. Various wireless communication links onboard the train.

a mobile device inside the train. (e.g., a passenger using a mobile device directly

attached to the commercial cellular network); In-Train (IN-T) link: the link

between a mobile receiving device and a repeater/AP located inside the train.

This link can be divided into two separate links: Intra-carriage and Inter-carriage.

Depending on the position of the receiver, the communication channel is different

in different carriages. Carriage-to-Carriage (C2C)/ Train-to-Train (T2T)

link: the communication link between the carriages/ trains along the track.

In the following sections, a series of propagation measurements are presented

with aiming to achieve two requirements for future wireless network design in

HSR:

1. Considerable radio coverage along the railway track;

2. The efficient signal delivering into the carriage.

For the first layer, the propagation measurement for outdoor-to-indoor HST

is described and evaluated based on the test tails with LTE waveforms receiving

by the external and internal antennas onboard the train. Then, the propaga-

tion measurements inside the train carriages with different configurations are

presented and analyzed for layer II.
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6.1 Layer I: Outdoor-to-Indoor Coverage

For most of the existing railway communication systems, the normal situation is

the mobile devices of passenger receiving the radio signal directly from the distant

base station. Whereas the radio signal from the base station has to penetrate the

train’s body to arrive at the receiver side inside the train. Therefore conventional

communication system is hard to provide satisfying network services for the trav-

elers onboard the train. Moreover, continuous radio coverage along the rail tracks

is an essential requirement for high-speed train network deployments. The effec-

tive coverage aims to avoid the interruption of control signaling and passenger

service. However, the extra loss caused by the train’s structure is supposed to

highly decrease the coverage range of the base station. To quantify the coverage

issues for the train and the mobile device inside the train, an empirical study of

the LTE base station coverage along the rail track is presented in this section.

6.1.1 Measurement Scenarios and Configurations

The outdoor-to-indoor propagation measurement has been conducted at the high-

speed rail line between Córdoba and Málaga in Spain, where the commercial

HSR operation reaches speeds of up to 330 km/h. The test track is a segment

in the vicinity of Antequera-Santa Ana station (KP 96.800). This track section

includes a base station site located at KP 97.0751 consisting of 2G/3G commercial

equipment mounted on a 40m height tower with antennas for various wireless

technologies at different frequencies (see Fig. 6.2 (a))

The test MTS in this measurement is the Séneca laboratory train (Talgo A-

330) provided by the Spanish railway operator ADIF, as shown in Figs. 6.2 (b).

Séneca is an electric train with 80.92 m long and holds a maximum operation

speed up to 363 km/h. as shown in Fig. 6.2 (c), the Sneca train provides two

sectors of the external antenna on the roof.

For evaluating and comparing the outdoor and indoor communications on-

board the train, two links are defined as follows:

• BTS-to-Train (B2T) link with external antennas: The eNodeB (LTE testbed

1The exact GPS coordinates of the site are 37◦ 4′ 3.14′′ N, 4◦ 43′ 12.52′′ W.
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(a)

40 m

20 m

Test antennas

(b)

(c)

External antennas

Figure 6.2. Outdoor test environments: (a) LTE BTS tower structure with the
eNodeB antennas at 2.6 GHz mounted at a height of 20 m; (b) snapshot of the
test train by Pablo Nieto (via: www.ferropedia.es); (c) four external antennas on
the roof of the train carriage.

transmitter) is employed to transmit the signal, and firstly received by the

outdoor external antennas on the roof of the train.

• BTS-to-Mobile (B2M) link with internal antennas: In the mean time, the

LTE testbed receiver mounted inside the train also capture the transmitted

signal by the attached indoor antennas.

Moreover, the train moves at a constant speed of 50 km/h between KP 93.4

and 102.0, passing in front of the tower where the eNodeB antennas are installed

at KP 97.075. The measurement site from Google map is shown in Fig. 6.3

(a). Then, the transmitted LTE signals are simultaneously acquired by the two

indoor and the two outdoor antennas. The LTE radio coverage appears in Fig. 6.3
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(b) has been simulated by the 9955 RNP (Radio Network Planning) tool from

Alcatel-Lucent. The same configurations such as the antennas orientation, and

the parameters have been applied in our measurements: the transmitted signal is

constructed by 1024 subcarriers with a 10 MHz bandwidth and 46 dBm transmit

power.

2016/7/4 Google地图

https://www.google.com/maps/@37.066992,-4.7203132,2930a,20y,349.52h,1.13t/data=!3m1!1e3 1/1

图像 © 2016 Google，地图数据 © 2016 Google，Inst. Geogr. Nacional 500 英尺 
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Figure 6.3. Measurement site: (a) measurement site from Google map; (b)BTS
with eNodeB 2.6 GHz located at Antequera station. Simulation of the LTE radio
coverage along the test track.

LTE Testbed

A commercial LTE eNodeB with two deployed sectors has been employed in

our measurement. The eNodeB has been installed in one of the cabins of the

BTS, and two remote radio heads (each one connected to two antenna elements

in the same antenna panel) have been mounted on the BTS tower with 20 meters

high (see Fig. 6.2 (a)).

Both transmit panel antennas (Moyano MY-DTBSBS17276518) have been

oriented with the same directions as the commercial GSM-R antennas already

installed in the same tower (see Fig. 6.3 (a)). At the carrier frequency 2.6 GHz,
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these cross-polarized antennas feature a gain of 18 dBi and half-power beamwidth

of 62◦ (horizontal) and 5◦ (vertical). The antenna panel which serves the north

sector has an azimuth orientation of 355◦ and a tilt of 0◦ (both electrical and

mechanical), whereas the one radiating for the south sector has an azimuth ori-

entation of 175◦ but a total tilt of −1.4◦ (0◦ mechanical and −1.4◦ electrical).

The LTE testbed receiver is an evolved version of those described in [220],

which consists of two nodes operating in receive-only mode. Each node consists

of a single USRP B210 board built from the Analog Devices AD9361 chip. Each

node also includes a laptop computer with custom-developed software. More

concretely, a multi-thread receiver is adopted in the measurement, which is able

to provide the same information in real-time (e.g., captures of the acquired signal

spectrum) and store the acquired samples for off-line processing of all the recorded

LTE frames.

Both LTE testbed receiver nodes have been installed inside the train. One

of them has been connected to two of the four antennas available on the roof

of the train carriage, which corresponds to the B2T link. The other receiver

has been connected to two of the four omnidirectional antennas mounted on the

HST carriage, and emulating a mobile passenger terminal directly attached to

the LTE network (B2M link), thus enabling one to compare the signals captured

by indoor and outdoor receivers. Additionally, each node has been attached with

a GPS receiver for geo-referencing (time and position) the measurements. The

configured parameters of the measurements are specified in Table 6.1.

Table 6.1. LTE testbed configurations.

Item Description

Transmitted power 46 dBm
Carrier frequency 2.6GHz
Bandwidth 10MHz (9MHz occupied)
Number of subcarriers 1024 (600 used)
Transmitter scheme Transmit diversity
Cyclic prefix length Normal
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6.1.2 Results Analysis

For ensuring the safe operation of HST network, the continuous coverage of vital

communication service along the tracks is of importance. In the mean time, avoid-

ing the interruption of passenger services and providing an acceptable network

access are also raise more and more concern for cellular network deployments. In

this section, an empirical study based on the measurements by the LTE testbed

as described in Section 6.1.1 is presented. The estimated SNR along the track

with an eNodeB transmitting LTE signals is set. The eNodeB provides coverage

for two different sectors while both LTE testbed receivers perform a handover

approximately when the train passes in front of the tower where the eNodeB

antennas are installed. Table 6.1 specifies the main configuration parameters

for the LTE testbed and Fig. 6.3 (b) shows the simulated radio coverage of the

measurement site.

The SNR is extracted from the RAW data by considering exclusively the

data subcarriers. Thus, guard subcarriers, the DC subcarrier as well as pilot

subcarriers are discarded a priori. The SNR estimation is conducted by the

following steps:

i The noise samples in the time domain are captured with the transmitter

switching off (i.e., no signal is transmitted by the eNodeB). In the frequency

domain, the noise samples are obtained by FFT processing on the noise sam-

ples the time domain as if they are actual data samples (e.g., the cyclic prefix

is removed, FFT is performed, and both guard and DC subcarriers are re-

moved).

ii The received data as the combination of the signal and noised samples are

obtained when the transmitter is switched on. r denotes the data sample

transformed into frequency domain by the similar processing on the noise

samples.

iii The average SNR for each OFDM symbol is then estimated by averaging out

the instantaneous SNR values for the different data subcarriers. Defining

r̄(k) =
1

L

L)

l=1

55r(l,k)
552 , (6.1)
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Figure 6.4. Estimated SNR values by means of measurements corresponding to
both BTS-Train and BTS-Mobile links.

and

w̄(k) =
1

L

L)

l=1

55w(l,k)
552 , (6.2)

where L is the number of data subcarriers. r(l,k) and w(l,k) are the received

data and noise samples of the k-th OFDM symbol at l-th subcarrier, respec-

tively.

Consequently, the SNR for each OFDM symbol is calculated as:

SNR(k) =
r̄(k) − w̄(k)

w̄(k)
. (6.3)

The estimated SNR values along the moving path of train between KP 93.4

and 102.0 at 50 km/h are presented in Fig. 6.4. The upper two of the four curves

represent the SNR calculated based on the received samples from two outdoor

antennas located on the roof of the train carriage. Then, the SNR of the received

samples inside the train is given by the other two curves. The horizontal axis
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in Fig. 6.4 denotes the distance to the eNodeB, while the vertical axis shows

the estimated SNR values in dB. When the train carriage of the LTE receivers

located passes in front of the BTS tower at KP 97.075 (0 km in Fig. 6.4), where

the handover between the two deployed sectors occurs.

As shown in Fig. 6.4, the obtained SNR results of two pairs of outdoor and

indoor links are basically consistent. Generally, the SNR values on the external

antennas are above 10 dB for all the considered measurement points, and the

maximum values are obtained when the train is proximity to the eNodeB location.

Whereas the indoor SNR is approximately 30 dB lower than the outdoor receiving

due to the extra loss generated by the train car. The so-called cell radius is defined

as the range where SNR on outdoors and indoors antennas above a threshold

value. If this threshold value is set to 25 dB, it can be observed that the cell

radius for outdoor antennas is four times larger than for indoor ones.

Figure 6.5. Estimated SNR difference between the B2T and B2M links.

Fig. 6.5 shows more clearly the SNR differences between the external and

internal antennas. This SNR gain is computed as the difference between the
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instantaneous SNR values obtained for the outdoor antenna and the indoor one;

both expressed in dBs. A curve obtained by averaging the instantaneous values

by using a sliding window of 6.5 ms long is also plotted. It can be seen that,

during most of the time, the SNR gain varies between 20 dB and 30 dB. The

average SNR gain for the whole path is also indicated in Fig. 6.5, and it is about

26 dB. This value can be considered as an example penetration loss caused by

the moving train carriage on the radio waves at 2.6 GHz.

6.2 Layer II: Propagation inside Trains

An economical approach to solving the attenuation from train body is the relay

system inside the train, which requires very few equipment upgrades. Moreover,

broadband access based on the wireless relay techniques can provide not only

efficient interconnection with trains monitoring and surveillance systems but also

high capacity data services for passengers. For instance, IEEE 802.11.ac offers an

overall link minimum of 1 Gb/s. Furthermore, the new IEEE 802.11.ad standard

can deliver data transfer rates up to 7 Gb/s within 2 GHz bandwidth at 60 GHz

frequency band, which is a potential mmWaves solution for up to 100 users per

carriage.

6.2.1 Measurement Scenarios and Configurations

A series of propagation measurements onboard the HST have been conducted

inside the trains. These measurements have been performed with the train parked

at the train station. The interior structure and the cross section of the HST can

be found in Fig. 6.6.

The transmitter and receiver testbeds have been configured with two arrange-

ments for three links:

• Station-Mobile link: for modeling the attenuation and propagation onboard

the train, in the case of an AP is installed outside the train, e.g., on the

platform of the station. With this setup, the transmitter has been placed

3m away in front of a train’s door. Moreover, this link is tested at both 2.4
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Figure 6.6. Indoor test environments: (a) interior of the commercial train car
(via: www.talgo.com); (b) cross section of the test train.

GHz and 5.7 GHz. In the mean time, the receiver has been moved inside

the train carriage.

• Intra-Carriage and Inter-Carriage links: for evaluating the path loss and

fading inside the train carriage, the transmitter has been installed in the tail

of the first carriage with a height of 1.4 m, and the receiver has been moved

from the head of the first carriage to the next carriages. The transmitter is

assumed as the onboard access point working at 2.4 GHz.

Testbed

The propagation testbed transmitter consists of three CW transmitters fol-

lowed by power amplifiers and antennas for each considered carrier frequency

(see Fig. 6.7 (a)). Propagation testbed configuration parameters, such as trans-

mit power and antenna gain at each frequency, are listed in Table 6.2.

At the receiver side, the testbed consists of a portable spectrum analyzer with

pre-amplifier as shown in Fig. 6.7 (b). All these devices are controlled by custom-

developed software installed in a laptop computer. Moreover, two omnidirectional

antennas performed at 2.4 GHz and 5.7 GHz are attached on the shoulder of the

operator and connected to the receiver. Measurements are conducted at both

frequencies separately. The moving distance of the receiver is about 40 m, which

is approximately equal to the length of two train carriages.
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Figure 6.7. Photographs and Setups of the testbed transmitter and receiver.

Table 6.2. Parameters of the testbed transmitter.

Frequency Tx Power Antenna Gain EIRP

910MHz 26.0 dBm 3.0 dBi 29.0 dBm

2.4 GHz 28.8 dBm 5.0 dBi 33.8 dBm

5.7 GHz 19.5 dBm 6.5 dBi 26.0 dBm

6.2.2 Result Analysis & Channel Characterization

Station-Mobile Link

Besides the LTE radio coverage in the open area, the propagation from the

station into the train carriage is another interesting point. Assuming an AP in-

stalled in the train station, and the mobile device receives the signal inside the

train. In this case, the radio waves are attenuated by the train body and continue

to propagate inside the train carriage. To model this effect, a corresponding mea-

surement has been conducted as illustrated in Fig. 6.8. During the measurement,
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the train is motionlessly stopped inside an HSR station. The transmitter has

been placed in front of the second car and kept 3m from the train’s door. The

receiver has been attached to the operator, who has moved inside the train along

the passage of the first two cars as indicated by the red arrow in Fig. 6.8. Then

the operator has stepped out and took reference level near the train’s door and

then re-enter the train. The same process has been repeated at both 2.4 GHz

and 5.7 GHz.

Fixed Tx

Rx

3 m

17 dB

Outside

Rx Path

…

Platform

Figure 6.8. Received signal power level of Station-Mobile link at 2.4 GHz and 5.7
GHz.

The normalized received power level is also given in Fig. 6.8. As the distance

between transmitter and receiver decreases, the power level increases at both

frequencies. When the operator approaches to the transmitter and near the door,

the received power level shows a dramatical increasing, due to the significant LOS

propagation occurs. A noticeable power level difference about 17 dB from outside

to inside the train is marked. This value can be considered as the penetration

loss in a semi-closed train station as shown in Fig. 6.7 (c). It is worth noting that

propagation at 5.7 GHz experienced less attenuation than at 2.4 GHz. A similar

conclusion can be found in [211].
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Intra-Carriage and Inter-Carriage

Propagation inside the train is rarely measured in a real environment. Nev-

ertheless, the deployment of a relay system in the train or another MTS requires

knowledge of the wireless channel inside these systems. The channel measurement

in the case of transmitter and receiver onboard the train has been conducted as

shown in Fig. 6.9. The testbed transmitter has been installed on a seat of the

first train carriage at 1.4m height. Similarly, the receiver has been moved along

the passage way of the train. Note the moving path in Fig. 6.9 is divided into two

parts as the red and green arrows denoted, which represent the Intra-Carriage

path and Inter-Carriage path, respectively. Also, the normalized received power

level along the moving path is also plotted in Fig. 6.9. It can be seen that the

received power level increases slowly as the receiver moves toward the transmitter

and reaches its peak value when the receiver passes by the transmitter. Then a

large attenuation more than 20 dB is observed within the narrow corridor be-

tween carriages because the inter-door between the carriage door is noticeably

narrower than the rest of the train structure (see Fig. 6.6(b)), thereby obstruct-

ing the received signal. This effect is also reported in [213] as a shielding loss of

about 20 dB. When the operator arrives at the next train carriage, the multiple

reflected waves from the surrounding environment (see Fig. 6.7(c)) result in the

power level rising back, but globally maintaining a downward trend as the re-

ceiver moves away the transmitter. Thus, the complete link can be divided into

two parts: Intra-Carriage link and Inter-Carriage link, which are consistent with

the moving paths of the receiver.

Besides the HST, rapid transit, also known as metro, subway, is another widely

used MTS around the world, which is an another type of high-capacity public

transport generally found in urban areas. Thus, the propagation inside the metro

train is worth studying. As shown in Fig. 6.10, the received power level along

the carriages is also collected, which also can be separated by Intra-Carriage

and Inter-Carriage links. Unlike the propagation measurements inside HST, the

receiver has constantly been moved away the transmitter. In addition, the metro

train is not sealed as HST, due to the operation speed. The internal structures

of the metro train and HST are also different. Morden metro train is usually
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Figure 6.9. Received signal power level of the Intra-Carriage and Inter-Carriage
links inside the HST.

designed to an open corridor without a door between the carriages to make easier

for the circulation of passengers. This difference results in different behaviors of

the radio waves propagated inside the trains. For example, the large attenuation

caused by the narrow corridor and inter-door between the carriages of HST is

hard to observe in Fig. 6.10. As the receiver moves away from the transmitter in

the same carriage to the next carriages, the received power level presents different

decay rates.

Large-scale Fading Characterizations

Propagation is affected by the distance-dependent attenuation plus the large-

scale shadowing and small-scale fading. The large-scale shadowing is the result of

large obstructions, and the small-scale fading arises due to the constructive and

destructive combination of multipath components. Thus, to separate the large-

scale and small-scale fading, channel gain is averaged over ten wavelengths. For

obtaining the propagation model inside the train, the narrow corridor with large

shielding loss is not considered during the fitting process in Fig 6.9. As the log
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Figure 6.10. Received signal power level of the Intra-Carriage and Inter-Carriage
links the metro train.

distance path loss model discussed in Section 2.2.1, the path loss in decibels (dB)

is found as the difference between transmitted power PTx and received power

PRx, and the loss is modeled versus the logarithm of distance as follows:

PL(d) = PTx − PRx = P0 + 10n log10

!
d

d0

"
+Xs (6.4)

Where d0 is the close-in reference distance, P0 is the fit intercept at d0, and n

is the PLE, which describes the path loss trend with respect to the link distance

d. Variable Xs represents a zero mean Gaussian random variable in dB with a

standard deviation σx.

Through least-squares regression fittings as Fig.6.11 and Fig.6.12 show, the

PLE n and the standard deviation σx of the variations can be estimated. These

two key parameters for large-scale fading characterization in Intra-Carriage, Inter-

Carriage, and Station-Mobile links are listed in Table 6.3. As the comparisons, n

and σx extracted from the measurement results in similar scenarios, such as in-

side airplanes, tunnels, indoor corridors, and propagation from outdoor-to-indoor

settings, are listed in Table 6.3. It is widely knowledged that PLE n in free space

is equal to 2. However, n is less than 2 in both Intra-Carriage and Inter-Carriage
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links of HST, which is similar to the cases of inside small aircraft, tunnels, and

corridors. These kinds of confined environments always produce a guiding effect

on the signal, yielding an exponent less than 2. Furthermore, our n is smaller

than the values typically obtained from corridors and subway tunnels. This is

because the steel body of the train has higher reflectivity than brick or concrete

walls, and this strengthens the waveguide effect. The relatively small exponents

have been observed in [213] and [214] on board the trainbut our smaller n might

because of more metallic equipment and more crowded inner space. Next, the

larger n in the Inter-Carriage link than in the Intra-Carriage link predicts a higher

path loss in the following train cars because of the changes of train’s structure.

In the meantime, the measurement result of Intra-Carriage in metro train also

observes a small n of 0.93, due to the spacious internal structure of metro train

with respect to the HST. Since the decay distance of Inter-Carriage in the metro

train is large enough, the larger PLE n of 3.3 is achieved. Thus, the path loss in

the metro train can be considered as a dual-slope model with two PLEs.

Figure 6.11. Path loss and least-square fittings for Intra-Carriage and Inter-
Carriage links inside HST and Metro train.

When the transmitter is located outside the train, the transmitted waves

penetrate the train car body and continue to propagate inside the train. Thus

the propagation is partially affected by waveguiding. As waveguide theory shows,
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Figure 6.12. Path loss and least-square fittings for Station-Mobile links inside
HST.

waves at higher frequencies experiences smaller propagation loss [211]. Thus, n

is larger at 2.4 GHz than at 5.7 GHz.

For selecting the best fitting model to describe the small-scale fading, Akaike’s

Information Criteria (AIC) has been introduced in [221]. AIC is a goodness of

fit measure that favors smaller residual error in the model. The general form for

calculating AIC is as follows:

AIC = −2ln (Likelihood) + 2U (6.5)

where ln is the natural logarithm, (Likelihood) is the likelihood function of the

associated distribution, and U is the number of free parameters in the model.

AIC scores are often evaluated by the AIC difference, which is given by:

Dj = AICj − min
i
(AICi) (6.6)

where mini (AICi) is the minimum AIC over J distribution models.

Therefore, the best model has a D of 0. Furthermore, the Akaike weights can

be introduced as conditional probabilities for each mode, and greatly facilitate

the comparisons among the candidate models. [222]. The jth Akaike weights wj

is given by:
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Table 6.3. Comparison for path loss model factors in Intra-Carriage, Inter-
Carriage, Station-Mobileand from the literature.

Scenario Frequency [GHz] PLE n Std. dev. σx [dB]

Intra-Carriage HST 2.4 0.60 2.59
Intra-Carriage Metro 2.6 0.84 2.65
Inter-Carriage HST 2.4 0.93 2.34
Inter-Carriage Metro 2.6 3.3 2.93

Station-Mobile
2.4 3.81 2.93
5.7 1.74 3.85

Large Aircraft [198] 1.8-2.45 2.0-2.7 3.7-5.3
Small Aircraft [199] 3.1-10.6 0.20-1.52 0.29-2.44
Indoor Corridor [209] 5.25 1.8 3.10
Subway Tunnel [210] 2.65 1.94 5.47

Outdoor-to-indoor [211] 2-6 2.27 7.00
Intra-Carriage [213] 2.2 ≈1.2 −
Onboard Train [214] 2.45 1.71 ≈2.33

wj =
exp

6
−1

2Dj

7
*J

i=1 exp
6
−1

2Di

7 (6.7)

where
*J

j=1 wj = 1. Akaike weights provide a straightforward interpretation as

the probabilities of each models being the best model in an AIC sense. Therefore

the model has highest Akaike weights is usually the preferred model.

Table 6.4. Akaike weights of four distribution candidates, and the fitted shape
factors of Nakagami and Weibull distribution

Link Frequency Rayleigh Rician Nakagami Weibull

Intra-Carriage HST 2.4 GHz 0.0193 0.0430 0.8014 0.1362
Inter-Carriage HST 2.4 GHz 0.0928 0.1447 0.4836 0.2789
Intra-Carriage Metro 2.6 GHz 0.0624 0.2776 0.5083 0.1517
Inter-Carriage Metro 2.6 GHz 0.0000 0.0002 0.9655 0.0343

Station-Mobile
2.4 GHz 0.0442 0.0862 0.6214 0.2481
5.7 GHz 0.1492 0.0549 0.6234 0.1725

To model the small-scale fading, although Rayleigh and Rician distributions
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Table 6.5. Shape factors and K-factors for small-scale characterizations.

Link Frequency Nakagami m Weibull β K-factor [dB]

Intra-Carriage HST 2.4 GHz 1.4914 2.3898 1.2952
Inter-Carriage HST 2.4 GHz 1.2974 2.2946 -0.3689
Intra-Carriage Metro 2.6 GHz 1.2068 2.2893 -1.5097
Inter-Carriage Metro 2.6 GHz 1.2926 2.2906 -0.4207

Station-Mobile
2.4 GHz 1.4444 2.4108 0.9537
5.7 GHz 1.2536 2.1881 -0.8755

have been proposed and performed well in describing multipath fading statistics

in many cases, other models, such as the Nakagami and Weibull distributions

are considered as generalized alternative solutions; they include the Rayleigh

as a special case and can be more accurate in matching some experimental

data [223] [224]. Therefore, the received signal amplitudes (large-scale fading

removed) are fitted with these four empirical distributions. The Akaike weights

of these distribution models are listed in Table 6.4. Results clearly show that the

Nakagami is the best fit model with highest Akaike weights for all links, and the

Weibull is the second best. In addition, the shape factors m and β are provided in

Table 6.5. Also, based on the values of m, the corresponding Rician K-factors are

calculated by Eq. 2.11. Fig. 6.13 shows the plotting of the empirical cumulative

distribution functions (CDFs) against the CDFs of Nakagami distribution. In the

special case of m = 1 or β = 2, Rayleigh fading pertains and implies the signal

offered to the receiver does not contain a dominative wave. Whereas in our cases,

m and β are greater than 1 and 2, respectively. The Rayleigh distribution has

the lowest Akaike weights in all links. As one would expect, even though there

are many reflection and scattering components inside the train station and train

car, the fading in the Intra-Carriage, Inter-Carriage, and Station-Mobile links is

not as severe as in a Rayleigh channel, and it can be described as a propagation

channel with a dominant component.

Additionally, the multiple reflected waves outside the train can re-enter the

train carriage through the windows and interfere with the wave propagating inside

the trainthus lead to compensation on the path loss. As the authors in [217]

state, if the windows have been covered with absorbers, there has been a 10.4 dB
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Figure 6.13. Nakagami distribution fitting with small-scale amplitude fading
statistics of wireless links.

extra path loss at 5.2GHz. In our case, the windows are made of heat protective

glass and covered an absorber layer to attenuate sunlight, and this layer can also

attenuate communications signals. There is a total attenuation of 40 dB imparted

to the re-entering signals as reported in [225], which has assumed the fast moving

scatters outside the train do not affect considerably to the propagation. The extra

loss of windows may be different for different trains and different environments

in which the train is operated induce a different amount of “re-entering”; these

are topics worthy of further research.

Angle of Arrival

The Angle of Arrival (AoA) of the received signal also severely affects the path

loss. The AoA depends on the relative angle between the BTS/AP antennas and

the train. Since the BTS antennas are typically installed in the towers close to

the track, the AoA magnitude is small at most of the time, which increases the

attenuation level, and achieving the minimum attenuation value when the train

passes in front of the transmitter antennas (AoA = 90◦). For evaluating this

effect, an additional measurement has been conducted. The propagation testbed

transmitter has been moved parallel to the train from 90◦ (i.e., in front of the

fixed testbed receiver) to the head of the train, as shown in Fig. 6.14.
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The PLE na is described as the change of the path loss with respect to the

AoA. Therefore, propagation loss as a function of the AoA can be written as

L (α) = L (α0) + 10na log

!
α

α0

"
(6.8)

where α is the AoA, α0 is a reference AoA value, and L(α0) is the average

path loss at the point of the reference AoA α0.

Figure 6.14. Measurement setup for testing the influence of the AoA.
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Figure 6.15. Normalized path loss versus AoA.

Fig. 6.15 shows the normalized path loss as a function of the AoA obtained

through the measurements. The normalized path loss 0 represents the minimum

separation between Tx and Rx that the AoA is 90◦. Measured data is fitted by

applying LS regression, and the slope of each curve is used to compute the PLEs,

while α0 is computed as the minimum AoA value such that L (α0) ≈ 0. Table 6.6
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Table 6.6. PLE characterization as a function of the AoA.

Frequency AoA Intercept α0 PLE na

910 MHz 40◦ 3.5

2400 MHz 31◦ 3.8

specifies the obtained PLEs as well as the α0 values for the different carrier fre-

quencies. It can be seen that signals at the lowest frequency of 910MHz start

to be noticeable attenuated for AoA values (α0 ≈ 40◦) larger than those corre-

sponding to the highest frequency of 2400MHz (α0 ≈ 31◦). However, for AoA

values lower than α0, the slope of the curve increases with the carrier frequency.

Note that for AoA values close to 1◦, the attenuation level exceeds 50 dB for both

910MHz and 2400MHz carrier frequencies.

6.3 Discussion

This chapter mainly focuses on the propagation in Mass Transit Systems. Based

on the channel measurement and modeling onboard the HST and metro train,

the following conclusions can be summarized:

• The train carriage structure introduces a strong signal penetration loss.

The amount of penetration loss has been grossly estimated both by eval-

uating the difference between BTS-to-Mobile and the BTS-to-Train links

via a standard-compliant LTE signal received by a moving train. For LTE

signals received inside the train, the average attenuation observed with the

moving train has been approximate 20dB ∼ 30dB at 2.6GHz. This large

attenuation reduces the cell radius of radio coverage from 8.5 km with ex-

ternal antennas to 2 km with internal antennas. When the train is statically

parked in the HSR station, an example value of 17 dB as the penetration

loss is observed by the mean of Station-Mobile link measurement.

• As path loss models for the propagation inside the train reveal, Intra-

Carriage and Inter-Carriage links at 2.4 GHz, and Station-Mobile links at
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5.7 GHz are influenced by waveguiding effects, which result in the PLEs less

than 2. Attenuation along the train is lower than that of free space except

for the narrow corridor between the carriages. Due to the different train

structure and decay distance, path loss in the metro train can be character-

ized as a dual-slope model, which has a small PLE (0.93) for Intra-Carriage

link and a PLE larger than 2 for Inter-Carriage link. In small-scale, the

received signal amplitudes of all links show good fittings with Nakagami

and Weibull distribution with m > 1 and β > 2, respectively. This implies

the presence of dominant component for the Intra-Carriage, Inter-Carriage,

and Station-Mobile links.

• The influence of AoA depended on the relative angle between the BTS/AP

antennas and the train is evaluated in this chapter. As the AoA decreases

from 90◦ to 1◦, the path losses at 910 MHz and 2400 MHz increase with

rates of 3.5 and 3.8, respectively.

Hence, to provide a reliable communications systems for MTS passengers with

reasonable cell sizes, it is necessary to the use a relay based solution with external

and internal antennas. The signal inside the train cars can be easily distributed

by using WiFi access points or directly using repeaters. 2.4 or 5.7 GHz can be

proper carrier frequencies for signal distribution inside train carriages and also

suitable for Inter-Carriage propagation.
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Chapter 7

Conclusion & Future Work

In this thesis, a series of propagation measurements have been described in var-

ious complex environments. Corresponding studies on the channel characteriza-

tion and modeling have been conducted based on the measurement results with

different configurations. In this chapter, the main conclusions are summarized,

and the related issues for future work are discussed as well.

7.1 Conclusion

First, the comprehensive propagation measurements are conducted in the curved

traditional arched and modern semicircle subway tunnels with 300 m and 500

m radius of curvature, horizontal and vertical polarizations, at 920 MHz, 2400

MHz, and 5705 MHz, respectively. The extensive measurements in curved subway

tunnels provide the insight into the large-scale fading characteristics in real un-

derground environments at various frequencies. The qualitative analysis param-

eterizes the log-distance path loss models and characterizes the autocorrelation,

decorrelation distances, and cross-correlation of shadow fading. These empirical

findings are useful for the radio coverage, link budget, and simulation validation

of various wireless communication systems deployed in real curved tunnels.

Then, wideband communication measurements in a modern and realistic sub-

way station and tunnel are presented. The classical modeling approach based

on the time delay spread, as well as the electromagnetic reverberation theory

are employed in channel modeling. The RMS delay and reverberation time are

extracted from the empirical results and combined to characterize the channel
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in detail. The subway station covered with steel panels is considered as a dense

multipath environment, which is observed longer RMS delay and reverberation

time than in the tunnel. Propagation at 2450 MHz is proved to have much fewer

MPCs than at 980 MHz. Also, the movement of the train in the station has

limited influence on the delay spread. Moreover, the transition region between

tunnel and station has been defined and modeled based on the Q factors along

the distance. In this region, MPCs are gradually reduced by the filtering effect

of the tunnel. The transition region is over 720m long at 980 MHz, whereas this

distance is only 350 m at 2450 MHz. In summary, the use of 2.4 GHz or higher

frequencies and the location of antennas inside tunnel sections next to the station,

can considerably reduce the multipath effects in underground environments.

For evaluating the channel dispersion in high mobility scenarios, the wide-

band propagation measurements are conducted in an HSR station and composite

regions include tunnel portal, cutting, and viaduct. The parameters of time de-

lay, including the mean excess delay, the RMS delay spread and the number of

channel taps are calculated in the HSR environment. Based on the experimental

data, the propagation behaviors in LOS and NLOS regions of the HSR station

are analyzed and compared. Furthermore, the TDL channel models can be es-

tablished for each region in HSR composite scenario. The analysis results reveal

some important appearances for this composite scenario channel: the difference

of RMS delay at two frequencies is very small while the propagation loss is more

serious, the cutting and tunnel portal result in greater RMS delay and the MPCs

in viaduct is more influenced by the both ends of cuttings. Moreover, the deter-

ministic channel model for the composite scenario is proposed using the 3D ray

tracing method. The modeling results are validated based on the empirical data

gathered in the same scenario. The transition regions are explicitly recognizable

by the stochastic analysis on small-scale fading and Doppler spread characteris-

tics in the frequency domain. These observations prove the interferences of the

scattering components from cuttings create not only deeper fading but also de-

lay and Doppler dispersion. As HSR composite scenario propagation channels

have a strong impact on the coverage, reliability and quality of service of HSR

mobile communication networks, the results and models are helpful for the HSR

communication system design, network planning, and optimization.
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Finally, the train carriage structure leads to a significant signal penetration

loss as the LTE radio coverage testing reveals. The amount of penetration loss

is grossly estimated by evaluating the difference between BTS-to-Train and the

BTS-to-Mobile links via a standard-compliant LTE signal received onboard a

moving high-speed train. For LTE signals received inside the train, the average

attenuation observed with the moving train is approximately 20 ∼ 30 dB at 2.6

GHz. This large attenuation results in the cell radius with internal antennas

is approximately a quarter of cell radius with external antennas. For the train

parked inside the station, an example attenuation 17 dB is found from the station

to the mobile inside the train. Hence, to provide a reliable communications

systems for passengers with reasonable cell sizes, a relay system with external and

internal antennas is considered to deployed. The signal inside the train carriages

can be easily distributed by using WiFi access points or directly using repeaters.

The radio waves propagate inside the train carriage suffer waveguiding effects due

to the confined space and dense reflections from the interior surfaces. Received

signal amplitudes are good fitted with Nakagami-m and Weibull distribution with

m > 1 and β > 2, respectively. This implies the presence of dominant component

for the Intra-Carriage, Inter-Carriage, and Station-Mobile links. The desirable

frequency for signal distribution inside train carriages is 2.4 GHz or 5.7 GHz, also

considering that Inter-Carriage propagation is acceptable at these frequencies.

7.2 Future Work

As the flourish of 5G technology and internet of things (IoT), communication

industry faces a revolution with big challenges, and also new opportunities. But

no matter what, new wireless technologies are dedicated to further improve the

performance and reliability of wireless communication systems. These systems

employed new signaling schemes may operate in harsher environments at higher

frequencies. Hence, some possible extensions of this dissertation work for further

channel characterizations are summarized in this section.

For channel sounding system, SDR provides a promising direction, which is

a universal platform with flexible configurations. Due to the lightweight design

and modest resource requirements, they are also well suited for the embedded
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space and measurements in complex environments. In addition, the conventional

channel sounder attached with an antenna array is helpful for MIMO testing.

For channel measurement, technical advances bring the requirements for larger

and larger communication capacity, which stimulate the wireless communication

system to develop towards adaptive, high speed, large capacity data transmission.

Therefore, corresponding wireless channel measurements for certain goals have to

be conducted with specific configurations. There are some potential directions to

look forward to, as:

• Higher frequency: for the promising application with wider bandwidth,

propagation models at the higher frequencies such as mmWave are still

maturing. There are extensive measurements but few analytical models

in railway. Possible challenges include i) very high path loss; ii) heavy

oxygen absorption and rain attenuation. iii) more severe shadow fading.

iv) mmWave applications are limited by the short range, massive MIMO is

the possible approach to get a larger range, which leads to the requirements

of further knowledge on the mmWave massive MIMO channel matrix.

• Time-variance: wideband measurements for time-varying communication

channels in high mobility scenarios, such as UAV systems. Modeling the

time delay spread and the “birth” and “death” processes of channel taps;

Characterizing the Doppler effect and frequency dispersion in such high

mobility scenarios.

• Multi-antenna system: channel measurements for MIMO system in dense

multipath environments such as subway station are of interest for establish-

ing the channel models with spatial characteristics.

• New applications: The emerging technology, such as wearable smart de-

vices are increasingly used in medical field. Hence, channel measurements

for Body Area Network (BAN) are especially helpful for accelerating new

product development. Besides, the so-called device-to-device (D2D) com-

munication between circuit boards has been an explosive growth. More-

over, The promise of Internet of Vehicles (IOV) technology is extraordinary,
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which points the channel measurements within vehicles, such as cars, ships,

and UAVs are of importance.

For channel modeling, further measurement results can be applied to the high-

resolution multipath estimation algorithms. For instance, the classical maximum-

likelihood parameter technique SAGE based on the narrowband assumption, and

RiMAX framework includes dense MPCs situation. Also, the CLEAN algorithm

can conduct the correlation and cancellation on the observed signal. These algo-

rithms provide the estimation of polarimetric path weight matrix, the AoA/AoD,

the time delay of arrival, and the Doppler-shift of the specular paths. Moreover,

the correlation properties between the channel taps are of interest for Non-WSSUS

channel. Additionally, more accurate simulators, for instance, ray tracing-based,

graph-based, or hybrid approaches are expected to be refined, developed, and

applied for channel model validation and improvement.
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José A. Garćıa-Naya, and Luis Castedo. Broadband Access in Com-

plex Environment: LTE on Railway. IEICE Transactions on Commu-

nications, 97(8):1514–1527, 2014. Special Section on EU’s FP7 R&D

Project Activities on Future Broadband Access Technologies. Online ac-

cess: http://dx.doi.org/10.1587/transcom.E97.B.1514. 129

[197] Keith Chetcuti, Carl J Debono, Reuben A Farrugia, and Serge Bruillot.

Wireless propagation modelling inside a business jet. In EUROCON 2009,

EUROCON’09. IEEE, pages 1644–1649. IEEE, 2009. 129

[198] Nektarios Moraitis and Philip Constantinou. Radio channel measurements

and characterization inside aircrafts for in-cabin wireless networks. In Ve-

hicular Technology Conference, 2008. VTC 2008-Fall. IEEE 68th, pages

1–5. IEEE, 2008. 129, 147

[199] Christos G Spiliotopoulos and Athanasios G Kanatas. Path-loss and time-

dispersion parameters of uwb signals in a military airplane. IEEE Antennas

and Wireless Propagation Letters, 8:790–793, 2009. 129, 147

[200] Raffaele D’Errico and Lionel Rudant. Uhf radio channel characterization

for wireless sensor networks within an aircraft. In Proceedings of the 5th

European Conference on Antennas and Propagation (EUCAP), 2011. 129
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ban, Markus Rupp, and Luis Castedo. Emulating extreme velocities of

mobile LTE receivers in the downlink. EURASIP Journal on Wireless

Communications and Networking, 2015(106), April 2015. Special Issue

on Experimental Evaluation in Wireless Communications. Online access:

http://dx.doi.org/10.1186/s13638-015-0343-0. 129
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Appendix: Antenna Patterns
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Figure 1. The photo of the HG2414P flat panel antennas and the radiation
patterns at two frequencies.
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Figure 2. The photo of the R&S HL025 log-periodic antenna and the radiation
patterns at two frequencies.
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Appendix: Antenna Patterns

(a) HG72714P-090 panel antenna photo and radiation patterns.

(b) HG72107U-PRO omni-directional antenna photo and radiation patterns.

Figure 3. Antennas applied in the measurements in HSR, via: www.L-com.com.
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