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Abstract

High-mobility scenarios, e.g., High-Speed Train (HST) scenarios, are expected to be

typical scenarios for the Fifth Generation (5G) communication systems. With the

rapid development of HSTs, an increasing volume of wireless communication data

is required to be transferred to train passengers. HST users demand high network

capacity and reliable communication services regardless of their locations or speeds,

which are beyond the capability of current HST communication systems. The fea-

tures of HST channels are significantly different from those of low-mobility cellular

communication systems. For a proper design and evaluation of future HST wire-

less communication systems, we need accurate channel models that can mimic the

underlying channel characteristics, especially the non-stationarity for different HST

scenarios. Inspired by the lack of such accurate HST channel models in the litera-

ture, this PhD project is devoted to the modelling and simulation of non-stationary

Multiple-Input Multiple-Output (MIMO) channels for HST communication systems.

In this thesis, we first give a comprehensive review of the measurement campaigns

conducted in different HST scenarios and address the recent advances in HST channel

models. We also highlight the key challenges of HST channel measurements and

models. Then, we study the characterisation of non-stationary channels and propose

a theoretical framework for deriving the statistical properties of these channels.

HST wireless communication systems encounter different channel conditions due to the

difference of surrounding geographical environments or scenarios. HST channel models

in the literature have either considered large-scale parameters only and/or neglected

the non-stationarity of HST channels and/or only consider one of the HST scenar-

ios. Therefore, we propose a novel generic non-stationary Geometry-Based Stochastic

Model (GBSM) for wideband MIMO HST channels in different HST scenarios, i.e.,

open space, viaduct, and cutting. The corresponding simulation model is then de-

veloped with angular parameters calculated by the Modified Method of Equal Area

(MMEA). The system functions and statistical properties of the proposed channel

models are thoroughly studied. The proposed generic non-stationary HST channel

models are verified by measurements in terms of stationary time for the open space

scenario and the Autocorrelation Function (ACF), Level Crossing Rate (LCR), and

stationary distance for the viaduct and cutting scenarios.



Transmission techniques which are capable of utilising Three-Dimensional (3D) spa-

tial dimensions are significant for the development of future communication systems.

Consequently, 3D MIMO channel models are critical for the development and evalu-

ation of these techniques. Therefore, we propose a novel 3D generic non-stationary

GBSM for wideband MIMO HST channels in the most common HST scenarios. The

corresponding simulation model is then developed with angular parameters calculated

by the Method of Equal Volume (MEV). The proposed models considers several time-

varying channel parameters, such as the angular parameters, the number of taps, the

Ricean K-factor, and the actual distance between the Transmitter (Tx) and Receiver

(Rx). Based on the proposed generic models, we investigate the impact of the ele-

vation angle on some of the channel statistical properties. The proposed 3D generic

models are verified using relevant measurement data.

Most standard channel models in the literature, like Universal Mobile Telecommunica-

tions System (UMTS), COST 2100, and IMT-2000 failed to introduce any of the HST

scenarios. Even for the standard channel models which introduced a HST scenario,

like IMT-Advanced (IMT-A) and WINNER II channel models, they offer stationary

intervals that are noticeably longer than those in measured HST channels. This has

inspired us to propose a non-stationary IMT-A channel model with time-varying pa-

rameters including the number of clusters, powers, delays of the clusters, and angular

parameters. Based on the proposed non-stationary IMT-A channel model, important

statistical properties, i.e., the time-variant spatial Cross-correlation Function (CCF)

and time-variant ACF, are derived and analysed. Simulation results demonstrate

that the stationary interval of the developed non-stationary IMT-A channel model

can match that of relevant HST measurement data.

In summary, the proposed theoretical and simulation models are indispensable for the

design, testing, and performance evaluation of 5G high-mobility wireless communica-

tion systems in general and HST ones in specific.
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Chapter 1
Introduction

1.1 Background

The Fifth Generation (5G) communication systems are requested to meet new and

unprecedented demands beyond the capability of existing communication systems [1].

Among these demands are the capability of delivering a consistent experience across

a variety of scenarios including the cases of high traffic volume density, high con-

nection density, and high mobility [2], [3]. Furthermore, 5G communication systems

are required to provide reliable communication services and achieve high peak data

rates as ambitious as 1 Gb/s for high-mobility scenarios [1], e.g., High-Speed Train

(HST) and highway. To meet these requirements future HST wireless communication

systems have to overcome many challenges resulting from the high speed of the train

that can easily exceed 250 km/h, such as fast handover, fast travel through widely

diverse scenarios, large Doppler shifts, and large delay spreads [4]–[6] besides some

challenges inherited from conventional trains such as high penetration losses, limited

visibility in tunnels, and the harsh electromagnetic environment [7].

Since 1998, the Global System for Mobile Communication Railway (GSM-R) has

widely been adopted as Europe’s standard for train communications and control.

However, GSM-R can only provide a data rate of up to 200 kbps [8], besides the

fact that it is mainly used for train control rather than providing communications for
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train passengers [9]. Therefore, GSM-R cannot meet the requirements for future high

speed data transmissions [10] and International Union of Railways has recommended

that GSM-R has to be replaced by Long-Term Evolution-Railway (LTE-R) [11]–[14],

which is a broadband railway wireless communication system based on Long-Term

Evolution-Advanced (LTE-A) [15]. LTE-R is expected to offer higher data capacity

than GSM-R and reduced deployment and maintenance costs [16]. Nevertheless, both

systems still adopt the conventional cellular architecture where the Mobile Station

(MS) inside trains communicates directly with the outdoor Base Station (BS). Such an

architecture leads to a spotty coverage and high penetration losses of wireless signals

traveling through the metal carriages of HSTs. In addition, the receiving signals

at MSs on board will experience fast changing channels resulting in high signaling

overhead and high possibility of drop calls and handover failure [17].

The aforementioned problems can be mitigated by deploying other cellular architec-

tures, such as Distributed Antenna System (DAS) [18]–[20], Coordinated Multi-Point

(CoMP) [21], [22], Mobile Relay Station (MRS) [23]–[26] (or Mobile Femtocell [1], [27],

[28]) technologies, or a combination of these architectures, e.g., DAS with MRS [29]

or CoMP with MRS [30]. In a DAS, distributed antenna elements are connected to a

BS via wires or fibers (Radio over Fiber (RoF)) [31], [32] to provide considerable gain

in coverage and capacity in comparison with the conventional cellular architecture.

The spatially separated antenna elements can be used to transmit the same signal

at different locations to provide spatial diversity against fading. Combined with spa-

tial diversity, frequency reuse in the DAS is an effective technique to increase system

capacity. The enhancement in spectral efficiency of DASs in comparison with conven-

tional systems was presented in [18]. In [19], the authors analysed the deployment of

DAS over HST communication systems and some of the resulting problems such as

the coverage of the Radio Antenna Unit (RAU) and echo channel effect. In CoMP

systems, the transmission of neighbouring BSs will be coordinated in the downlink

while the received signals at the uplink will be jointly processed. This will reduce the

inter-cell interference and improve the cell edge throughput. CoMP systems will also

provide an enhanced channel capacity by using the statistically independent proper-

ties of the channels resulting from the wide spatial separation of antenna elements.
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Adopting mobile Femtocell architecture in HST communication systems can be per-

formed by deploying dedicated MRSs on the surface of the train to extend the coverage

of the outdoor BS into train carriages. In this case, the BS will mainly communicate

with the MRS at high data rates instead of communicating with large numbers of

MSs directly. An MRS and its associated MSs within a train carriage are all viewed

as a single unit to the BS, while the MSs will see the relevant MRS as a regular BS.

It follows that an MRS can perform a group handover on behalf of all its associated

MSs, which can greatly reduce the frequent handover burden of the HST system [28].

Since the complexity of radio resource allocation (i.e., transmit power, data rates,

scheduling, power and frequency allocation, and antenna selection) in a BS is related

to the number of active users [18], the radio resource management complexity in one

BS will be reduced significantly when dealing with a “group of users” rather than

individuals. This promising MRS technology has been adopted by IMT-Advanced

(IMT-A) [33] and WINNER II [34] and recommended to be supported by future IMT

systems [35].

The Path Loss (PL) and multipath effects are in disparity under various propaga-

tion environments, leading to the impossibility of accurate predictions under different

propagation environments with the same channel model. Therefore, radio wave prop-

agation scene partitioning plays an important role in wireless channel modeling [36].

Special HST scenarios such as cuttings, viaducts, and tunnels have significant impact

on the propagation characteristics. HSTs can operate across one or more of these

scenarios during its travel. Most standard channel models in the literature, like the

Universal Mobile Telecommunications System (UMTS) [37], COST 2100 [38], and

IMT-2000 [39], failed to introduce any of the HST scenarios. The moving networks

scenario in the WINNER II channel model [34] and Rural Macro-cell (RMa) scenario

in the IMT-A channel model [33] have only considered a rural environment for HSTs,

while neglecting other HST scenarios.

The prerequisite of any wideband mobile radio system is a thorough knowledge of the

propagation characteristics of the mobile radio channel. The features of HST channels,

e.g., non-stationarity and large Doppler shift, are significantly different from those
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of low-mobility mobile cellular communication channels. Therefore, novel channel

models of HST wireless channels are indispensable for the design and the development

of future HST communication systems.

1.2 Motivation

Accurate channel models that are able to mimic key characteristics of wireless channels

play an important role in designing and testing HST communication systems. They

are also indispensable in evaluating different algorithms and transmission schemes,

such as diversity of transmission/reception, error correction coding, interleaving, and

equalisation algorithms. Inaccurate channel models may lead to over-optimistic or

over-pessimistic performance evaluation results that will result in misjudgments in

product development. Moreover, inaccurate channel models may lead to inaccurate

link budgets that will result in huge errors of the estimated maximum distance between

adjacent BSs. Consequently, this will cause poor coverage and increased drop calls due

to failed handovers between BSs when the distance is underestimated and unnecessary

overlapped coverage area with unjustified installation and maintenance cost of the

extra installed BSs when the distance is overestimated.

Multiple-Input Multiple-Output (MIMO) technology, in which multiple antennas are

deployed at both the Tx and Rx, presents an attractive solution for meeting the re-

quirements of next generation wireless communication systems for the high speed rail-

way. Since a high speed data rate in the future railways and the bandwidth resources

for the railway are limited, the capacity cannot be improved through increasing band-

width. Therefore, MIMO is considered as an effective technique in LTE-R to ensure

the efficiency and reliability for data transmissions [40]. The channel measurement,

particularly the MIMO channel measurement at high moving speeds, remains to be

challenging task. Furthermore, MIMO channel models for HSTs based on measure-

ments has not been completed yet and no standard HST channel models have been

developed yet.
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In Geometry-Based Stochastic Model (GBSM), the impulse responses of wireless chan-

nels are characterised by the law of wave propagation applied to specific Transmitter

(Tx), Receiver (Rx), and scatterer geometries. These geometries are predefined in a

stochastic fashion according to certain probability distributions. Due to their close

agreement with measurements, reasonable complexity, and mathematical traceability,

GBSMs have been widely used to simulate wireless channels in different propagation

environments.

Due to lack of accurate generic wideband MIMO HST channel models that take into

account the non-stationarity of the communication channel due to the high-mobility

of the MSs or MRSs, this PhD project is devoted to the modelling and simulation of

non-stationary MIMO channels for HST communication systems using the geometry-

based modelling approach.

1.3 Contributions

The key contributions of the thesis are summarised as follows:

• Review the measurement campaigns conducted in different HST scenarios and

address the recent advances in HST channel models. Important existing channel

models are reviewed and classified. Research gaps in HST channel measurements

and models are discussed and outlined.

• Propose a novel theoretical framework for deriving the system functions and

correlation functions of non-stationary channels.

• Propose a generic theoretical GBSM for wideband non-stationary MIMO HST

channels in the most common HST scenarios, i.e., the open space, the viaduct,

and the cutting scenarios. The proposed model has time-varying angular pa-

rameters, time-varying Ricean K−factor, and time-varying distance between

the Tx and the Rx. Comprehensive statistical properties are derived and thor-

oughly for the novel theoretical GBSM in open space scenario, i.e., time-variant
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Space-Time (ST) Correlation Function (CF), time-variant Space Doppler (SD)

Power Spectrum Density (PSD), and Local Scattering Function (LSF).

• Develop a corresponding Sum-of-Sinusoids (SoS) based simulation model for

wideband non-stationary MIMO HST channels with reasonable complexity, i.e.,

a finite number of sinusoids or effective scatterers. The angle parameters of the

proposed simulation model are calculated by adopting the Modified Method of

Equal Area (MMEA).

• Derive the relevant statistical properties of the developed simulation model,

verify them by simulations, and compare with those of the proposed theoretical

GBSM. Furthermore, the utility of the proposed simulation model is validated

using measurement data.

• Propose a novel generic Three-Dimensional (3D) wideband non-stationary MIMO

HST GBSM for HST channels in different HST scenarios. The proposed 3D

model considers several time-varying parameters such as, the angular parame-

ters, the number of taps, the Ricean K-factor, and the distance between Tx and

Rx.

• Derive the statistical properties of the proposed 3D simulation model, verify

them by simulations, and compare with those of the proposed theoretical 3D

non-stationary HST GBSM. Furthermore, the utility of the proposed 3D simu-

lation model is validated using relevant measurement data.

• Develop a non-stationary IMT-A channel model with time-varying small-scale

parameters, i.e., the number of clusters, delays, the power of each cluster, an-

gular parameters.

• Derive and analyse important statistical properties of the proposed non-stationary

IMT-A channel model, i.e., the local spatial Cross-correlation Function (CCF)

and local temporal Autocorrelation Function (ACF) are derived and analysed.

• Investigate the stationary interval of the proposed non-stationary IMT-A chan-

nel model and compare it with the one of the standard IMT-A channel model

and with a measurement data.
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1.4 Publications

The work presented in this thesis has led to the following publications:

1.4.1 Journals

1. A. Ghazal, C.-X. Wang, B. Ai, D. Yuan, and H. Haas, “A non-stationary

wideband MIMO channel model for high-mobility intelligent transportation sys-

tems,” IEEE Trans. Intell. Transp. Syst., vol. 16, no. 2, pp. 885–897, Apr.

2015.

2. C. X. Wang, A. Ghazal, B. Ai, Y. Liu, and P. Fan, “Channel measurements and

models for high-speed train communication systems: a survey,” IEEE Commun.

Surveys Tuts., submitted for publication.

3. Y. Fu, C.-X. Wang, A. Ghazal, H. M. Aggoune, and M. M. Alwakeel, “Perfor-

mance investigation of spatial modulation systems under non-stationary wide-

band high-speed train channel models,” IEEE Trans. Wireless Commun., sub-

mitted for publication.

4. A. Ghazal, Y. Yuan, C.-X. Wang, Y. Zhang, Q. Yao, H. Zhou, and W. Duan,

“A non-stationary IMT-Advanced MIMO channel model for high-mobility wire-

less communication systems,” IEEE Trans. Wireless Commun., to be submit-

ted.

5. A. Ghazal, C.-X. Wang, B. Ai, P. Fan, and Y. Yang “A generic 3D non-

stationary MIMO channel model for different high-speed train scenarios,” IEEE

Trans. Wireless Commun., to be submitted.

6. Y. Liu, A. Ghazal, C. X. Wang, X. Ge, and Y. Yang, “Channel measurements

and models for high-speed train wireless communication systems in tunnel sce-

narios,” IEEE Wireless Commun. Mag., to be submitted.
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7. Y. Zhang, A. Ghazal, C.-X. Wang, H. Zhou, and W. Duan, “Complexity anal-

ysis of the original and non-stationary IMT-Advanced MIMO channel models,”

IEEE Trans. Wireless Commun., to be submitted.

1.4.2 Conferences

1. A. Ghazal, C.-X. Wang, Y. Liu, P. Fan, and M. K. Chahine, “A generic non-

stationary MIMO channel model for different high-speed train scenarios,” in

Proc. IEEE ICCC’15, Shenzhen, China.

2. A. Ghazal, C.-X. Wang, H. Haas, M. A. Beach, X. Lu, and D. Yuan, “A non-

stationary MIMO channel model for high speed train communication systems,”

in Proc. IEEE VTC’12-Spring, Yokohama, Japan, May. 2012, pp. 1–5.

3. A. Ghazal, C.-X. Wang, H. Haas, M. Beach, R. Mesleh, D. Yuan, X. Ge, and

M. K. Chahine, “A non-stationary geometry-based stochastic model for MIMO

high-speed train channels,” invited paper, in Proc. ITST’12, Taipei, Taiwan,

Nov. 2012, pp. 7–11.

4. Y. Liu, C.-X. Wang, A. Ghazal, S. Wu, and W. Zhang, “A multi-mode waveg-

uide tunnel channel model for high-speed train wireless communication sys-

tems,” in Proc. EuCAP’15, Lisbon, Spain, Apr. 2015.

5. Q. Yao, Y. Yuan, A. Ghazal, C.-X. Wang, L. Luan, and X. Lu, “Comparison

of the statistical properties of the LTE-A and IMT-A channel models,” in Proc.

IEEE WCNC’12, Paris, France, Apr. 2012, pp. 393–398.

1.5 Thesis Organisation

The remainder of this thesis is organised as follows:

Chapter 2 gives a comprehensive review of the measurement campaigns conducted in

different HST scenarios and addresses the recent advances in HST channel models. It

also highlights the research gaps in HST channel measurements and models.
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Chapter 3 studies the characterisation of non-stationary channels and proposes a

theoretical framework for deriving the statistical properties of these channels.

Chapter 4 introduces a novel and generic non-stationary GBSM with time-variant

angular parameters for wideband MIMO HST channels in the most common HST

scenarios, namely, the open space, the viaduct, and the cutting scenarios. The cor-

responding simulation model is then developed with angle parameters calculated by

using the MMEA. The system functions and statistical properties of the proposed

channel models are thoroughly investigated based on the theoretical framework in

Chapter 3. Finally, this Chapter provides verifications of the proposed generic model

using measurement of HST channels in different scenarios.

Chapter 5 introduces a generic 3D non-stationary GBSM for wideband MIMO HST

channels. The generic channel model can describe the propagation environments for

different HST scenarios with one mathematical framework by using different param-

eter sets. The system functions and statistical properties of the proposed channel

models will also be investigated based on the theoretical framework in Chapter 3.

The impact of the elevation angle on the channel statistics will be investigated and

the proposed 3D simulation model will be verified using real measurement data.

Chapter 6 introduces a non-stationary IMT-A channel model for HST channels with

time-varying parameters including the number of clusters, the powers and the delays

of the clusters, the Angle of Departure (AoD), and the Angle of Arrival (AoA). The

proposed model will be verified using relevant HST measurement data and important

statistical properties will be derived and investigated thoroughly.

Finally, Chapter 7 concludes the thesis by summarising our key research findings and

gives some suggestions for future research topics in wireless HST channel modelling.
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Chapter 2
Channel Measurements and Models for

High-Speed Train Communication Systems

2.1 Introduction

With the rapid development of HSTs, an increasing volume of wireless communication

data is required to be transferred to train passengers. HST users demand high network

capacity and reliable communication services regardless of their locations or speeds.

To satisfy these demands, HST wireless communication systems have to overcome

many challenges resulting from the high speed of the train.

The Tx and Rx of a HST wireless communication system encounter different channel

conditions due to the difference of surrounding geographical environments. The HST

environment can be generally classified into the following main scenarios: open space,

viaduct, cutting, hilly terrain, tunnels, and stations. Considering some unique setup

of the aforementioned scenarios and some other special HST scenarios, HST environ-

ment can be further classified into 12 scenarios [36]. The propagation characteristics

change significantly with the change of environments and the distance between the

Tx and Rx, even in the same terrain. Scenarios have close relationship with channel

modelling and measurements. Most standard channel models in the literature failed
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to introduce any of the HST scenarios. The moving networks scenario in the WIN-

NER II channel model [34] and RMa scenario in the IMT-A channel model [33] have

only considered a rural environment for HSTs, while neglecting other HST scenarios.

The aforementioned propagation scenarios will be introduced and explained in detail

in the following Section.

Many measurement campaigns have been conducted in the literature to understand

the underlying physical phenomenon in HST propagation environments. Accurate

channel models that are able to mimic key characteristics of wireless channels play an

important role in designing and testing HST communication systems. Realistic and

reliable large-scale fading channel models, i.e., PL and Shadow Fading (SF) models,

are indispensable for efficient and trustworthy network deployment and optimisation.

Small-scale fading channel models are crucial in physical layer design in order to de-

velop and test different schemes, such as diversity of transmission/reception, error

correction coding, interleaving, and equalisation algorithms. In the literature, several

large-scale and small-scale fading HST channel models were proposed. This chapter

will give a brief overview of existing HST measurement campaigns and HST propaga-

tion models. It will highlight recent advances in HST channel measurements and will

introduce important approaches for the modelling and simulation of HST channels.

This chapter is concluded by outlining some of the research gaps that can be found

in the literature and that we will cover in this thesis.

2.2 HST Channel Measurements

Special attention has been given to HST channel measurements in recent years. Due

to the high speed of the train and the hostile HST environments, conducting accurate

channel measurements for HST communication systems is challenging and needs to

address particular hardware and software requirements, e.g., robustness, scalability,

hardware redundancy and traceability [41]. Many measurement campaigns [42]–[85]

for different HST environments were presented in the literature. Here, we will briefly

review and classify the important measurements for HST communications according
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to the scenarios, measurements’ setup parameters (i.e., antenna configuration, carrier

frequency, and bandwidth), and measured channel statistics, as shown in Table 2.1.

Table 2.1: Important HST channel measurements.

Ref. Scenario Freq. BW Antenna Speed Channel Statistics
[42] N/A 2.2 GHz 20 MHz SISO 270 km/h PL
[43] N/A 2.35 GHz 100 MHz SISO N/A PL, DS, K
[44] Open space 2.6 GHz 20 MHz SISO 370 km/h PL, DS, DF, PDP
[46] Open space 2.5 GHz 50 MHz MISO 290 km/h DS, AoA, PAS, DF
[45] Open space 5.2 GHz 120 MHz SIMO 350 km/h PL, SF, K, DS, PDP, AS
[47] Open space 930 MHz 200 kHz SISO 350 km/h PL, SF
[50] Viaduct 930 MHz 200 kHz SISO 340 km/h PL, K
[51] Viaduct 930 MHz 200 kHz SISO N/A PL
[52], [61] Viaduct 930 MHz 200 kHz SISO 300 km/h K
[53] Viaduct 930 MHz 200 kHz SISO 350 km/h PL, SF
[54]–[56] Viaduct 930 MHz 200 kHz SISO 350 km/h PL
[57], [64] Viaduct 930 MHz 200 kHz SISO 350 km/h SF
[58] Viaduct 930 MHz 200 kHz SISO 300 km/h PDF, LCR, AFD, CDF, FM
[59] Viaduct 2.35 GHz 10 MHz SISO 240 km/h PL, DS, K
[62] Viaduct 2.35 GHz 50 MHz SISO 196 km/h DS, K, SF
[60], [63] Viaduct 930 MHz 200 kHz SISO 360 km/h PL, K, SF, FD, LCR, AFD
[65] Viaduct 2.6 GHz 20 MHz SISO 370 km/h PL, SF, DS, K
[66], [67] Viaduct 2.35 GHz 50 MHz SISO 200 km/h PSD, DF, K
[68] Cutting 930 MHz 200 kHz SISO 320 km/h PL, SF
[69] Cutting 930 MHz 200 kHz SISO 350 km/h PL, K
[70] Cutting 930 MHz 200 kHz SISO 295 km/h K, FD
[71] Cutting 930 MHz 200 kHz SISO 350 km/h PL, K, SF, FD, LCR, AFD
[72] Cutting 2.35 GHz 50 MHz SISO 200 km/h PL, K, SF, DF
[73] Cutting 2.35 GHz 50 MHz SISO 200 km/h DS, DF
[48], [49] Hilly Terrain 2.4 GHz 40 MHz SISO 295 km/h PL, SF, K
[75] Tunnel 2.154 GHz 30 MHz SISO N/A PL, DS
[74] Tunnel 930 MHz 200 kHz SISO N/A PL
[80] Station 930 MHz 200 kHz SISO N/A PL
[81] Station 930 MHz 200 kHz SISO N/A PL, K, SF, FD, LCR, AFD
[76] Various 930 MHz 200 kHz SISO 350 km/h PL, PDF, DS, PDP
[77] Various 930 MHz 200 kHz SISO 340 km/h SI
[83], [84] Various 930 MHz 200 kHz SISO 340 km/h SF
[85] Various 930 MHz 200 kHz SISO 290 km/h K, LCR, AFD
[78], [79] Various 2.1 GHz 3.84 MHz SISO 240 km/h PL, K, DS, PDP
SISO: single-input single-output; MISO: multiple-input single-output; SIMO: single-input multiple output;
PL: path loss; DS: RMS delay spread; K: Ricean K-factor; PDP: power delay profile; AS: angular spread;
AoA: angle of arrival; PAS: power azimuth spectrum; DF: Doppler frequency; SF: shadow fading; FD: fade
depth; LCR: level crossing rate; AFD: average fade duration; PDF: probability density function; CDF:
cumulative distribution function; FM: fading margin; PSD: power spectrum density; SI: stationarity interval

2.2.1 HST Propagation Scenarios

HST environments can be roughly classified into the following 6 scenarios: open space,

viaduct, cutting, hilly terrain, tunnels and stations.

1) In the open space scenario [46], also called plain scenario [44], the Rx is moving

at a very high speed in a rural area where the BS antenna is much higher than the

surroundings [47]. This environment focuses on large cells and continuous coverage
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Figure 2.1: Classification of HST Scenarios.

where the link between the fixed Tx and moving Rx normally has a dominant line-of-

Sight (LoS) component. However, after a certain distance, called breakpoint distance,

the impact of the sparse scatterers will be noticed at the Rx represented by Non-Line-

of-Sight (NLoS) components. As a result, the breakpoint distance is the point at which

the slopes of the PL and Ricean K-factor will be noticeably changed, e.g., dual-slope

PL model [86, p. 50]. It has been proved that there is a strong link between the

breakpoint distance and the antenna height. For a certain site, as the antenna height

decreases, the breakpoint moves closer to the Tx. This is because a bigger Fresnel

zone is intercepted by the ground, usually covered by vegetation, when the antenna

height is lower. Furthermore, due to the influences of different environments, slight

variations in the breakpoint distance can be noticed in different scenarios. Therefore,

it can be concluded that the breakpoint distance is mainly determined by the antenna

height with slight environmental effects [87]. Based on the geographic nature and the

distribution/height of the surrounding scatterers, the open scenarios can be further

classified into rural [45], urban, and suburban as illustrated in Fig. 2.1.

2) The viaduct scenario is common for HSTs as they often operate on viaducts [50]–

[66]. The main purpose of viaducts is to ensure the smoothness of the rail, high

speed of the train, and reduce the reflection, scattering, and diffraction caused by

nearby scatterers, e.g., trees and buildings. The viaduct height and relative BS height

have great influence on the received signal. Because of the relatively high altitude

of the viaduct in comparison with the surrounding terrain, the LoS component is

dominant in this scenario. However, the sparsity of the scatterers in the environment
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around the viaduct will still influence the received signal at the Rx [53]. Based on

the relative altitude between the scatterers and the viaduct, this scenario can be

further classified into high viaduct and low viaduct scenarios. In the former, most

scatterers located within 50 m from the viaduct are lower than the surface of the

viaduct and therefore their impact on the propagation characteristics is negligible. In

the low viaduct scenario [66], [67], some of the nearby scatterers are higher than the

surface of the viaduct and consequently they introduce rich reflections and scattering

components that may result in a severe shadow fading and/or extra PL [36].

3) The cutting scenario is another common scenario for HST wireless communica-

tions [68]–[73]. It represents an environment where the HST passes a U-shaped geo-

graphical cut surface between the hills. The cutting is widely used for HST construc-

tion to ensure the smoothness of the rail and help to achieve a high speed of the train

when passing through hills. The propagation of radio waveforms in this scenario is

significantly affected by the steep walls on both sides. The LoS component can be

observed along the route of the HST in this scenario. Here, we can recognise between

two cutting scenarios: deep cutting if the receive antenna mounted on top of the train

is lower than the upper eave of the cutting and low cutting if the height of the upper

eave is lower than the top of the receive antenna.

4) In the hilly terrain scenario [48], [49], the surrounding environment is densely

scattered with objects distributed irregularly and non-uniformly. With high-altitude

transmit antennas and low-attitude obstacles, the LoS component is observable and

can be detected along the entire railway. However, multipath components scat-

tered/reflected from the surrounding obstacles will cause serious constructive or de-

structive effects on the received signal and therefore influence the channel’s fading

characteristics.

5) The tunnel scenario represents an environment where HST passes through tun-

nels [74], [75] with different lengths ranging from hundreds of meters to several kilo-

meters. The length, size, and shape of the tunnels and the encountered waveguide

phenomena have significant impact on the communication channel. Because of the

long limited space, bounding of tunnel, and poor smoothness of the interior wall,
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propagation characteristics of signals in tunnels are quite different from other scenar-

ios. To overcome the problem of the limited visibility encountered in tunnels and to

design an optimal wireless communication network, leaky feeders and DAS were often

deployed. However, as HST may require long tunnels, leaky feeder solution are more

expensive especially at high operating frequencies and its maintenance is considerable

complex [88]. As a result, DAS is more practical [89]. It can provide considerable gain

in coverage and capacity, and provide spatial diversity against the fading by using the

antenna elements at different locations. It also has advantages in future applications

such as higher distance between repeaters, and easy maintenance after being opened,

which can meet the continuous and high quality wireless communication of users in

the train inside the tunnel. Fig. 2.2 illustrates viaduct, cutting, and tunnel scenarios.

 

Figure 2.2: Three typical HST propagation scenarios: (a) viaduct, (b) cutting,
and (c) tunnel.

6) The stations scenario represents the railway facility where HSTs stop regularly to

load/unload passengers stations [80], [81]. HST stations can be classified according to

their size or architecture. Based on the size of the station, which reflects the estimated

communication traffic, station scenario can be categorised into small to medium size

stations, large stations, and marshalling stations [36]. From the architecture per-

spective, that impacts the propagation characteristics inside the station, three HST

station scenarios can be recognised, i.e., open station, semi-closed station, and closed

station [81] as illustrated in Fig. 2.1.

The aforementioned scenarios are the most encountered ones in HST environment.

However, recent measurement campaigns have shed some light on other special HST

scenarios such as crossing bridges [82]. Besides the previous “individual” scenarios,
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HST may encounter more than one scenario in one wireless communication cell in

what so called combination scenarios [36]. Two combination scenarios are reported

in the literature. The first one is a combination between tunnel and viaduct where

viaducts are usually used as transition between tunnels in mountain environment. The

frequent transition between tunnel and viaduct will increase the severity of fading at

the transition points causing a drop in the communication quality. The second com-

bination is between cutting scenarios, i.e., deep and low cuttings, and rural scenario.

The frequent and fast transition between these scenarios can degrade the quality of

the communication link and makes signal prediction quite challenging.

2.2.2 Channel Statistics

Channel statistics are essential for the analysis and design of a communication sys-

tem. Most of HST measurement campaigns have concentrated on large-scale fading

statistics, like PL and shadowing. PL models for HST channels have been reported

in [42]–[45], [47], [48], [50], [51], [53]–[56], [59], [60], [63], [68], [69], [71], [72], [74]–[76],

[78], [79] and shadowing has generally been modelled as log-normal distributed. Var-

ious channel statistics studied in HST channel measurement campaigns are shown in

Table 2.1. The Ricean K-factor is a very important parameter in link budget and

channel modelling. Therefore, many papers presented the estimation of K-factor in

different scenarios, e.g., open space [45], viaduct [50], [52], [59]–[63], cutting [68]–[72],

and hilly terrain [48]. In [58], [60], [63], [71], the spatial/temporal variations, e.g.,

Fade Depth (FD), Level Crossing Rate (LCR), and Average Fade Duration (AFD),

were statistically modeled as functions of the structural parameters of the viaduct

and cutting scenarios. Doppler behaviour and angular information of HST channels

in open space scenario were analysed in [46] while Power Delay Profile (PDP) was

investigated in [44], [45], [76], [78], [79]. The stationarity interval, defined as the

maximum time duration over which the channel satisfies the Wide Sense Stationary

(WSS) condition, of HST channels was investigated in [77] based on measurements.

In the future, more channel statistics, especially those related to small-scale fading

parameters, are necessary to be investigated in measurements.
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2.2.3 Measurement’s Setup Parameters

Carrier Frequency and Bandwidth: most of the measurement campaigns in the liter-

ature were conducted at the carrier frequency of 930 MHz in GSM-R systems [47],

[50]–[52], [54]–[58], [60], [61], [63], [68]–[71], [74], [76], [77]. Correspondingly, all of

the aforementioned measurements were for narrowband channels with bandwidth of

200 kHz. Wideband channel measurements with higher bandwidths, i.e., 10–100 MHz,

and higher carrier frequencies, i.e., 2.1–5.2 GHz, were reported in [42]–[46], [48], [59],

[62], [72], [73], [75], [78], [79].

Antenna Configuration: The majority of HST measurements campaigns so far have

focused on Single-Input Single-Output (SISO) systems [42]–[44], [47], [48], [50]–[63],

[68]–[79]. MIMO systems, where multiple antennas are equipped at both ends, are

essential for providing higher capacity to meet the requirements of future high speed

data transmissions. However, only very few measurement campaigns were conducted

using multiple antennas at either the Tx, i.e., Single-Input Multiple-Output (SIMO)

systems [45], [46], or Rx, i.e., Multiple-Input Single-Output (MISO) systems [46].

Hence, HST MIMO wideband channel measurement campaigns with carrier frequency

and bandwidth larger GSM-R ones are needed for future HST communication system

developments.

2.3 HST Channel Models

HST channel models in the literature can be categorised as large-scale fading mod-

els [34], [43], [44], [48], [51], [54]–[56], [59], [63], [68], [69], [72], i.e., PL and shadowing,

and small scale-fading models [15], [33], [34], [90]–[101]. The state-of-the-art of HST

channel models has not been investigated yet. Therefore, we will first categorise PL

models in Table 2.2. In Table 2.3, the important HST small-scale fading channel mod-

els are briefly reviewed and classified according to the modelling approach, scenario,

stationarity, antenna configuration, Frequency Selectivity (FS), scatterer region, and

cellular architecture.
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Table 2.3: Important HST small-scale fading channel models.

Ref. Channel Model Scenario NS Antenna FS SR CA
[15] Non-fading Open space No MIMO NB N/A Conventional
[90] GBDM Open space Yes MIMO WB Non-isotropic Conventional
[91] GBDM Open space Yes MISO WB Non-isotropic Conventional
[102] GBDM Various Yes SISO NB Non-isotropic Conventional
[92], [93] GBDM Tunnel Yes SISO NB Non-isotropic Conventional
[94] RS-GBSM Open space No MIMO NB Non-isotropic Conventional
[95] RS-GBSM Open space No MIMO WB Isotropic Conventional
[33], [34] IS-GBSM Open space No MIMO WB Non-isotropic Mobile Relay
[94], [103] IS-GBSM Cutting No MIMO NB Isotropic Conventional
[99], [100] NGSM Open space Yes MIMO WB Non-isotropic Conventional
[101] NGSM Viaduct Yes MIMO WB Non-isotropic Mobile Relay
NS: Non-stationarity, SR: Scatterer Region, CA: Cellular architecture

2.3.1 Large-Scale Fading Models

PL estimation is essential for wireless link budget computation and wireless network

planning. PL and shadow fading channel models for various HST scenarios have been

developed based on measurement results conducted in the open literature. These PL

models are typically expressed as

PL (d) = A+ 10n log10 (d) , (2.1)

where d is the distance between the Tx and Rx in unit of meters (m), n is the PL

exponent and A is the intercept. Note that SF follows log-normal distributions with

the standard deviation for each model is given in Table 2.2.

2.3.2 Cellular Architectures and Scenarios

As mentioned in Chapter 1, adopting conventional cellular architecture in HST wire-

less communication systems may lead to several problems in terms of providing reliable

and fast communication to HST passengers. Therefore, other cellular architectures,

such as DAS, CoMP, and MRS need to be considered. In the literature, most of the

proposed channel models have considered the conventional architecture where fixed

BSs are installed on the track-side to provide wireless coverage to HST passengers

inside carriages [15], [90]–[95], [99]. By considering MRS solution, we will have two

channels, outdoor channel between the BS and the MRS and an indoor one between

MRS and train passengers. As a result, we will have two channels: an outdoor channel
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Figure 2.3: A HST communication system deploying MRSs.

between the BS and MRS, and an indoor one between the MRS and an MS of a train

passenger as illustrated in Fig. 2.3. The properties of radio channels in the carriages

resemble indoor environment and hence they can be modelled using existing indoor

channel models [43]. Therefore, [33], [34], [101] have focused on modelling the outdoor

channel because of the challenges that this channel faces due to the high velocity of

the Rx.

HST scenarios have been presented in details earlier in this chapter. While most

of these scenarios can only be encountered in railway environments, open space sce-

nario is similar to the rural or urban scenarios that can be found in conventional

Vehicle-to-Infrastructure (V2I) or Vehicle-to-Vehicle (V2V) communication systems.

Therefore, most of the current HST channel models, developed from V2I and V2V

channel models by taking into account the effect of the high velocity of the Rx on

the channel parameters, have been proposed for open space scenario [15], [33], [34],

[90], [91], [95], [99]. Channel models for tunnel, cutting, and viaduct scenarios were

studied in [93], [94], and [101], respectively.

In summary, more HST channel models that consider other cellular architectures,

such as DAS, are needed in the future. In addition, more HST scenarios should be

considered in proposing future HST channel models.
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Figure 2.4: Classification of non-stationary HST channel models

.

2.3.3 Modelling Approaches of HST Small-Scale Fading Mod-

els

In terms of modelling approach, the current HST channel models in the literature,

presented in Table 2.1, can be classified as deterministic [90]–[93], [102] and stochastic

channel models. The latter can be further classified into GBSM [33], [34], [94], [95]

and Non-Geometrical Stochastic Model (NGSM) [99], [101] as illustrated in Fig. 2.4.

2.3.3.1 Deterministic channel models

Deterministic channel models are usually based on the detailed description of specific

propagation environment and antenna configuration. The amplitudes, phases and

delays of the propagated waves are obtained using intensive simulations that incor-

porate details of propagation environments like, roads, building, trees, houses, ...etc.

Therefore, deterministic models are physically meaningful and potentially accurate.

This category can be further classified into the Geometry-Based Deterministic Model

(GBDM) and the Finite-Difference Time-Domain (FDTD) model. GBDMs based

on ray-tracing method were proposed in [91]–[93], [102] to model HST propagation

channels in different HST scenarios. In [93], a 3D ray-tracing approach for wave prop-

agation modelling in HST tunnels was presented. The proposed model resulted in
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a complex channel impulse response that incorporates channel information, e.g., the

wave-guide effect observed in tunnels and the impact of another train passing in the

opposite direction on the Doppler shift and time delay. Authors of [102] implemented

similar approach to model HST channels in various scenarios. Both of [93] and [102]

have used measurement results to verify the proposed channel models. Another HST

channel model based on 3D ray-tracing approach has been implemented in [91] to

analyse the channel characteristic, e.g., the frequency-selectivity and time-variance

(Doppler spread). The objects, e.g., trees, buildings, or barriers, on both sides of the

railway track were modeled using rectangular boxes with scattering wave propagation

characteristics where the dimensions of the boxes are statistically generated. Since

the propagation characteristics of Electro-Magnetic (EM) waves in tunnels are sig-

nificantly different from those in other HST environments, a multi-mode waveguide

channel model is proposed in [104]. The proposed model, which is a hybrid model

that combines the geometrical optical model and waveguide model, can characterise

the wave propagation both in near and far regions of the source. However, the afore-

mentioned model failed to discuss the Far Line-of-Sight (FLoS) phenomena observed

inside tunnels [105] or provide a mechanism to determine the breakpoint for different

propagation regions in tunnels [7]. A GBDM based on random propagation-graph

was proposed in [90] to characterise time-variant HST channels in open space sce-

nario. Similar to ray-tracing method, propagation-graph can predict channel impulse

responses by thorough searching for propagation paths that connect Tx and Rx. This

modelling approach can be performed by considering the geometry of the simulated

environments, e.g., the distribution, mobility, and visibility of the scatterers. Despite

their high accuracy, GBDMs require detailed descriptions of the propagation envi-

ronments and extensive computational resources to be implemented. To avoid the

high complexity of implementing GBDMs while maintaining sufficient accuracy, semi-

deterministic models for viaduct and cutting scenarios of HST were proposed in [106].

However, the proposed models have only considered large-scale fading, i.e., PL and

SF, and neglected the effect of small-scale fading parameters on the received signal.
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2.3.3.2 GBSMs

In GBSMs, the impulse responses of HST channels are characterised by the law of wave

propagation applied to specific Tx, Rx, and scatterer geometries which are predefined

in a stochastic fashion according to certain probability distributions. Different types

of GBSMs differ mainly in the proposed scatterer distributions. Based on the posi-

tion of the effective scatterers, GBSM can be further classified into Regular-Shaped

Geometry-Based Stochastic Model (RS-GBSM) such as one-ring [95], two-ring, and el-

lipses, and Irregular-Shaped Geometry-Based Stochastic Model (IS-GBSM) [33], [34],

[94].

RS-GBSMs assume that all the effective scatterers are placed on regular shapes, and

therefore different RS-GBSMs have different shapes of scatterer distributions, e.g.,

one-ring, two-ring, and ellipses for Two-Dimensional (2D) models and one sphere, two-

spheres, elliptic-cylinders for 3D ones. RS-GBSMs often result in closed-form solutions

or at least mathematically tractable formulas. In [95], a one-ring RS-GBSM was

proposed to model HST channel in open space scenario. The scatterers are assumed

to be distributed on a ring around the MS where different PDF of the scatterers were

analysed. Considering the narrowband GSM-R for HST communication system, a 3D

one-sphere RS-GBSM was proposed in [94] for open space scenario. The proposed

model used Von Mises distribution to describe the azimuth angles and the ST CF was

derived. However, both of the aforementioned models have assumed that the HST

channel satisfies the WSS condition that has been proved incorrect by measurements

[46].

IS-GBSMs place the effective scatterers with predefined properties at random locations

with certain statistical distributions usually obtained/approximated from measure-

ments [107]. Unlike RS-GBSMs, the random locations of the scatterers do not form

regular shapes. IS-GBSMs for HST channels have been introduced in the RMa sce-

nario in WINNER II [34] and moving networks scenario in IMT-A channel models [33]

with the train speed can be up to 350 km/h and the MRS technology is employed.

In [94], IS-GBSM has been proposed for HST channel in cutting scenario assuming the

scatterers to be uniformly distributed on the surface of the two slopes of the cutting.
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However, the aforementioned channel models have neglected the non-stationarity of

HST channels and assumed that the WSS assumption can still be applied.

2.3.3.3 NGSMs

NGSMs characterise physical parameters of a HST propagation channel in a com-

pletely stochastic manner by providing their underlying probability distribution func-

tions without assuming an underlying geometry. An NGSM based on finite-state

Markov chains for HST wireless communication channels was proposed in [99]. The

proposed model is able to capture the characteristics of time-varying HST wireless

channel by using Markov chain to track the channel state variation at different received

Signal-to-Noise Ratio (SNR) intervals. However, the model has not been verified by

using real-field measurements and thus deserves more investigation. Authors of [101]

have followed similar approach to model the dynamic evolution of multi-path compo-

nents, i.e., birth-death process, using four-state Markov chain model. The transition

matrix of the birth-death process was calculated based on the measurement presented

in [59].

2.4 Research Gaps in HST Channel Measurements

and Models

2.4.1 Non-Stationarity of HST Channels

Measurements in the literature have demonstrated that HST channels are non-stationary

since the stationary conditions, measured by stationary interval, retain to a very short

period of time in comparison with other types of channels, e.g., V2I and V2V chan-

nels [77]. This is mainly caused by the very high speed of the trains and the encoun-

tered changes in surrounding areas. Although the non-stationarity of HST channels

has been implicitly considered in GBDMs [90], [91], [93], [102], but these models are

mainly site-specific and cannot be easily generalised to a variety of scenarios. The
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non-stationarity feature of HST channels has been considered in NGSM proposed

in [99] by implementing the birth-death process to simulate the appearance and dis-

appearance of the scatterers However, verifying the proposed models by real-field

measurements was not performed and therefore more comprehensive investigations

are required to validate the accuracy of those models. Non-stationary channel models

should consider several time-variant model parameters, such as angular parameters,

Doppler frequency, Ricean K−factor and the distance between Tx and Rx.

2.4.2 Statistical Properties of HST Channels

Investigating the statistical properties of HST channels is essential for understanding

and analysing the HST communication system. In Table 2.1, several channel statistics

obtained from measurements were presented. However, most of proposed HST channel

models in the literature have failed to provide the corresponding theoretical analysis.

It is highly desirable to investigate different statistical properties of HST channel

models, such as the ST CF, the ACF, the space CCF, the PSD, the LSF, the LCR,

and the AFD.

2.4.3 HST Scenarios

HST scenarios were classified and thoroughly explained in Section 2.2. During its

travel and due to its high velocity, HST runs across diverse scenarios so rapidly that

a single model is incapable of capturing accurately the variations of HST channels.

While most standard channel models did not consider any of the HST scenarios,

IMT-A channel model, WINNER II channel model, and most of the non-standard

HST channel models were proposed for open space scenario only. Therefore, it is

essential that new HST channel models consider other scenarios and preferably take

into account the impact of diverse scenarios on HST channels.
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2.4.4 3D HST Channel Models

Apart from the GBDMs that use 3D ray-tracing tool to model HST channels [91]–[93],

[102], HST channels were generally proposed and measured assuming that propagation

waves are travelling in two dimensions and therefore ignore the impact of the elevation

angle on channel statistics. Thus, 3D channel measurements and models are necessary,

especially when the HST is close to the BS where considering elevation angles can

demonstrate the impact of the waves reflected from ground on the received signal.

2.5 Summary

This chapter has provided a survey of HST channels, that represent high-mobility

V2I channels, in terms of conducted measurements and proposed channel models. We

have classified HST channel measurements based on the scenarios, carrier frequencies,

bandwidths, measured channels, antenna configurations, train speeds, and channel

statistics. We have also presented various HST large-scale fading channel models in

the literature. Then, we have classified HST small-scale fading channel models based

on their modelling approaches, scenarios, stationarity, FS, and cellular architecture.

Finally, we have highlighted some research gaps in HST channel measurements and

modelling.
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Characterisation of Non-Stationary MIMO

Channels

3.1 Introduction

In wireless communication systems, the assumption of time-invariant, or strictly sta-

tionary, channels has become unrealistic since the Tx, the Rx, or the scatterers can

be in motion. To characterise linear time-variant channels, Bello has proposed his fa-

mous framework of system functions in terms of time, frequency, delay, and Doppler

in [108]. However, the proposed system functions can only characterise non-directional

channels. For direction channels, Bello’s system functions were extended in terms of

direction and space in [109], [110]. Bello has also introduced the assumption of Wide

Sense Stationary Uncorrelated Scattering (WSSUS) that has been commonly used

since. In time domain, the WSS assumption means that the statistical properties of

the mobile radio channels do not change over a short time interval [111, p. 110]. The

Uncorrelated Scattering (US) assumption is defined, in time domain, as contributions

with different delays are uncorrelated. The WSSUS channels combines both the WSS

assumption in terms of time and the US assumption in terms of delay [112, p. 109]

in the time domain. In HST communication systems, in which the train is moving in

high speeds that can easily exceed 250 km/h, the WSS assumption is violated [7].
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Establishing a theoretical framework that explains in details the characterisation of

non-stationary mobile fading channels is essential for understanding and modelling

them properly. Therefore, we will briefly review the characterisation of non-stationary

channels and further extend the work presented in the literature. The rest of the

chapter is organised as follows. In Section 3.2, we explain the system functions that

describe non-WSSUS mobile radio channels, and then the CFs will be derived in

Section 3.3. By considering the assumption of US and antenna stationarity, the system

functions and the CFs of non-stationary systems and the relationship between them

will be presented in Section 3.3. Finally, the conclusions are drawn in Section 3.4.

3.2 System Functions of Non-WSSUS Channels

In this section, we will derive the system functions and CFs that describe non-WSSUS

wideband MIMO channels. The received signal experiencing non-WSSUS wideband

mobile channels can be defined as a 3D stochastic process in terms of time t, delay τ ,

and space x, which denotes the location of an antenna element in the antenna array

in the Tx/Rx [109]. It can be described by the space-time-variant channel impulse

response h(t, τ, x) [109], [113]. Other 3D system functions can be obtained by using

Fourier transforms as Fig. 3.1 illustrates.

The eight system functions in Fig. 3.1 are the

• Space-time-variant channel impulse response, h (t, τ, x)

• Space-variant Doppler-spread impulse response, SH (ν, τ, x)

• Space-time-variant transfer function, LH (t, f, x)

• Space-variant Doppler-spread transfer function, H (f, ν, x)

• Time-variant direction-spread impulse response, W (t, τ,Ω)

• Direction-Dopplerspread impulse response (spread function), X (ν, τ,Ω)

• Time-variant direction-spread transfer function, Y (t, f,Ω)
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Figure 3.1: Relationship of system functions for non-WSSUS channels

.

• Direction-Doppler-spread transfer function, Z (f, ν,Ω)

where ν is the Doppler frequency, f is the frequency, and Ω is the direction of an

antenna element in the antenna array in the Tx/Rx.

3.3 Correlation Functions of Non-WSSUS Chan-

nels

Based on the introduced 3D system functions, the six-Dimensional (6D) CFs of non-

WSSUS channels can be obtained as

Rh (t, τ, x; ∆t,∆τ,∆x) =E {h (t, τ, x)h∗ (t−∆t, τ −∆τ, x−∆x)} (3.1a)

RS (ν, τ, x; ∆ν,∆τ,∆x) =E {SH (ν, τ, x)S∗H (ν −∆ν, τ −∆τ, x−∆x)} (3.1b)

RL (t, f, x; ∆t,∆f,∆x) =E {LH (t, f, x)L∗H (t−∆t, f −∆f, x−∆x)} (3.1c)

RH (f, ν, x; ∆f,∆ν,∆x) =E {H (f, ν, x)H∗ (f −∆f, ν −∆ν, x−∆x)} (3.1d)
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Figure 3.2: Relationship of CFs for non-WSSUS channels

.

RW (t, τ,Ω; ∆t,∆τ,∆Ω) =E {W (t, τ,Ω)W ∗ (t−∆t, τ −∆τ,Ω−∆Ω)} (3.1e)

RX (ν, τ, x; ∆ν,∆τ,∆x) =E {X (ν, τ, x)X∗ (ν −∆ν, τ −∆τ, x−∆x)} (3.1f)

RY (t, f,Ω; ∆t,∆f,∆Ω) =E {Y (t, f,Ω)Y ∗ (t−∆t, f −∆f,Ω−∆Ω)} (3.1g)

RZ (f, ν,Ω; ∆f,∆ν,∆Ω) =E {Z (f, ν,Ω)Z∗ (f −∆f, ν −∆ν,Ω−∆Ω)} (3.1h)

where ∆t is the time lag (i.e., time difference), ∆τ is the delay lag, ∆f is the frequency

lag, ∆ν is the Doppler lag, ∆x is the space lag (i.e., antenna element spacing [109]),

and ∆Ω is the direction lag. Here, (·)∗ denotes the complex conjugate operation and

E {·} designates the statistical expectation operator. The Fourier transform relation-

ships between the eight CFs in (3.1a)–(3.1h) are illustrated in Fig. 3.2.

The 6D CFs (3.1a)–(3.1h) are spatial-direction extension of the four-Dimensional

(4D) CFs proposed by Matz [114]. Matz suggested another channel statistic for non-

WSSUS channels, namely, the LSF CH(t, f, τ, ν), which describes the mean power

of the effective scatterers causing delay-Doppler shifts (τ, ν) at time t and frequency

f [115]. Here, we extend the 4D LSF in [115] to the space and direction domains
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resulting in the 6D LSF CH(t, f, x, τ, ν,Ω), which can be obtained as follows

CH(t, f, x, τ, ν,Ω)

=

∫ ∫ ∫
Rh (t, τ, x; ∆t,∆τ,∆x) e−j2π(ν∆t+f∆τ+Ω∆x)d∆td∆τd∆x (3.2a)

=

∫ ∫ ∫
RS (ν, τ, x; ∆ν,∆τ,∆x) ej2π(t∆ν−f∆τ−Ω∆x)d∆τd∆νd∆x (3.2b)

=

∫ ∫ ∫
RL (t, f, x; ∆t,∆f,∆x) e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x (3.2c)

=

∫ ∫ ∫
RH (f, ν, x; ∆f,∆ν,∆x) e−j2π(τ∆f+t∆ν+Ω∆x)d∆fd∆νd∆x (3.2d)

Matz also proposed the channel CF AH(∆t,∆f,∆τ,∆ν) that can characterise the

correlation of multipath components separated by ∆t in time, by ∆f in frequency, by

∆τ in delay, and by ∆ν in Doppler. Here, we will extend the 4D channel CF in [115]

by further considering the multipath components separated by ∆x in space and by

∆Ω in direction. The resulting 6D channel CF can be expressed as

AH(∆t,∆f,∆x,∆τ,∆ν,∆Ω)

=

∫ ∫ ∫
Rh (t, τ, x; ∆t,∆τ,∆x) e−j2π(t∆ν+τ∆f+x∆Ω)dtdτdx (3.3a)

=

∫ ∫ ∫
RS (ν, τ, x; ∆ν,∆τ,∆x) ej2π(ν∆t−τ∆f−x∆Ω)dτdνdx (3.3b)

=

∫ ∫ ∫
RL (t, f, x; ∆t,∆f,∆x) e−j2π(t∆ν−f∆τ+x∆Ω)dtdfdx (3.3c)

=

∫ ∫ ∫
RH (f, ν, x; ∆f,∆ν,∆x) e−j2π(f∆τ+ν∆t+x∆Ω)dfdνdx (3.3d)

Figs. 3.3 and 3.4 show the Fourier transform relationship between the 6D CF and the

LSF and the channel CF, respectively.
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Figure 3.3: Relationship of 6D CFs and LSF for non-WSSUS channels
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Figure 3.4: Relationship of 6D CFs and channel CF for non-WSSUS channels
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3.4 System Functions and Correlation Functions of

Non-Stationary MIMO Channels

The aforementioned general system functions and CFs of non-WSSUS channel models

can be simplified by applying the following assumptions.

– Uncorrelated scattering (US): US means that different channel taps with different

delays are uncorrelated. In [108], Bello showed that US channels are WSS in the fre-

quency domain. Therefore, the 6D space-time-frequency-variant space-time-frequency

CF in (3.1c) will no longer depend on frequency f , i.e., it will be reduced to the five-

Dimensional (5D) space-time-variant space-time-frequency CF RL (t, x; ∆t,∆f,∆x).

It follows that the 6D space-time-delay-variant space-time-delay CF in (3.1a) will be

reduced to the 5D space-time-delay-variant space-time CF Rh (t, τ, x; ∆t,∆x).

– Antenna stationarity : Antenna stationarity means that the time, frequency, and

antenna statistics, i.e., the correlation between different antenna elements separated

by ∆x, do not depend on the selected transmit or receive antennas [116]. It follows

that the 6D space-time-frequency-variant space-time-frequency CF in (3.1c) will no

longer depend on space x, i.e., it will be reduced to the 5D time-frequency-variant

space-time-frequency CF RL (t, f ; ∆t,∆f,∆x). Also the 6D space-time-delay-variant

space-time-delay CF in (3.1a) will be reduced to the 5D time-delay-variant space-

time-delay CF Rh (t, τ ; ∆t,∆τ,∆x).

In the following chapters, we assume that the HST channel satisfies both the US

and antenna stationarity conditions. Antenna stationarity assumption is common for

conventional MIMO channels using limited numbers of Unifrom Linear Array (ULA)

antenna elements. However, this assumption becomes invalid in case of non-ULA

antennas [116] and/or massive MIMO channels with a large number (tens or even

hundreds) of antenna elements [117]. By applying these two assumptions, the CFs

will not depend on f , ∆τ , and x. Therefore, the 6D CFs in (3.1a)–(3.1h) will be

reduced to 4D ones, e.g., the space-time-delay-variant space-time-delay CF in (3.1a)

will be reduced to the time-delay-variant space-time CF Rh (t, τ,∆t,∆x), and the

space-time-frequency-variant space-time-frequency CF in (3.1c) will be reduced to
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Figure 3.5: Relationship of CFs for non-stationary channels

.

the 4D time-variant space-time-frequency CF RL (t; ∆t,∆f,∆x). Fig. 3.5 shows the

relationship between the 4D CFs.

The time-delay-variant space CCF ρ(t, τ ; ∆x) and time-delay-variant ACF r(t, τ ; ∆t)

can be obtained by imposing ∆t=0 and ∆x=0, respectively, in from Rh (t, τ,∆t,∆x).

We can also derive the time-delay variant SD PSD W (t, τ, ν,∆x) by applying the

Fourier transform to Rh (t, τ,∆t,∆x) in terms of ∆t. The relationship between some

of the CFs and the LSF of non-stationary channel models that satisfy the US and

antenna stationarity conditions is illustrated in Fig. 3.6, which serves as a fundamental

framework for the following chapters.

By applying the WSS and US assumptions simultaneously, the CFs will not depend

on t and the 4D CFs will be further reduced to 3D ones [109] as illustrated in Fig. 3.7.

Finally, the spatial extension introduced in this chapter should not be confused with

the one presented in [118] where the spatial dimension is related directly to the receiver

position.
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3.5 Summary

In this chapter, a theoretical framework that explains in details the characterisation

of non-stationary mobile fading channels is established. The proposed framework in-

troduces important system functions and CFs of non-stationary channel and illustrate

the relation between these functions. This framework will be used as a guideline to

derive the statistical properties of the non-stationary HST channel models proposed

in the following chapters.
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Chapter 4
A Generic 2D Non-Stationary Wideband

MIMO Channel Model for Different

High-Speed Train Scenarios

4.1 Introduction

Intelligent Transportation Systems (ITS) considers all types of communications be-

tween vehicles, i.e., V2V, Vehicle-to-Roadside (V2R) or V2I, and information and

communication technologies for rail, water, and air transport [119]. As a fast and

convenient ITS, railways that operate trains with a high speed of more than 250 km/h

have attracted more and more attentions recently. With the increase of train speeds,

wireless communication systems face various challenges such as fast handover [26],

and large Doppler spread.

In this chapter, we will consider using the promising MRS technology that has been

adopted by IMT-A [33] and WINNER II [34] systems. This is performed by deploying

dedicated MRSs on the surface of the train to extend the coverage of the outdoor BS

into train carriages. As a result, the effect of frequent handover will be significantly

reduced by performing a group handover with the MRS instead of dealing with the

individual handover of each passenger [24]. By considering MRS solution, we will
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have two channels: an outdoor channel between the BS and MRS and an indoor one

between the MRS and MS. Radio channels between the MRS and MSs in the carriages

resemble indoor environments and hence can be possibly modelled using the existing

indoor channel models [43]. Here, we will focus on the outdoor channel because of the

research challenges due to the high velocity of the MRS.

Demonstrating the feasibility of wireless systems in HST scenarios before implemen-

tation is not possible without accurate channel models that are able to mimic key

characteristics of HST wireless channels, such as the non-stationarity. Similar to V2V

channels [22], [120]–[123], the non-stationarity of the HST channels means that the

channel statistics can change rapidly over a short period of time. Several measure-

ment campaigns [45], [46], [56], [59], [78] for different HST environments (open space,

tunnels, viaducts, hilly terrains, and U-shaped) were conducted but they mainly fo-

cused on large-scale fading parameters, such as path loss and delay spread, and thus

ignored small-scale fading parameters.

The propagation characteristics change significantly with the change of environments

and the distance between the Tx and Rx even in the same terrain. Moreover, the

features of HST channels, e.g., non-stationarity and large Doppler shift, significantly

differ from those of low-mobility mobile cellular communication channels. Accurate

channel models that are able to mimic key characteristics of wireless channels play

an important role in designing and testing HST communication systems. Channel

models in the literature have failed to demonstrate different propagation parameters

of wireless channels in HST scenarios. Adopting a conventional cellular architecture,

the LTE-A system [15] provided a relatively simple single-path channel model that

supports two scenarios, i.e., open space and tunnels, but ignores the non-stationarity

of HST channels. In [91], the propagation channels between HSTs and fixed BSs were

modelled using the ray-tracing method, which incorporates a detailed simulation of

the actual physical wave propagation process based on an approximation to Maxwell

equations [124]. However, the implementation of ray-tracing models always requires

extensive computational resources. WINNER II [34] and IMT-A channel models [33]

adopted the open space HST scenario in which the MRS technology is employed.
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Both channel models introduced time evolution concept to explicitly simulate the

non-stationarity of channels. However, it has been demonstrated in [77] how the

stationary interval, defined as the maximum time duration over which the channel

satisfies the WSS condition, of these two standard channel models is considerably

longer than that of real HST channels. For a train speed of 324 km/h, the reported

stationary intervals of the standardised models and the measured HST channel were

37.8 ms and 20 ms, respectively [77]. Consequently, the stationary distance of the

standardised channel models is equal to 3.4 m, while it is only 1.8 m for the measured

HST channel. Besides, both of WINNER II and IMT-A channel models have only

considered a rural environment for HSTs, while neglecting other HST scenarios. The

statistical characterisation of WSS MIMO channels has been investigated extensively

in the literature [125]–[127]. In contrast, only few papers [96], [97], [108], [115], [128],

[129] have studied the statistical properties of non-stationary channels.

To fill the above research gaps, we will introduce a generic HST channel model that

can be applied on different HST scenarios. The described generic channel model takes

into account key parameters of the considered scenarios such as the scenario-specific

time-variant Ricean K-factor and time-variant distance between Tx and Rx. It also

consider the non-stationarity of HST scenarios by taking into account time-varying

small-scale fading parameters, like AoAs and AoDs. The proposed generic model is

applicable on three of the most common HST scenarios, i.e, open space, viaduct, and

cutting. For example, these three scenarios form around 84% of the HST scenarios

that can be encountered along the Zhengzhou-Xian HST line in China [83]. It is

noteworthy that this generic model can be further applied on other HST scenario by

choosing proper values of some of its key parameters.

The major contributions and novelties of this chapter are summarised as follows.

1) By considering the deployment of MRS in HST communication systems, we

propose a theoretical GBSM for wideband non-stationary MIMO HST channels

in different HST scenarios. The proposed model has time-varying angular pa-

rameters and time-varying distance between the Tx and Rx. Then, we derive
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and study its time-variant ST CF, time-variant SD PSD, LSF, and time-variant

LCR.

2) The aforementioned theoretical (reference) model assumes an infinite number

of effective scatterers and therefore cannot be used for simulations. Thus, we

further develop a corresponding SoS based simulation model for wideband non-

stationary MIMO HST channels with reasonable complexity, i.e., a finite number

of sinusoids or effective scatterers. The angle parameters of the proposed sim-

ulation model are calculated by adopting the MMEA. The relevant statistical

properties of the developed simulation model are derived, verified by simulations,

and compared with those of the proposed theoretical GBSM.

3) The utility of the proposed simulation model is validated using measurement

data from different HST scenarios, i.e., ACF in viaduct scenario, LCR in viaduct

and cutting scenarios, and stationary interval in the open space, viaduct and

cutting scenarios.

The rest of this chapter is organised as follows. Section 4.2 proposes a theoretical non-

stationary GBSM for wideband MIMO HST channels in the aforementioned HST

scenarios and studies its statistical properties. In Section 4.3, the SoS simulation

model for wideband MIMO HST channels is proposed and its statistical properties

are investigated. Numerical and simulation results and verification with measurement

data are presented in Section 4.4. Finally, conclusions are drawn in Section 4.5.

4.2 The Non-Stationary Wideband Theoretical GBSM

4.2.1 Description of the Wideband MIMO Theoretical Model

We adopt the IMT-A cellular network architecture for the HST communication system

where MRSs are deployed on the surface of the train. Therefore, the end-to-end

communications between the BS and MS will consist of two channels: outdoor channel

and indoor one as illustrated in Fig. 4.1. Here, we will focus on the outdoor channel
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Indoor Channel
MSs

D(t)

Figure 4.1: A HST communication system deploying MRSs.

between the BS and MRS. We consider a MIMO HST system with S transmit and

U receive omni-directional antenna elements. The BS is considered to be located on

the track-side with the minimum distance between the BS and the mid of the track

denoted as Dmin m. Ds (t) =
√

(D2
proj (t) + h2), where h is the relative height between

BS and MRS, and Dproj (t) =
√

(D2
min +D2

ver (t)) is the projection of Ds(t) on the

railway track plane. The distance Dver(t) stands for the vertical distance between the

bottom of the BS and the projection of the MRS location on the railway track plane.

Fig. 4.2 illustrates the proposed GBSM, which consists of multiple confocal ellipses

with single-bounced rays and the LoS component [130]. Geometric elliptical channel

models have widely been used to model wideband MIMO channels [130]–[132]. Other

GBSMs like one-ring and two-ring models have been mainly used to model narrowband

MIMO channels and their extension to wideband channel models [133], [134] is not

straightforward. For clarity purposes, we use a 2×2 MIMO channel model in Fig. 4.2

as an example. The parameters in Fig. 4.2 are defined in Table 4.1.

Based on the Tapped Delay Line (TDL) structure, the taps are represented by multiple

confocal ellipses with the BS and MRS located at the foci. There are Ni effective

scatterers on the ith ellipse (i.e., ith tap), where i=1, 2, ..., I and I is the total number

of ellipses or taps. Each effective scatterer is intended to represent the effect of many

physical scatterers within the region. The semi-major axis of the ith ellipse and the

nith (ni=1, ..., Ni) effective scatterer are denoted by ai (t) and s(ni), respectively. We
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Figure 4.2: The GBSM for a wideband MIMO HST channel.

Table 4.1: Definition of parameters in Fig. 4.2.

Parameters Definition

Ds(t) distance between the BS and MRS

fs(t) half length of the distance between the two foci of ellipses

ai(t), bi(t) semi-major axis and semi-minor axis of the ith ellipse, respectively

υR, γR MRS speed and angle of motion, respectively

∆xT , ∆xR antenna element spacings of the BS and MRS, respectively

βT , βR tilt angles of the BS and MRS antenna arrays in the x-y plane, respectively

φLoS
Tp

(t) AoA of the LoS path

φ
(ni)
R (t) AoA of the wave travelling from an effective scatterer s(ni) to the MRS

φ
(ni)
T (t) AoD of the wave that impinges on the effective scatterer s(ni)

ξ, ξ
(ni)
T (t), and ξ

(ni)
R (t) distances d (Tp,MRS), d

(
BS, s(ni)

)
, and d

(
s(ni),MRS

)
, respectively

εpq , εpni , εniq distances d (Tp, Rq), d
(
Tp, s(ni)

)
, and d

(
s(ni), Rq

)
, respectively

denote the time-varying semi-minor axis of the ith ellipse as bi(t) =
√
a2
i (t)− f 2

s (t),

where fs (t) = Ds (t) /2 represents a half of the distance between the two foci of

ellipses. The tilt angles of the BS and MRS antenna arrays are denoted by βT and

βR, respectively. The MRS moves with the same speed υR as the train in the direction

determined by the angle of motion γR. The AoA of the wave traveling from an effective

scatterer s(ni) to the MRS is denoted by φ
(ni)
R (t). The AoD of the wave that impinges

on the effective scatterer s(ni) is denoted by φ
(ni)
T (t), while φLoS

Tp
(t) denotes the AoA

of a LoS path.
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Based on the TDL concept, the complex space-time-variant channel impulse response

between the pth (p=1, ..., S) element of the BS, Tp, and the qth (q=1, ..., U) element

of the MRS, Rq, can be expressed as h(t, τ, x) = hpq (t, τ) =
∑I

i=1 hi,pq (t) δ(τ−τi),

where hi,pq (t) and τi denote the complex space-time-variant tap coefficients and the

discrete propagation delay of the ith tap, respectively. Note that the space domain x

is implicitly expressed by the subscript pq. From the above GBSM, the complex tap

coefficients for the first tap (i=1) of the Tp − Rq link is a superposition of the LoS

component and Single-Bounced (SB) components, and can be expressed as

h1,pq (t) = hLoS
1,pq (t) + hSB

1,pq (t) (4.1)

where

hLoS
1,pq (t)=

√
Kpq

Kpq + 1
e−j2πfcτpq(t)e

j2πfmaxt cos
(
φLoS
Tp

(t)−γR
)

(4.2a)

hSB
1,pq (t) =

√
Ω1,pq

Kpq (t) + 1

N1∑
n1=1

1√
N1

ej(ψn1−2πfcτpq,n1(t))e
j2πfmaxt cos

(
φ
(n1)
R (t)−γR

)
. (4.2b)

The complex tap coefficients for other taps (1 < i ≤ I) of the Tp − Rq link is a sum

of SB components only and can be expressed as

hi,pq (t)= hSB
i,pq (t) =

√
Ωi,pq

Ni∑
ni=1

1√
Ni

ej(ψni−2πfcτpq,ni (t)) e
j2πfmaxt cos

(
φ
(ni)
R (t)−γR

)
, 1 < i ≤ I.

(4.3)

It is worth mentioning that in (4.2a), (4.2b), and (4.3), we have time-varying pa-

rameters τpq(t), φ
LoS
Tp

(t), τpq,ni(t) (i = 1, ..., I), and φ
(ni)
R (t), which make the underlying

GBSM a non-stationary one. If these parameters are not time-varying, then the

GBSM can be reduced to a WSS one, as proposed in [130]. In the following, our task

is to define or calculate the above time-varying parameters.

In (4.2a), (4.2b), and (4.3), Ωi,pq designates the mean power for the ith tap, τpq(t)=

εpq(t)/c, and τpq,ni(t)=(εpni(t)+εniq(t))/c are the travel times of the waves through the
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links Tp−Rq and Tp− s(ni)−Rq, respectively, as shown in Fig. 4.2. Here, c represents

the speed of light and the symbol Kpq designates the Ricean factor. The phases ψn1

and ψni are Independent and Identically Distributed (i.i.d.) random variables with

uniform distributions over [−π, π) and fmax is the maximum Doppler shift related to

the MRS. From Fig. 4.2 and based on the law of cosines, we have [132]

εpq(t)≈Ds(t)−kp∆xT cos βT−kq∆xR cos(φLoS
Tp (t)−βR) (4.4a)

εpni(t)≈ ξ
(ni)
T (t)−kp∆xT cos

(
φ

(ni)
T (t)−βT

)
(4.4b)

εniq(t)≈ ξ
(ni)
R (t)−kq∆xR cos

(
φ

(ni)
R (t)−βR

)
(4.4c)

where kp=(S−2p+1) /2, kq=(U−2q+1) /2, and ξ
(ni)
R (t)=b2

i (t)/
(
ai(t)+fs(t) cosφ

(ni)
R (t)

)
with ξ

(ni)
T (t)=

(
a2
i(t)+f

2
s(t)+2ai(t)fs(t) cosφ

(ni)
R (t)

)
/
(
ai(t)+fs(t) cosφ

(ni)
R (t)

)
.

Note that the AoD φ
(ni)
T (t) and AoA φ

(ni)
R (t) are interdependent for SB rays. The

relationship between the AoD and AoA for multiple confocal ellipses model can be

given by [132]

sinφ
(ni)
T (t)=

b2
i (t) sinφ

(ni)
R (t)

a2
i (t)+f 2

s (t)+2ai(t)fs(t) cosφ
(ni)
R (t)

(4.5a)

cosφ
(ni)
T (t)=

2ai(t)fs(t) + (a2
i (t) + f 2

s (t)) cosφ
(ni)
R (t)

a2
i (t) + f 2

s (t) + 2ai(t)fs(t) cosφ
(ni)
R (t)

. (4.5b)

The time-variant LoS AoA φLoS
Tp

(t) can be expressed as [15]

φLoS
Tp (t)=

φ
LoS
Tp

(t0)+arccos
(
Ds(t0)+vRt cos γR

Ds(t)

)
,−π ≤ γR ≤ 0

φLoS
Tp

(t0)−arccos
(
Ds(t0)+vRt cos γR

Ds(t)

)
, 0 ≤ γR ≤ π

(4.6)

where φLoS
Tp

(t0)=arcsin
(
kp∆xT
Ds(t0)

sin βT

)
denotes the initial LoS AoA at time t = t0.

We assume that the numbers of effective scatterers in the theoretical model tend to

infinity, i.e., Ni→∞. In this case, the discrete angles φ
(ni)
T (t) and φ

(ni)
R (t) can be

replaced by continuous ones φ
(i)
T (t) and φ

(i)
R (t), respectively. scatterer distributions
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Figure 4.3: The time-varying angular parameters in the HST channel model.

like the uniform and Gaussian PDFs. Here, we use the von Mises PDF to describe

the time-varying angles φ
(ni)
T (t) and φ

(ni)
R (t) as it is a general function and includes

some well-known PDFs as special cases, e.g., uniform and Gaussian PDFs [132]. The

von Mises PDF is defined as f(φ)
∆
=exp [k cos(φ−µ)]/[2πI0 (k)], where µ is the mean

value of angle φ ∈ [−π, π), I0(·) is the zeroth-order modified Bessel function of the first

kind, and k (k≥0) is a positive real-valued parameter that controls the spread of φ.

Applying the von Mises distribution to the time-varying AoAs, we get f
(
φ

(i)
R

)
(t)

∆
=

exp
[
k

(i)
R cos

(
φ

(i)
R −µ

(i)
R (t)

)]
/
[
2πI0

(
k

(i)
R

)]
, where µ

(i)
R is the mean angular value of the

AoA φ
(i)
R and k

(i)
R is the relevant von Mises parameter that controls the spread of φ

(i)
R .

Similarly, we can get f
(
φ

(i)
T

)
(t) with µ

(i)
T and k

(i)
T .

In Fig. 4.3, the MRS is moving with the speed of vR in the direction defined by the

angle of motion γR. Correspondingly, the AoAs and the axes of the ellipses will be

changed. Based on the geometric relations and by defining all the angles in Fig. 4.3,

the time-varying function of mean AoA µ
(i)
R (t) can be derived as (4.7) [135]

µ
(i)
R (t)=


γR − arccos

(
vRt−ξ

(ni)
R (t0) cos

(
γR−µ

(i)
R (t0)

)
√
ξ
2 (ni)
R (t0)+(vRt)

2−2ξ
(ni)
R (t0)vRt cos(γR−µiR(t0))

)
, −π ≤ γR ≤ 0

γR + arccos

(
vRt−ξ

(ni)
R (t0) cos

(
γR−µ

(i)
R (t0)

)
√
ξ
2 (ni)
R (t0)+(vRt)

2−2ξ
(ni)
R (t0)vRt cos(γR−µiR(t0))

)
, 0 ≤ γR ≤ π.

(4.7)
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4.2.1.1 Open space

The distance between the BS and the MRS can be calculated asDs (t) =
√
D2

proj (t) + h2,

where h = HBS − (Htrain +HMRS), Dproj (t) =
√
D2

min (t) +D2
ver (t), and Dver (t) =(√

D2
ver (t0) + (vRt)2 + 2Dver (t0) vRt cos γR

)
.

4.2.1.2 Viaduct

BS

H
viad

H
BS

L

H
train

H
MRS

W
viad

Figure 4.4: The viaduct scenario.

Fig. 4.4 shows a sectional view of the viaduct scenario with the main parameters of

the viaduct structure that influence the wireless signal received by the MRS mounted

on the top of the train. The impact of the parameters of the viaduct structure,

especially the viaduct’s height, Hviad, on the HST channel can be observed through the

Ricean K-factor and the distance between BS and MRS as follows. The time-varying

distance between the BS and MRS is Ds (t) =
√

(D2
proj (t) + h2), where h = HBS −

(Hviad +Htrain +HMRS), Dproj (t) =
√

(D2
min +D2

ver (t)), and Dmin = L + Wviad/2.
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The Ricean K-factor, Kpq (t), in viaduct scenario can be expressed as

Kpq (t) =



0.012Ds (t) + 0.29, Ds (t) ≤ DBP

(
−0.00037Hviad − 0.18

Hviad
+ 0.017

)
Ds (t)

+
(

0.148Hviad + 72
Hviad

− 1.71
)
, Ds (t) > DBP .

(4.8)

where DBP is the breakpoint distance that can be considered as the intercept distance

used to remove the effect of the antenna.

4.2.1.3 Cutting

BS

W
up

W
down

H
cut

H
BS

L

H
M
R
S

H
tr
ai
n

Figure 4.5: The cutting scenario.

A sectional view of the cutting scenario with the main parameters of the cutting

structure is illustrated in Fig. 4.5. The cutting structure, especially the sides, has a

significant impact on the HST wireless propagation characteristics. As we explained
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earlier, the cutting scenario can be further classified into deep cutting (Hcut > Htrain +

HMRS) and low cutting (Hcut < Htrain + HMRS) scenarios. While the high altitude

of the BS results in a dominant LoS component at the MRS side, the richness of

the scatterers at the sides of the cutting will increase the possibility of multipath

components and may lead to a severe fading. The impact of the parameters of the

cutting structure, especially the cuttings’s dimensions, Wup and Wdown are represented

by the Ricean K-factor and the distance between BS and MRS. The relative height

between BS and MRS can be calculated as h = Hcut + HBS − (Htrain +HMRS) while

Dmin = L+Wup/2. The Ricean K-factor, Kpq (t), in cutting scenario can be expressed

as

Kpq (t) (dB) =

0.027Ds(t)+0.41(Wup +Wdown)−30.78, Ds(t)≤DBP

−0.0036Ds(t)+0.41(Wup +Wdown)−24.66, Ds(t)>DBP .
(4.9)

Table 4.2 shows typical values of the different key scenario-specific parameters intro-

duced earlier. These values are summarised based on a comprehensive survey of HST

measurement campaigns in viaduct and cutting scenarios.

Table 4.2: Typical values of parameters in Figs. 4.4 & 4.5.

Viaduct Values Cutting Values
Hviad 10 – 30 m Hcut 2 – 10 m
HBS Hviad + (20−−30) m HBS 20 – 30 m
HMRS 30 cm HMRS 30 cm
Htrain 3.8 m Htrain 3.8 m
L 10 – 30 m L 10 – 30 m

Wviad 10 – 20 m Wdown 14 – 20 m
Wup 45 – 65 m

4.2.2 Statistical Properties of the Theoretical Model

In this subsection, we will derive the statistical properties of the proposed non-

stationary HST GBSM based on the theoretical framework described in Section II

under the US and antenna stationarity assumptions.
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4.2.2.1 Time-variant ST CF

The correlation properties of two arbitrary channel impulse responses hpq (t, τ) and

hp′q′ (t, τ) of a wideband MIMO HST channel are determined by the correlation prop-

erties of hi,pq (t) and hi,p′q′ (t) in each tap, since there is no correlation between the

underlying processes in different taps. The normalised time-variant ST CF can be

derived as

Rh(t,∆xT ,∆xR,∆t)=
E
{
hi,pq(t)h

∗
i,p′q′(t−∆t)

}√
Ωi,pqΩi,p′q′

(4.10)

which can be obtained from the time-delay variant space CCF Rh (t, τ ; ∆t,∆x) in

Fig. 3.6 with τ = 0.

– In the case of the LoS component,

RLoS
h (t,∆xT ,∆xR,∆t)= K ′e

j2π
[
P cosβT−Q cos

(
φLoS
Tp

(t)−βR
)]

× ej2πfmax cos
(
φLoS
Tp

(t−∆t)−γR
)

∆t
(4.11)

where P=(p′−p) ∆xT/λ, Q=(q′ −q) ∆xR/λ, and K ′ =

√
KpqKp′q′

(Kpq+1)(Kp′q′+1)
.

– In the case of the SB component,

RSBi
h (t,∆xT ,∆xR,∆t)=

1

2πI0

(
k

(i)
R

)
U

π∫
−π

e
k
(i)
R cos

(
φ
(i)
R−µ

(i)
R (t)

)

× ej2π
[
P cos

(
φ
(i)
T −βT

)
+Q cos

(
φ
(i)
R−βR

)]
ej2πξ

(ni)
TR (t,∆t)e

j2πfmax cos
(
φ
(i)
R −γR

)
∆t

dφ
(i)
R (4.12)

where ξniTR (t,∆t) = ξniT (t−∆t)− ξniT (t) + ξniR (t−∆t)− ξniR (t).

By imposing ∆t = 0 in (4.10), we get the normalised time-variant space CCF between

two arbitrary channel coefficients as

ρ (t,∆xT ,∆xR)=
E
{
hi,pq(t)h

∗
i,p′q′(t)

}√
Ωi,pqΩi,p′q′

= Rh (t,∆xT ,∆xR, 0) . (4.13)
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– In the case of the LoS component,

ρLoS(t,∆xT ,∆xR)= K ′e
j2π
[
P cosβT−Q cos

(
φLoS
Tp

(t)−βR
)]
. (4.14)

– In the case of the SB component,

ρSBi (t,∆xT ,∆xR)=
1

2πI0

(
k

(i)
R

)
U

π∫
−π

e
k
(i)
R cos

(
φ
(i)
R−µ

(i)
R (t)

)

× ej2π
[
P cos

(
φ
(i)
T −βT

)
+Q cos

(
φ
(i)
R−βR

)]
dφ

(i)
R . (4.15)

The normalised time-variant space CCF for the first tap (i=1) can be expressed as

the summation of (4.14) and (4.15) with i=1, i.e.,

ρ1(t,∆xT ,∆xR)=ρLoS(t,∆xT ,∆xR)+ρSB1(t,∆xT ,∆xR) . (4.16)

Similarly, the normalised time-variant ACF can be obtained by imposing ∆xT = 0

and ∆xR = 0 in (4.10), i.e.,

r (t,∆t)=
E
{
hi,pq(t)h

∗
i,pq(t−∆t)

}√
Ωi,pqΩi,p′q′

= Rh (t, 0, 0,∆t) . (4.17)

– In the case of the LoS component,

rLoS(t,∆t)=
Kpq

1 +Kpq

ej2πfmax cos(φLoS(t−∆t)−γR)∆t. (4.18)

– In the case of the SB component,

rSBi(t,∆t)=
1

2πI0

(
k

(i)
R

)
(1 +Kpq)

π∫
−π

e
k
(i)
R cos

(
φ
(i)
R−µ

(i)
R (t)

)

× ej2πξ
(ni)
TR (t,∆t)e

j2πfmax cos
(
φ
(i)
R −γR

)
∆t

dφ
(i)
R . (4.19)
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Therefore, the normalised time-variant ACF for the first tap (i=1) can be expressed

as the summation of (4.18) and (4.19) with i=1, i.e.,

r1(t,∆t)= rLoS(t,∆t)+rSB1(t,∆t). (4.20)

4.2.2.2 Time-variant SD PSD

The time-variant SD PSD can be obtained from the time-variant ST CF by applying

the Fourier transformation in terms of ∆t, i.e.,

W(t, ν,∆xT ,∆xR)=

∫
Rh(t,∆xT ,∆xR,∆t)e

−j2πν∆td∆t. (4.21)

–In case of the LoS component,

W LoS (t, ν,∆xT ,∆xR) = K ′e
j2π
[
P cosβT−Q cos

(
φLoS
Tp

(t)−βR
)]
δ (ν − (G (t) + vR)) (4.22)

where G (t) = fmax cos
(
φLoS
Tp

(t)− γR
)

.

–In case of the SB component,

W SBi (t, ν,∆xT ,∆xR) =

∫
RSBi
h (t,∆xT ,∆xR,∆t) e

−j2πν∆td∆t. (4.23)

This integral will have to be evaluated numerically.

4.2.2.3 LSF

It can be obtained from the time-variant space-time-frequency CF RL (t; ∆t,∆f,∆x)

using Fourier transform with respect to ∆t and ∆x and inverse Fourier transform

with respect to ∆f , i.e.,

CH(t, τ, ν,Ω)=

∫ ∫ ∫
RL(t; ∆t,∆f,∆x)e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x. (4.24)
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where the time-variant space-time-frequency CF can be obtained from (3.1c) after

considering the US and antenna stationarity assumptions, i.e.,

RL (t; ∆t,∆f,∆x) =
E
{
LHpq (t, f)L∗Hp′q′ (t−∆t, f −∆f)

}
√

Ωi,pqΩi,p′q′
. (4.25)

Here, LHpq (t, f) is the space-time-variant transfer function that can be obtained by

LHpq (t, f) =

∫
hpq (t, τ) e−j2πfτdτ. (4.26)

– In the case of the LoS component,

RLoS
L (t; ∆t,∆f,∆x) = K ′e

j2π
[
P cosβT−Q cos

(
φLoS
Tp

(t)−βR
)]

× ej2πfmax cos
(
φLoS
Tp

(t)−γR
)

∆t−∆fτ1 (4.27)

where

CLoS
H (t, τ, ν,Ω)=

∫ ∫ ∫
RLoS
L (t; ∆t,∆f,∆x)e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x. (4.28)

– In the case of the SB component,

CSBi
H (t, τ, ν,Ω)=

∫ ∫ ∫
RSBi
L (t; ∆t,∆f,∆x)e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x (4.29)

where the time-variant space-time-frequency CF RSBi
L (t; ∆t,∆f,∆x) can be expressed

as

RSBi
L (t; ∆t,∆f,∆x) =

1

2πI0

(
k

(i)
R

)
U

π∫
−π

e
k
(i)
R cos

(
φ
(i)
R−µ

(i)
R (t)

)
e
j2πfmax cos

(
φ
(i)
R −γR

)
∆t

× ej2π
[
P cos

(
φ
(i)
T −βT

)
+Q cos

(
φ
(i)
R−βR

)]
e−j2π∆fτidφ

(i)
R . (4.30)

It is important to mention that all the investigated statistical properties in this

section, i.e., Rh (t,∆xT ,∆xR,∆t), ρ (t,∆xT ,∆xR), r (t,∆t), W (t, ν,∆xT ,∆xR), and

CH(t, τ, ν,Ω), are time-variant due to the non-stationarity of the proposed GBSM. For
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stationary channel models, the corresponding statistical properties are not dependent

on t.

4.2.2.4 Time-variant LCR

The LCR, L(t, r), is by definition the average number of times per second that the

signal envelope, |hpq(t)|, crosses a specified level r with positive/negative slope. Using

the traditional PDF-based method [136], we derive the expression of LCR for HST

channels as

L(t, r) =
2r
√
Kpq (t) + 1

π3/2
B (t) e−Kpq(t)−(Kpq(t)+1)r2

∫ π/2

0

cosh

(
2
√
Kpq (t) (Kpq (t) + 1)r cos θ

)
×
[
e−(χ(t) sin θ)2 +

√
πχ (t) sin θ · erf(χ (t) sin θ)

]
dθ, (4.31)

where cosh(·) is the hyperbolic cosine function, erf(·) is the error function, B (t) =√
b2(t)
b0(t)
− b21(t)

b20(t)
, and χ (t) is equal to

√
Kpq(t)b21(t)

(b0(t)b2(t)−b21(t))
. Finally, parameters b0 (t), b1 (t),

and b2 (t) are defined as

b0 (t)
4
= E

{
hIpq(t)

2
}

= E
{
hQpq(t)

2
}
, (4.32a)

b1 (t)
4
= E

{
hIpq(t)ḣ

Q
pq(t)

}
= E

{
hQpq(t)ḣ

I
pq(t)

}
, (4.32b)

b2 (t)
4
= E

{
ḣIpq(t)

2
}

= E
{
ḣQpq(t)

2
}
, (4.32c)

where hIpq(t) and hQpq(t) denote the in-phase and quadrature components of the complex

fading envelope hpq(t), and ḣIpq(t) and ḣQpq(t) denote the first derivative of hIpq(t) and

hQpq(t), respectively.

Using (4.1) – (4.3), the parameters b0 (t), b1 (t), and b2 (t) can be calculated as

b0 (t) =
1

Kpq (t) + 1
, (4.33a)
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b1 (t) =
b0 (t)

Ni

Ni∑
ni=1

fmax cos(φ
(ni)
R − γR), (4.33b)

b2 (t) =
b0 (t)

Ni

Ni∑
ni=1

[
fmax cos(φ

(ni)
R − γR)

]2

. (4.33c)

4.3 The Simulation Model for Wideband MIMO

HST channels

4.3.1 Description of the Wideband MIMO Simulation Model

The proposed theoretical model assumes an infinite number of effective scatters and

hence it cannot be used for simulations. Therefore, we need to develop a HST simu-

lation model, which can be obtained from the theoretical one by utilising only a finite

number of scatterers N . The complex space-time-variant tap coefficient of the first

tap of the link Tp–Rq for the simulation model can be expressed as

h̃1,pq (t) = h̃LoS
1,pq (t) + h̃SB

1,pq (t) (4.34)

where

h̃LoS
1,pq (t) =

√
Kpq

Kpq + 1
e−j2πfcτpq(t)e

j
[
2πfmaxt cos

(
φ̃LoS
Tp

(t)−γR
)]

(4.35a)

and

h̃SB
1,pq (t) =

√
Ω1,pq

Kpq + 1

N1∑
n1=1

1√
N1

ej(ψn1−2πfcτpq,n1(t))e
j
[
2πfmaxt cos

(
φ̃
(n1)
R (t)−γR

)]
. (4.35b)
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The complex space-time-variant channel coefficient for the rest of the taps (1 < i ≤ I)

can be expressed as

h̃i,pq (t) = h̃SB
i,pq (t) =

√
Ωi,pq

Ni∑
ni=1

1√
Ni

ej(ψni−2πfcτpq,ni (t))

× ej
[
2πfmaxt cos

(
φ̃
(ni)
R (t)−γR

)]
, 1 < i ≤ I. (4.36)

By comparing the simulation and theoretical models and considering the fact that

the AoDs are related to the AoAs, we only need to determine the discrete AoA{
φ̃

(ni)
R

}Ni
ni=1

for the simulation model. In case of isotropic scattering, i.e., k
(i)
R = 0, the

quantities
{
φ̃

(ni)
R

}Ni
ni=1

should preferably be computed using the Extended Method

of Exact Doppler Spread (EMEDS) [131], while MMEA and the Lp-Norm Method

(LPNM) provide high quality solutions when the scattering is non-isotropic [131].

Here, we consider a non-isotropic scattering environment and hence we will use MMEA

to calculate
{
φ̃

(ni)
R

}Ni
ni=1

for the simulation model. By applying the MMEA, the AoAs{
φ̃

(ni)
R

}Ni
ni=1

can be determined by finding the solutions of the following equation using

numerical root-finding techniques [131]:

ni − 1
4

Ni

−
φ̃
(ni)
R∫

µ
(i)
R (t0)−π

f
(
φ

(i)
R

)
(t0)dφ

(i)
R = 0, ni = 1, 2, ..., Ni. (4.37)

The value of Ni needs to be chosen carefully. Too small Ni will lead to inaccurate

results, while too large Ni results in time-consuming simulations. Our investigations

have demonstrated that choosing Ni = 50 is a reasonable compromise between com-

plexity and accuracy. It is also worth noting that this agrees with the suggestion given

in [131, p. 451] that the reasonable values of Ni are in the range from 40 to 50. In the

future, when more HST measurement campaigns become available in the literature,

a guidance to select Ni for different HST environments can be introduced.
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4.3.2 Statistical Properties of the Simulation Model

Based on our wideband MIMO HST theoretical model and its statistical properties,

the corresponding statistical properties for the simulation model can be derived by

using discrete angle parameters.

4.3.2.1 Time-variant ST CF

The normalised time-variant ST CF can be calculated by

R̃h(t,∆xT ,∆xR,∆t)=
E
{̃
hi,pq(t) h̃

∗
i,p′q′(t−∆t)

}
√

Ωi,pqΩi,p′q′
. (4.38)

– In the case of the LoS component,

R̃LoS
h (t,∆xT ,∆xR,∆t)= K ′e

j2π
[
P cosβT−Q cos

(
φ̃LoS
Tp

(t)−βR
)]

× ej2πfmax cos(φ̃LoS(t−∆t)−γR)∆t. (4.39)

– In the case of the SB component,

R̃SBi
h (t,∆xT ,∆xR,∆t)=

1

NiU

Ni∑
ni=1

e
j2π
[
P cos

(
φ̃
(ni)
T (t)−βT

)
+Q cos

(
φ̃
(ni)
R (t)−βR

)]

× ej2πξ
(ni)
TR (t,∆t)e

j2πfmax cos
(
φ̃
(ni)
R (t)−γR

)
∆t
. (4.40)

Similar to the procedure applied to the theoretical model, the normalised time-variant

space CCF and the time-variant ACF of the simulation model can be expressed as

ρ̃ (t,∆xT ,∆xR)=
E
{̃
hi,pq(t) h̃

∗
i,p′q′(t)

}
√

Ωi,pqΩi,p′q′
= R̃h (t,∆xT ,∆xR, 0) (4.41)

r̃ (t,∆t)=
E
{̃
hi,pq(t) h̃

∗
i,pq(t−∆t)

}
√

Ωi,pqΩi,p′q′
= R̃h (t, 0, 0,∆t) (4.42)

respectively.
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4.3.2.2 Time-variant SD PSD

The time-variant SD PSD of the simulation model W̃(t, ν,∆xT ,∆xR) can be obtained

from the ST CF by applying the Fourier transform in terms of ∆t. Therefore, it can be

expressed similar to (4.21) by replacing Rh(t,∆xT ,∆xR,∆t) by R̃h(t,∆xT ,∆xR,∆t).

– In case of the LoS component,W̃ LoS (t, ν,∆xT ,∆xR) can be obtained by replacing

φLoS
Tp

by φ̃LoS
Tp

in (4.22).

– In case of the SB component, time-variant SD PSD W̃ SBi (t, ν,∆xT ,∆xR) can be

obtained from (4.23) by substituting RSBi
h (t,∆xT ,∆xR,∆t) by R̃SBi

h (t,∆xT ,∆xR,∆t).

4.3.2.3 LSF

Analogous to the theoretical model, the LSF of the simulation model C̃H(t, τ, ν,Ω)

can be obtained from the time-frequency-space CF R̃L (t; ∆t,∆f,∆x). Therefore,

the derived equations can be obtained from (4.24)–(4.29) by replacing the theoretical

model functions and the continuous model parameters, e.g., φ
(i)
R with the correspond-

ing simulation model functions and discrete model parameters, e.g., φ̃
(ni)
R . As a result,

the LSFs of the simulation model can be expressed as

C̃H(t, τ, ν,Ω)=

∫ ∫ ∫
R̃L(t; ∆t,∆f,∆x)e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x (4.43)

with

R̃L(t,∆t,∆f,∆x) =
E
{
L̃Hpq (t, f) L̃∗Hp′q′ (t−∆t, f −∆f)

}
√

Ωi,pqΩi,p′q′
(4.44)

where L̃Hpq (t, f) is the space-time-variant transfer function that can be obtained from

L̃Hpq (t, f) =

∫
h̃pq (t, τ) e−j2πfτdτ. (4.45)

– In the case of the LoS component,

R̃LoS
L (t; ∆t,∆f,∆x) = K ′e

j2π
[
P cosβT−Q cos

(
φ̃LoS
Tp

(t)−βR
)]
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× ej2πfmax cos
(
φ̃LoS
Tp

(t)−γR
)

∆t−∆fτ1 (4.46)

C̃LoS
H (t, τ, ν,Ω)=

∫ ∫ ∫
R̃LoS
L (t; ∆t,∆f,∆x)

× e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x. (4.47)

– In the case of the SB component,

R̃SBi
L (t; ∆t,∆f,∆x) =

1

NiU

Ni∑
ni=1

e
j2πfmax cos

(
φ̃
(ni)
R (t)−γR

)
∆t

× ej2π
[
P cos

(
φ̃
(ni)
T (t)−βT

)
+Q cos

(
φ̃
(ni)
R (t)−βR

)]
e−j2π∆fτi (4.48)

C̃SBi
H (t, τ, ν,Ω)=

∫ ∫ ∫
R̃SBi
L (t; ∆t,∆f,∆x)hspace2.0cm

× e−j2π(ν∆t−τ∆f+Ω∆x)d∆td∆fd∆x. (4.49)

4.3.2.4 Time-variant LCR

Similar to the aforementioned statistical properties, the time-variant LCR of the sim-

ulation model can be obtained from the one of the theoretical model by replacing

the continuous model parameters, e.g., φ
(i)
R with the corresponding simulation model

functions and discrete model parameters, e.g., φ̃
(ni)
R .

4.4 Results and Analysis

In this section, the statistical properties of the proposed theoretical model and sim-

ulation model are evaluated and analysed. Then, the proposed simulation channel

model is further validated by measurements.
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4.4.1 Open space

The parameters for our analysis in open space scenario are listed here or specified

otherwise: the LoS Ricean factor Kpq = Kp′q′ = 6, taps delays for the first and second

taps are τ1 = 0 and τ2 = 35 ns, respectively, as for the RMa scenario in [33], vR = 360

km/h, fc = 4 GHz, and thus fmax = 1.34 KHz, Ds(t0) = 1000 m, Dmin = 50 m as

in [15], a1(t0) = Ds(t0)
2

+ 5 m, a2(t0) = Ds(t0)
2

+ 10.25 m, ξ
(ni)
R (t0) = 600 m, γR = 30◦,

µ
(i)
R (t0) = 45◦, k

(i)
R = 6 and we use a linear antenna array with U = S = 2 and

βR = βT = 60◦.

4.4.1.1 Time-variant ST CFs

By adopting a BS antenna element spacing ∆xT = λ, the absolute values of the time-

variant space CCF of non-stationary HST MIMO channel model are illustrated in

Fig. 4.6(a) and Fig. 4.6(b). By using (4.16) and imposing i =2 in (4.15), Fig. 4.6(a)

shows the absolute values of the time-variant space CCF of the first and second taps

of the theoretical model at two different time instants, i.e., t= 0 s and 2 s. From the

figure, we can easily notice the higher correlation in the first tap in comparison with

the second one because of the dominant LoS component. To highlight the impact

of the time-varying parameters on channel statistical properties, Fig. 4.6(b) shows

the absolute values of the time-variant space CCF of the second tap with time-variant

and time-invariant angular parameters. It shows that time-varying angles are the only

time-varying parameters that affect the time-variant space CCF. The same conclusion

can be drawn from (4.15). Fig. 4.7 shows a comparison between the time-variant space

CCFs of the theoretical model (4.15), simulation model (4.41), and simulation results

with N=50 for BS antenna spacing ∆xT = λ at different time instants t= 0 s and

2 s. It shows that the simulation model provides a fairly good approximation to

the theoretical one especially at small antenna spacings. The simulation results fit

the simulation model very well, demonstrating the correctness of both theoretical

derivations and simulations.
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Figure 4.6: (a) The absolute values of the time-variant space CCF of different taps
of the proposed HST channel model at different time instants. (b) The absolute
values of the time-variant space CCF of the second tap with/without time-varying

angular parameters.
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Figure 4.7: Comparison between the time-variant space CCFs of the second tap
of the theoretical model and simulation model for different time instants.
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Figure 4.8: (a) The absolute values of the time-variant ACF of different taps of
the proposed HST channel model at different time instants. (b) The absolute values

of the time-variant ACF with/without time-varying angular parameters.

By using (4.20) and imposing i =2 in (4.15), Fig. 4.8(a) shows the absolute values of

the time-variant ACF of different taps of the proposed theoretical HST channel model

at different time instants. A higher correlation in the first tap in comparison with

the second can be easily noticed. Again, this is due to the dominant LoS component.

Fig. 4.8(b) shows the absolute values of the time-variant ACF of the second tap

with/without time-varying angular parameters. We can see that even with time-

invariant angles, the absolute value of the time-variant ACF still changes with time

because of the time-varying dimensions of the ellipses. The same conclusion can be

drawn from (4.19). From this figure, we can also calculate coherence time, which

quantifies the duration within which the channel is approximately constant and can

be defined as the smallest value of ∆t that fulfills the condition |r(t,∆t)| = 1
2
|r(0,∆t)|.

The coherence time for time-variant and time-invariant angular parameters is equal to

1 ms and 4 ms, respectively. It is important to mention that the smaller the coherence

time, the larger the Doppler spread. Fig. 4.9 shows a comparison between the time-

variant ACFs of the second tap of the theoretical model (4.19), simulation model
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Figure 4.9: Comparison between the time-variant ACFs of the second tap of the
theoretical model and simulation model for different time instants.

(4.42), and simulation results for different time instants. Again, the simulation model

provides a fairly good approximation to the theoretical one especially in small values

of time separation. The simulation results and (4.42) of the simulation model match

very well, illustrating the correctness of the derivation of (4.42) and simulations.

4.4.1.2 Time-variant SD PSDs

Fig. 4.10 compares the time-variant SD PSDs of the theoretical model (4.21) for

isotropic (i.e., kR = 0) and non-isotropic (i.e., kR > 0) scenarios at different time

instants with ∆xT = ∆xR = λ. We can easily notice that the SD PSD is U-shaped

for isotropic case only. To understand the impact of the angular parameters on SD

PSD given in (4.23) for the theoretical model and the corresponding simulation model,

Fig. 4.11 shows normalised SD PSDs of both models for different angular parameters,

i.e., the angle of motion γR and the initial mean AoA µR (t0). From this figure, it

can be concluded that angular parameters of channel models affect considerably the

trends of the time-variant SD PSDs.
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Figure 4.11: Time-variant SD PSDs of the theoretical and simulation models for
different angular parameters (vR = 360 km/h, fmax = 1.34 KHz, kR = 11).

4.4.1.3 LSFs

Fig. 4.12 shows a comparison between the LSFs of the theoretical model and simula-

tion model with N=50 for different time instants. It can be noticed how the power

of the effective scatterers varies with time t and the power of the components with
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Figure 4.12: Comparison between the LSFs of the second tap of the theoretical
model and the simulation model for different time instants.

zero Doppler frequency is higher than the rest of the components. Simulation model

shows good approximation to the theoretical one at different time instants. different

time instants due to the non-stationarity of the HST channel. They also demonstrate

that simulation model provides a good approximation to the statistical properties of

the theoretical one.

4.4.1.4 Stationary Interval/Stationary Distance

To verify our proposed channel models, we use HST measurement data presented

in [77] where the authors compared the stationary interval of a measured HST channel

with that of standard channel models such as IMT-A and WINNER II. The stationary

interval can be calculated using Averaged Power Delay Profile (APDP) that can be

expressed as [77]

Ph (tk, τ) =
1

NPDP

k+NPDP−1∑
k

|h̃pq (tk, τ) |2 (4.50)

where NPDP is the number of power delay profiles to be averaged, tk is the time

of the k-th drop (snapshot), and h̃pq (tk, τ)=
∑I

i=1 h̃i,pq (tk) δ(τ−τi). The correlation
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Figure 4.13: The empirical CCDFs of stationary intervals for the proposed HST
simulation model and a measured HST channel [77].

coefficient between two APDPs can be calculated as

c (tk,∆t) =

∫
Ph (tk, τ)Ph (tk + ∆t, τ) dτ

max{
∫
Ph (tk, τ)2 dτ,

∫
Ph (tk + ∆t, τ)2 dτ}

. (4.51)

The stationary interval can be then calculated as

Ts(tk) = max{∆t|c(tk,∆t)≥cthresh}, (4.52)

where cthresh is a given threshold of the correlation coefficient.

Analogously, the stationary distance can be calculated as

SD(tk) = max{∆D|c(tk,∆t)≥cthresh}, (4.53)

where ∆D = vR ×∆t.

Fig. 4.13 shows the empirical Complementary Cumulative Distribution Function (CCDF)

of stationary intervals for our proposed HST simulation model and the measured HST

channel using the following simulation parameters obtained from [77]: fc= 930 MHz,
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vR = 324 km/h, NPDP= 15, cthresh= 0.8. It is worth mentioning that since the mea-

sured HST channel is a narrowband one, in (4.50) we used h̃pq (tk, τ)= h̃1,pq (tk) δ(τ−τ1)

where h̃1,pq (tk) is given in (4.34). The excellent agreement between the proposed HST

simulation model and the measurement data demonstrates the utility of our HST

channel models. From Fig. 4.13, the stationary interval is equal to 11 ms for 80% and

20 ms for 60% which is considerably shorter than the ones reported for standardised

channel models, i.e., 37.8 ms for 60% as we previously mentioned in the introduction.

4.4.2 Viaduct

Here, we compare the derived ACF and LCR with the ones of the measured HST

channel in viaduct scenario reported in [63]. Unless specified otherwise, the parameters

for our analysis, obtained from the measurement campaign in [63], are: fc = 930 MHz,

vR = 180 km/h, L = 15 m, Hviad = 20 m, HBS = 44 m, HMRS = 30 cm, Htrain =

3.8 m, cellular radius = 2502 m, therefore, Ds (t) ∈ [0, 2502) m , a1 = Ds
2

+ 150 m,

DBP = 400 m, γR = 0, and N = 50.

4.4.2.1 Time-variant ACF

Fig. 4.14 shows the absolute values of the ACFs of the proposed generic HST model

and the measured ACF taken from Fig. 9 (Case 3) in [63]. Since the measurement

has been conducted under GSM-R system, the measured channel is a narrowband one

and hence we used hpq (t, τ)= h1,pq (t) δ(τ− τ1) where h1,pq (t) is given in (4.1). It is

noteworthy that the ACFs in Fig. 4.14 are plotted as functions of distance ∆D =

vR ×∆t for comparison purposes.

4.4.2.2 Time-variant LCR

Fig. 4.15 shows the LCR of the measured channel, obtained from Fig. 8 in [63], and the

derived LCRs of the proposed generic HST channel model. The very good agreement
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Figure 4.15: The LCRs of the generic HST channel model and a measured HST
channel in viaduct scenario [63] (fc = 930 MHz, vR = 180 km/h, L = 15 m,
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between the proposed generic model and the measurement data demonstrates the

utility of our HST generic channel model in viaduct scenarios.

4.4.3 Cutting

We use the measurement in [71] to verify the applicability of the proposed generic

model in cutting scenario. The simulation parameters, obtained from the measure-

ment campaign reported in [71], are listed here or specified otherwise: fc = 930 MHz,

vR = 260 km/h, L = 15 m, Hcut = 7.1 m, HBS = 28 m, HMRS = 30 cm,

Htrain = 3.8 m, Wup = 53.93 m, Wdown = 17.78 m, cellular radius = 1410 m, therefore,

Ds (t) ∈ [0, 1410) m , a1 = Ds
2

+ 150 m, DBP = 200 m, γR = 0, and N = 50.

4.4.3.1 Time-variant ACF

Fig. 4.16 shows the absolute values of the ACFs r (t,∆t) of the proposed generic

HST model using different cutting’s dimensions. Two cuttings scenarios from [71]

are considered, i.e., Cutting 1 (Wup = 53.93 m & Wdown = 14.78 m) and Cutting 2

(Wup = 58.30 m & Wdown = 15.16 m). A higher correlation in Cutting 2 in comparison

with Cutting 1 can be noticed. This can be explained based on the difference in

the cuttings’ dimensions. Since Cutting 2 is wider than Cutting 1, a stronger LoS

component represented by a higher K-factor value will be observed at the receiver

according to 4.9 which in turn will result in higher ACF values.

4.4.3.2 Time-variant LCR

Fig. 4.17 shows the normalised LCR of the measured channel, obtained from Fig. 9(a)

in [71], and the derived LCRs of the proposed generic HST channel model. The

simulation results of the HST channel model and the measured channel match very

well.
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Figure 4.16: The absolute values of the time-variant ACFs of the generic HST
channel model for different cuttings’ dimensions [71] (Cutting 1: Wup = 53.93 m &
Wdown = 14.78 m, Cutting 2: Wup = 58.30 m & Wdown = 15.16 m, fc = 930 MHz,
vR = 260 km/h, L = 15 m, Hcut = 7.1 m, HBS = 28 m, HMRS = 30 cm, Htrain =

3.8 m, DBP = 200 m, γR = 0, βR = βT = 45◦, µ
(i)
R (t0) = 63◦, k

(i)
R = 15, N = 50).

4.4.3.3 Stationary Distance

Finally, Fig. 4.18 shows the stationary distances of the generic HST channel model in

viaduct and cutting scenarios based on the measurement setup parameters reported

in [137]. The simulation parameters, obtained from the aforementioned measurement

campaign [137], are: viaduct (fc = 1.89 GHz, vR = 285 km/h, L = 15 m, Hviad =

20 m, HBS = 20 m, HMRS = 30 cm, Htrain = 3.8 m); cutting: (fc = 2.35 GHz,

vR = 200 km/h, L = 20 m, Hcut = 5 m, HBS = 28 m, HMRS = 30 cm, Htrain = 3.8

m, Wup = 40 m, Wdown = 16 m). The mean values of the stationary distances of the

viaduct and cutting scenarios are 3.26 m and 2.86 m, respectively. This agrees with

the range of the measured averaged stationary intervals that is reported in [137] as

2.8 m - 4.2 m.
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Figure 4.17: The LCRs of the generic HST channel model and a measured HST
channel in cutting scenario [71] (fc = 930 MHz, vR = 260 km/h, L = 15 m,
Hcut = 7.1 m, HBS = 28 m, HMRS = 30 cm, Htrain = 3.8 m, Wup = 53.93 m,

Wdown = 14.78 m, DBP = 200 m, γR = 0, βR = βT = 60◦, µ
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R (t0) = 145◦, k
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R = 4,

N = 50).

4.5 Summary

In this chapter, we have proposed a generic non-stationary theoretical wideband

MIMO HST GBSM for the outdoor channel of HST communication systems adopt-

ing MRS technology. This generic model takes into account the impact of different

scenario-specific parameters of each HST scenario on the wireless channel, e.g., the

height of the viaduct and the dimensions of the cuttings. The proposed model con-

tains time-varying model parameters, i.e., angular parameters, Ricean K-factor, and

distance between the Tx and Rx. Using the MMEA, a corresponding SoS simulation

model has been developed. Both models can be further used to model non-stationary

V2I channels. The statistical properties of both models have been investigated based

on a proposed framework that describes non-stationary channels. Numerical analyses

have shown that these statistical properties experience different behaviours at differ-

ent time instants, demonstrating the capability of the proposed models to mimic the

non-stationarity of HST channels. The dominance of the LoS component has resulted

in higher correlation in the first tap of the proposed channel models in comparison
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Figure 4.18: The stationary distances of the generic HST channel model in viaduct
and cutting scenarios (viaduct: fc = 1.890 GHz, vR = 285 km/h, L = 15 m,
Hviad = 20 m, HBS = 20 m, HMRS = 30 cm, Htrain = 3.8 m, cutting: fc = 2.35
GHz, vR = 200 km/h, L = 20 m, Hcut = 5 m, HBS = 28 m, HMRS = 30 cm,

Htrain = 3.8 m, Wup = 40 m, Wdown = 16 m).

with the second one. It has also been demonstrated that the time-varying angles will

affect the time-variant space CCFs and time-variant ACFs while time-varying dimen-

sions of the ellipses will only have an influence on the time variant ACFs. Moreover,

the trends of the time-variant SD PSDs are considerably affected by the angular pa-

rameters of the channel models. For all statistical properties, the simulation model

provides good approximation to the theoretical one. Finally, it has been shown that

the statistical properties of our simulation model match well those of the measured

data from three of the most common HST scenarios, i.e., open space, viaduct, and

cutting, which validates the utility of the proposed model.
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Chapter 5
A Generic 3D Non-Stationary Wideband

MIMO Channel Model for Different

High-Speed Train Scenarios

5.1 Introduction

HST channels were generally proposed and measured assuming that propagation waves

are travelling in two dimensions and hence ignore the impact of the elevation angle

on channel statistics. However, in reality, radio waves propagate in three dimensions

and scatterers are disperse in elevation, i.e., vertical plane, as well as in azimuth, i.e.,

the horizontal plane. Until very recently, the standardisation of MIMO channel mod-

els was based on the 2D assumption for the location of the scatterers, reflectors, and

Tx/Rx antennas such as the 3rd Generation Partnership Project (3GPP)/3GPP2 Spa-

tial Channel Model (SCM) [138], SCM-Extension (SCM-E) [139], WINNER II [34],

and IMT-A [33] channel models. This 2D assumption limits the MIMO transmission

techniques, e.g., beamforming and spatial multiplexing, to the azimuth plane [140].

The significance of elevation angles in describing the radio propagation more accu-

rately has urged researchers to extend the 2D channel models to 3D ones [141]. Con-

sequently, 3D extensions of SCM and the WINNERII/WINNER+ channel models
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were proposed in [142] and [143], and an extension of the IMT-A channel model to

the elevation plane was proposed in [144], [145]. Recently, the 3GPP has developed a

3D channel model in Urban Micro-cell (UMi) and Urban Macro-cell (UMa) scenarios

following the framework of WINNER II channel model [146]. The proposed 3D 3GPP

channel model introduced the Zenith Angles of Departure (ZoD) and Zenith Angles

of Arrival (ZoA) that are modelled by inverse Laplacian functions [147]. However,

none of the aforementioned channel models has consider any of the HST scenarios.

The geometry-based 3D channel models for HST channels can be classified in terms

of their perspective modelling approach to GBDMs and GBSMs. GBDMs, that char-

acterise channel parameters in a purely deterministic manner, are in general based on

ray-tracing, which exploits high-frequency approximation of Maxwells equation, and

thus needs a detailed and time-consuming description of the site-specific propagation

scenarios. Therefore, GBDMs typically have high complexity and cannot be easily

generalised. Examples of 3D HST GBDMs can be found in [91]–[93], [102]. GBSMs

determine the physical parameters in a stochastic manner with or without presuming

any underlying geometry and thus can be easily used to deal with various scenar-

ios. GBSMs are generally derived from some predefined stochastic distribution of the

scatterers/clusters by applying the fundamental laws of wave propagation. Therefore,

they can be easily adapted to diverse scenarios by modifying the stochastic distribu-

tion and properties of scatterers/clusters and the shape of the scattering region. their

direct involvement of scatterers/clusters renders GBSMs as one of the most promis-

ing candidates for 3D channel modelling. A 3D one-sphere RS-GBSM was proposed

in [94] for open space scenario. However, this 3D channel model was proposed under

the narrowband GSM-R system and it assumed that the HST channel satisfies the

WSS condition that has been proved incorrect by measurements [7], [46].

In Chapter 4, a 2D multiple ellipse GBSM with time-variant angular parameters and

time-variant Ricean K-factor was proposed for non-stationary MIMO HST channels.

Here, this model will be extended to a 3D one by considering the elevation angular

parameters. Moreover, a circular-cylinder around the Rx, i.e., the MRS in relay-

supported communication systems, is considered in order to simulate the impact of
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scatterers that surround the Rx. Furthermore, another level of non-stationarity of the

HST channel is introduced by utilising Markov processes to simulate the birth/death

process of the MPCs, which is reported in HST measurements [59]. The rest of

the Chapter is organised as follows. In Section 5.2, the generic theoretical 3D non-

stationary wideband MIMO HST channel model is proposed and the related time-

variant channel model parameters are presented. The statistical properties of the

proposed theoretical 3D HST channel model are also derived in Section 5.2. In Sec-

tion 5.3, the corresponding 3D SoS simulation model for wideband MIMO HST chan-

nels is developed, and its statistical properties are investigated. Numerical and simu-

lation results are presented and analysed in Section 5.4. Finally, the conclusions are

drawn in Section 5.5.

5.2 Novel 3D Wideband Non-stationary MIMO HST

Theoretical Channel Models

5.2.1 Description of the 3D Wideband MIMO Theoretical

Model

Fig. 5.2 shows a typical HST communication scenario with LoS and single-bounced

rays. The proposed generic wideband model employs a RS-GBSM approach to repre-

sent the multi-path propagation channel between a Tx and a Rx. Let us now consider

a 3D wideband MIMO HST communication system with U transmit and S receive

omni-directional antenna elements. The MIMO fading channel can be described by a

matrix H (t) = [hpq (t, τ)]U×S of size U × S. Figs. 5.2 and 5.3 illustrate the detailed

3D wideband HST channel model between the Tx and Rx with LoS components and

single-bounced scattering.

We use the circular-cylinder model to mimic the nearby scattering (e.g., the slopes

of the cutting, the structure of the viaduct, the acoustic barriers at along the railway

tracks in open-space scenario) and the multiple confocal elliptic-cylinder models to
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MRS

BS

Figure 5.1: HST communication system in cutting scenario with LoS and single-
bounced rays.
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Figure 5.2: The proposed 3D Generic RS-GBSM combining circular-cylinder and
multiple confocal elliptic-cylinder models with LoS, single-bounced rays for a wideband

MIMO HST channel (Blue solid line: tap 1; Green dash-dot line: tap 2).

depict the rest of the scatterers in the environment. For better readability purposes,
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Figure 5.3: The detailed geometry of the single-bounced rays in the circular-cylinder
and the second tap elliptic-cylinder model (Blue solid line: tap 1; Green dash-dot line:

tap 2).

Fig. 5.2 only shows the geometry of LoS components and the single-bounced mul-

tiple confocal elliptic-cylinder models. The detailed geometry of the single-bounced

circular-cylinder model is given in Fig. 5.3. According to the TDL concept, the com-

plex impulse response between the pth (p = 1, ..., U) antenna of Tx (i.e., Tp) and the

qth (q = 1, ..., S) antenna of Rx (i.e., Tq) can be expressed as

hpq (t, τ) =

I(t)∑
i=1

hi,pq(t)δ (τ − τi) (5.1)

where the subscript i is the tap number and I(t) is the total number of taps. hi,pq (t)

and τi denote the complex time-variant tap coefficients and the discrete propagation

delay of the ith tap, respectively. Hence, hi,pq(t) is a narrowband process.

5.2.1.1 First tap

In Fig. 5.2, we used uniform linear antenna arrays with U = S = 2 as an example.

The circular-cylinder model defines the distribution of effective scatterers around the

Rx. For the first tap, we suppose that there are N1,1 effective scatterers around the
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Table 5.1: Definition of parameters in Figs. 5.2 and 5.3.

D(t) distance between the two foci of the elliptic-cylinder, i.e., the BS and the MRS

RR radius of the circular-cylinder around the MRS

ai(t), f(t) semi-major axis and half spacing between two foci of the elliptic-cylinder, respectively

∆xT , ∆xR antenna element spacing at the BS and MRS, respectively

θT , θR orientation of the BS and MRS antenna array in the x-y plane, respectively

βT , βR elevation of the BS and MRS antenna array relative to the x-y plane, respectively

υR, γR velocity and moving direction of the MRS in the x-y plane, respectively

φ
(ni,m)

T (m = 1, 2) AAoD of the waves that impinge on the effective scatterers s(ni,m)

(i = 1, 2, ..., I(t))

φ
(ni,m)

R (m = 1, 2) AAoA of the waves travelling from the effective scatterers s(ni,m)

(i = 1, 2, ..., I(t))

ϕ
(ni,m)

T (m = 1, 2) EAoD of the waves that impinge on the effective scatterers s(ni,m)

(i = 1, 2, ..., I(t))

ϕ
(ni,m)

R (m = 1, 2) EAoA of the waves travelling from the effective scatterers s(ni,m)

(i = 1, 2, ..., I(t))

φLoSR , ϕLoSR AAoA and EAoA of the LoS paths, respectively

εpq , εpni,m , εni,mq ,

ξ, ξ
ni,2

T (R)
, ξni,1 , distances d (Tp, Tq), d

(
Tp, s

(ni,m)
)

, d
(
s(ni,m), Tq

)
, d (Tp, OR),

(m = 1, 2) d
(
OT (OR), s(ni,2)

)
, d
(
OT , s

(ni,1)
)

, respectively

(i = 1, 2, ..., I(t))

Rx lying on a sphere of radius RR and the n1,1th (n1,1 = 1, ..., N1,1) effective scatterer

is denoted by s(n1,1).

The multiple confocal elliptic-cylinder models with the Tx and Rx located at the foci

represents the TDL structure and have Ni,2 effective scatterers on the ith elliptic-

cylinder (i.e., ith tap), where i = 1, 2, ..., I(t) with I(t) being the time-varying total

number of elliptic-cylinders or taps. The semi-major axis of the ith elliptic-cylinder

and the ni,2th (ni,2 = 1, ..., NI,2) effective scatterer are denoted by ai and s(ni,2),

respectively. The distance between the Tx and Rx is D = 2f with f denoting the

half length of the distance between the two focal points of ellipses. The antenna

element spacings at the Tx and Rx are designated by ∆xT and ∆xR, respectively. The

parameters in Figs. 5.2 and 5.3 are defined in Table 5.1. Note that the reasonable

assumptions D � RR and min{RR, a − f} � max{∆xT ,∆xR} are applied in this

theoretical model [132].

From the above 3D RS-GBSM, the complex tap coefficient for the first tap of the

Tp → Tq link is a superposition of the LoS and single-bounced components, and can
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be expressed as

h1,pq (t) = hLoS1,pq (t) +
M∑
m=1

hSBm1,pq (t) (5.2)

with

hLoS1,pq (t) =

√
Kpq

Kpq + 1
e−j2πfcτpq(t)ej2πfmaxt cos(φLoSR −γR) cosϕLoSR (5.3a)

hSBm1,pq (t) =

√
ηSB1,m

Kpq + 1
lim

N1,m→∞

N1,m∑
n1,m=1

1√
N1,m

ej(ψn1,m−2πfcτpq,n1,m (t))

× e
j2πfmaxt cos

(
φ
(n1,m)

R −γR
)

cosϕ
(n1,m)

R
(5.3b)

where τpq (t) = εpq (t) /c and τpq,n1,m (t) =
(
εpn1,m (t) + εn1,mq (t)

)
/c are the travel

times of the waves through the link Tp → Tq and Tp → s(n1,m) → Tq, respectively,

as shown in Figs. 5.2 and 5.3. There are two SB components in the first tap, i.e.,

M=2. The c and Kpq designate the speed of light and the Ricean factor, respectively.

Energy-related parameters ηSB1,m specify how much each of the SB rays contribute to

the total scattered power of the first tap. Note that these energy-related parameters

are normalised to satisfy
∑M

m=1 ηSB1,m = 1.

5.2.1.2 Other taps

The complex tap coefficient for other taps (i > 1) of the Tp → Tq link is a sum of the

SB components, and can be expressed as

hi,pq (t) = hSB2
i,pq (t)

=
√
ηSBi,2 lim

Ni,2→∞

Ni,2∑
ni,2=1

1√
Ni,2

ej(ψni,2−2πfcτpq,ni,2)e
j2πfmaxt cos

(
φ
(ni,2)

R −γR
)

cosϕ
(ni,2)

R
(5.4)
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where τpq,ni,2 = (εpni,2 + εni,2q)/c is the travel time of the waves through the link

Tp → s(ni,2) → Tq as illustrated in Figs. 5.2 and 5.3. Again, energy-related parameter

ηSBi,2 specify how much the SB rays contribute to the total scattered power of other

taps and it satisfies ηSBi,2 = 1. The phases ψn1,m and ψni,2 are i.i.d. random variables

with uniform distributions over [−π, π) and fmax is the maximum Doppler frequency

with respect to the MRS.

In summary, for the first tap, the SB rays are generated from the scatterers located on

either the circular-cylinder or the first elliptic-cylinder. Note that only the first tap

contains the LoS components, a circular-cylinder model with SB rays, and multiple

confocal elliptic-cylinder models with SB rays, as shown in Figs. 5.2 and 5.3. For

other taps, we assume that the SB rays are generated only from the scatterers located

on the corresponding elliptic-cylinder as illustrated in Fig. 5.3.

From Figs.5.2 and 5.3, based on the application of the law of cosines in triangles and

the following assumptions min{RR, a − f} � max{∆xT ,∆xR} and D � RR, and

using the approximation
√

1 + x ≈ 1+x/2 for small x and based on the law of cosines

in appropriate triangles and small angle approximations (i.e., sinx ≈ x and cosx ≈ 1

for small x), we have

εpq ≈ ξ − ∆xR
2ξ

[
∆xT

2
sin βT sin βR −Q cos βR cos θR

]
(5.5a)

εpn1,1 ≈ ξn1,1−
∆xT
2ξn1,1

[
RR sinϕ

(n1,1)
R sin βT +Qn1,1 cos βT cos(φ

(n1,1)
T − θT )

]
(5.5b)

εn1,1q ≈ RR −
∆xR

2

[
sinϕ

(n1,1)
R sin βR + cosϕ

(n1,1)
R cos βR cos(θR − φ

(n1,1)
R )

]
(5.5c)

εpn1,2 ≈ ξ
(n1,2)
T − ∆xT

2ξ
(n1,2)
T

[
ξ

(n1,2)
R sinϕ

(n1,2)
R sin βT +Qn1,2 cos βT cos(φ

(n1,2)
T − θT )

]
(5.5d)

εn1,2q ≈ ξ
(n1,2)
R −∆xR

[
sinϕ

(n1,2)
R sin βR + cosϕ

(n1,2)
R cos βR cos(φ

(n1,2)
R − θR)

]
(5.5e)
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εpni,2 ≈ ξ
(ni,2)
T − ∆xT

2ξ
(ni,2)
T

[
ξ

(ni,2)
R sinϕ

(ni,2)
R sin βT +Qni,2 cos βT cos(φ

(ni,2)
T − θT )

]
(5.5f)

εni,2q ≈ ξ
(ni,2)
R −∆xR

[
sinϕ

(ni,2)
R sin βR + cosϕ

(ni,2)
R cos βR cos(φ

(ni,2)
R − θR)

]
(5.5g)

where ξ≈ Q≈ D− ∆xT
2

cos βT cos θT , ξn1,1 =
√
Q2
n1,1

+R2
R sin2 ϕ

(n1,1)
R , ξ

(n1,2)
R =

2a1−Qn1,2
cosϕ

(n1,2)

R

,

ξ
(n1,2)
T =

√
Q2
n1,2

+(ξ
(n1,2)
R )2 sin2 ϕ

(n1,2)
R , Qn1,1 ≈ D + RR cosϕ

(n1,1)
R cosφ

(n1,1)
R , Qn1,2 =

a21+f2+2a1f cosφ
(n1,2)

R

a1+f cosφ
(n1,2)

R

, ξ
(ni,2)
T =

a2i+f
2+2aif cosφ

(ni,2)

R

ai+f cosφ
(ni,2)

R

, and ξ
(ni,2)
R =

b2i

ai+f cosφ
(ni,2)

R

with bi de-

noting the semi-minor axis of the ith elliptic-cylinder. Note that the Azimuth AoD

(AAoD)/Elevation AoD (EAoD), (i.e., φ
(ni,m)
T , ϕ

(ni,m)
T ), and Azimuth AoA (AAoA)/Elevation

AoA (EAoA), (i.e., φ
(ni,m)
R , ϕ

(ni,m)
R ), are correlated for SB rays. We can derive the

relationship between the AoDs and AoAs of the SB rays resulting from the circular-

cylinder model as φ
(n1,1)
T ≈ RR

D
sinφ

(n1,1)
R , ϕ

(n1,1)
T ≈ arccos

(D+RR cosϕ
(1,1)
R cosφ

(1,1)
R

ξn1,1

)
. For

the SB rays resulting from elliptic-cylinder model, the angular relationship φ
(ni,2)
T =

arcsin
( b2i sinφ

(ni,2)

R

a2i+f
2+2aif cosφ

(ni,2)

R

)
and ϕ

(ni,2)
T = arccos

[
a2i+f

2+2aif cosφ
(ni,2)

R(
ai+f cosφ

(ni,2)

R

)
ξ
(ni,2)

T

]
hold with bi =√

a2
i − f 2 denoting the semi-minor axis of the ith elliptic-cylinder.

For the proposed theoretical 3D RS-GBSM, as the number of scatterers tends to in-

finity, the discrete AAoD φ
(ni,m)
T , EAoD ϕ

(ni,m)
T , AAoA φ

(ni,m)
R , and EAoA ϕ

(ni,m)
R can

be replaced by continuous random variables φ
(i,m)
T , ϕ

(i,m)
T , φ

(i,m)
R , and β

(i,m)
R , respec-

tively. To jointly consider the impact of the azimuth and elevation angles on channel

statistics, again, we use the von Mises-Fisher (VMF) Probability Density Function

(PDF) to characterise the distribution of effective scatterers, which has been defined

in [148]

f (φ, ϕ) =
k cosϕ

4π sinh k
× ek[cosϕ0 cosϕ cos(φ−φ0)+sinϕ0 sinϕ] (5.6)

where φ, ϕ ∈ [−π, π), φ0 ∈ [−π, π) and ϕ0 ∈ [−π, π) account for the mean values of

the azimuth angle φ and elevation angle ϕ, respectively, and k (k ≥ 0) is a real-valued

parameter that controls the concentration of the distribution identified by the mean

direction φ0 and ϕ0. In this Chapter, for the angular descriptions, i.e., the AAoA φ
(1,1)
R
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and EAoA ϕ
(1,1)
R for the circular-cylinder, and the AAoA φ

(i,2)
R and EAoA ϕ

(i,2)
R for

multiple elliptic cylinders, the parameters (φ0, ϕ0, and k) of the VMF PDF in (5.6)

can be replaced by (φ
(i,1)
R0 , ϕ

(i,1)
R0 , and k(i,1)), and (φ

(i,2)
R0 , ϕ

(i,2)
R0 , and k(i,2)), respectively.

5.2.2 Time-varying Channel Parameters

Here, we will introduce the time-varying parameters of the proposed non-stationary

channel model.

5.2.2.1 The total number of taps

In a time-variant (i.e., non-stationary) scenario, taps may only exist over a certain

time period. With ongoing time, new taps appear, i.e., born, and remain for a certain

time span, i.e., survive, and then finally disappear, i.e., died. A suitable description

for such a generation-recombination behaviour is given by discrete Markov processes.

The time variance of HST wireless channel is mainly caused by the movement of the

MS or the MRS in relay-supported network architecture. A genetic appearance (birth)

and disappearance (death) process for modelling the taps, i.e., clusters or Multi-Path

Component (MPC), was proposed in [149]. An NGSM based on finite-state Markov

chains for HST wireless communication channels was proposed in [99]. The proposed

model is able to capture the characteristics of time-varying HST wireless channel by

using Markov chain to track the channel state variation at different time intervals.

Authors of [101] have followed similar approach to model the dynamic evolution of

MPCs, i.e., birth-death process, using four-state Markov chain model. The transition

matrix of the birth-death process was calculated based on the measurement presented

in [59].

Based on the process of taps’ generation and recombination, the time dependent

channel fluctuations caused by the movement of the MRS (δMRS,k) in the time span
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between tk−1 and tk, can be expressed as

δP,k = δMRS,k =

∫ tk

tk−1

(|~vR(t)|) dt (5.7)

Because of the short time steps, a uniform motion in each time interval |tk − tk−1| is

assumed [149], [150]. This simplifies (5.7) to

δP,k = |~vR(tk)− ~vR(tk−1)| = (tk − tk−1)vR. (5.8)

Therefore, δP,k gives a measure for the correlation of Channel Impulse Response (CIR)

at different time snapshots. A Markov birth-death description results in a time-varying

number I(t) of taps for CIR realisations. At any time instant tk, one can distinguish

between newly generated taps and survived taps that were already existing in the

previous CIR at time instant tk−1. The Markov process is described by a generation

rate of taps (λG) and a recombination rate of new taps (λR). The expectation of the

total number, also defined as the initial number, of taps in a CIR realisation is given

by

E {I(t)} = I(t0) =
λG
λR
. (5.9)

Observing a time series of CIRs, each tap remains from one CIR at tk−1 to a following

one at tk with the probability

Premain(δP,k) = e−λR·δP,k . (5.10)

Hence, a number of new taps is generated by the Markov process with expectation

E {Inew,k} =
λG
λR

(
1− e−λR·δP,k

)
. (5.11)

The correlation between two evolving clusters is quantified by the scenario movement

δP,k. Mathematically, higher values of δP,k result in a reduced correlation between the
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properties of an ancestor cluster at tk−1 and its successor at tk. Fig. 5.4 shows the

time-varying number of clusters I(t) using the parameters reported in [59].
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Figure 5.4: The total number of taps I(t) as a function of distance from BS.

5.2.2.2 Time-varying distance between BS and MRS

Similar to what we have introduced in Chapter .3, the distance between the BS and

MRS will change over the time and due to the high speed of the MRS, the impact of

this change on the channel characteristics cannot be ignored.

5.2.2.3 Time-varying AoDs and AoAs

Based on the geometrical relationship in the model, the time-varying AoDs and AoAs

can be derived as follows.
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a) In the case of the LoS components, time-varying AAoA (φLoSR (t)), and EAoA

(ϕLoSR (t)) can be expressed as

φLoS
R (t)=

φ
LoS
R (t0)+arccos

(
Ds(t0)+vRt cos γR

D(t)

)
,−π ≤ γR ≤ 0

φLoS
R (t0)−arccos

(
D(t0)+vRt cos γR

D(t)

)
, 0 ≤ γR ≤ π

(5.12a)

where φLoS
R (t0)=arcsin

(
kp∆xT
D(t0)

sin βT

)
denotes the initial LoS AAoA at time t = t0.

b) In the case of the SB components SB1,1 resulting from Rx circular-elliptic, the time-

varying AAoD (φ
(n1,1)
T (t)), EAoD (ϕ

(n1,1)
T (t)), AAoA (φ

(n1,1)
R (t)), and EAoA (ϕ

(n1,1)
R (t))

can be expressed as

φ
(n1,1)
T (t) ≈ φ

(n1,1)
T (5.13a)

ϕ
(n1,1)
T (t) ≈ φ

(n1,1)
T (5.13b)

φ
(n1,1)
R (t) ≈ φ

(n1,1)
R (5.13c)

ϕ
(n1,1)
R (t) ≈ ϕ

(n1,1)
R . (5.13d)

This is basically because the effective scatterers on the Rx circular-elliptic represent

the static and uniformly distributed scatterers around the HST, e.g., the slopes of the

cutting and the structure of the viaduct.

c) In the case of the SB components SBi,2 for the ith tap resulting from the elliptic-

cylinder, time-varying AAoA (φ
(ni,2)
R (t)) and EAoA (ϕ

(ni,2)
R (t)) can be expressed as

φ
(ni,2)
R (t) = π − arccos

vRt− ξ
(ni,2)
R cosα

(ni,2)
R√

ξ
(ni,2)
R

2
+ (vRt)2 − 2ξ

(ni,2)
R vRt cosα

(ni,2)
R

(5.14a)
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ϕ
(ni,2)
R (t)=arctan

ξ
(ni,2)
R tan β

(ni,2)
R√

ξ
(ni,2)
R

2
+(vRt)2−2ξ

(ni,2)
R vRt cosφ

(ni,2)
R

. (5.14b)

Note that the time-varying AAoD (φ
(ni,2)
T (t)) and EAoD (ϕ

(ni,2)
T (t)), are correlated

with time-varying AAoA (φ
(ni,2)
R (t)) and EAoA (ϕ

(ni,2)
R (t)) for SB rays resulting from

the elliptic-cylinder model. Hence, the relationship between the AoD and AoA for

multiple confocal elliptic-cylinder models can be given by

φ
(ni,2)
T (t) = arcsin

b(t)2 sinφ
(ni,2)
R (t)

a(t)2+f(t)2+2a(t)f(t) cosφ
(ni,2)
R (t)

(5.15a)

ϕ
(ni,2)
T (t) = arccos

a(t)2+f(t)2+2a(t)f(t) cosφ
(ni,2)
R (t)(

a(t)+f(t) cosφ
(ni,2)
R (t)

)
ξ

(ni,2)
T (t)

. (5.15b)

5.2.2.4 Time-varying Ricean K-factor

To calculate the time-varying distance-dependant Ricean K-factor in the proposed 3D

theoretical model, we will use the formulas reported in the literature and presented

in Chapter 4 in (4.8) and (4.9).

5.2.3 Statistical Properties of the Proposed 3D Wideband

Non-stationary MIMO HST Channel Model

5.2.3.1 Time-variant ST CF

The non-stationary correlation properties of two arbitrary CIRs hpq(t,∆t) and hp′q′(t,∆t)

of a MIMO HST channel can be expressed as

Rh(t,∆xT ,∆xR,∆t) =

I(t)∑
i=1

Rhi(t,∆xT ,∆xR,∆t). (5.16)
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where Rhi(t,∆xT ,∆xR,∆t) is the time-variant ST CF of the i-th tap that can be

expressed as

Rhi(t,∆xT ,∆xR,∆t)=E
{
hi,pq(t)h

∗
i,p′q′(t−∆t)

}
. (5.17)

Since the LoS, SB components are independent to each other, based on (5.2) we have

the following time-variant ST CF for the first tap (i=1)

Rh1(t,∆xT ,∆xR,∆t)=RLoS
h (t,∆xT ,∆xR,∆t)+

M∑
m=1

RSBm
h1

(t,∆xT ,∆xR,∆t) (5.18)

and Rhi(t,∆xT ,∆xR,∆t) = RSB2
hi

(t,∆xT ,∆xR,∆t) for other taps (1 < i ≤ I).

– In the case of the LoS component,

RLoS
h (t,∆xT ,∆xR,∆t) = K ′e

j2π
λ
ALoS(t)e−j2π∆t(−fmax cos γR), (5.19)

where ALoS (t) = 2D (t) cos βR cos θR and K ′ =

√
KpqKp′q′

(Kpq+1)(Kp′q′+1)
.

– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

RSB1
h1

(t,∆xT ,∆xR,∆t)=ηSB1,1

π∫
−π

π∫
−π

e
j2π
λ
A(1,1)

ej2π∆tfmaxB(1,1)

×f(φ
(1,1)
R , ϕ

(1,1)
R )d(φ

(1,1)
R , ϕ

(1,1)
R ), (5.20)

whereA(1,1) =∆xR

[
sinϕ

(1,1)
R sin βR+cosϕ

(1,1)
R cos βR cos

(
θR−φ(1,1)

R

)]
+ ∆xT
ξn1,1

[
RR sinϕ

(1,1)
R ×

sin βT +Qn1,1 cos βT cos
(
θT − φ(1,1)

T

) ]
and B(1,1) =cos

(
φ

(1,1)
R −γR

)
cos
(
ϕ

(1,1)
R

)
.

– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

RSB2
hi

(t,∆xT ,∆xR,∆t) = ηSBi,2

π∫
−π

π∫
−π

e−
j2π
λ
A(i,2)

ej2π∆tfmaxB(i,2)

×f(φ
(i,2)
R , ϕ

(i,2)
R )d(φ

(i,2)
R , ϕ

(i,2)
R ), (5.21)
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withA(i,2) = ∆xT

ξ
(ni,2)

T

[
ξ

(ni,2)
R sinϕ

(i,2)
R sin βT+Qni,2 cos βT cos

(
θT − φ(i,2)

T

) ]
+∆xR

[
sinϕ

(i,2)
R ×

sin βR + cosϕ
(i,2)
R cos βR cos

(
θR−φ(i,2)

R

)]
and B(i,2) =cos

(
φ

(i,2)
R −γR

)
cos
(
ϕ

(i,2)
R

)
.

5.2.3.2 Time-variant ACF

The time-variant ACF can be obtained by imposing ∆xT = 0 and ∆xR = 0 in (5.16),

i.e.,

rh (t,∆t)=

I(t)∑
i=1

rhi(t,∆t) =

I(t)∑
i=1

E
{
hi,pq(t)h

∗
i,pq(t−∆t)

}
. (5.22)

– In the case of the LoS component,

rLoS
h (t,∆t) = Ke

j2π
λ
ALoS(t)e−j2π∆t(−fmax cos γR), (5.23)

where K = Kpq
(Kpq+1)

.

– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

rSB1
h1

(t,∆t) = ηSB1,1

∫ π

−π

∫ π

−π
ej2π∆tfmaxB(1,1)

f(φ
(1,1)
R , ϕ

(1,1)
R )d(φ

(1,1)
R , ϕ

(1,1)
R ). (5.24)

– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

rSB2
hi

(t,∆t) = ηSBi,2

∫ π

−π

∫ π

−π
ej2π∆tfmaxB(i,2)

f(φ
(i,2)
R , ϕ

(i,2)
R )d(φ

(i,2)
R , ϕ

(i,2)
R ). (5.25)

5.2.3.3 Time-variant space CCF

By imposing ∆t = 0 in (5.16), we can get the time-variant space CCF between two

arbitrary channel coefficients as

ρh (t,∆xT ,∆xR)=

I(t)∑
i=1

ρhi(t,∆xT ,∆xR) =

I(t)∑
i=1

E
{
hi,pq(t)h

∗
i,p′q′(t)

}
. (5.26)
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– In the case of the LoS component,

ρLoS
h (t,∆xT ,∆xR) = K ′e

j2π
λ
ALoS(t)e−j2π∆t(−fmax cos γR). (5.27)

– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

ρSB1
h1

(t,∆xT ,∆xR) = ηSB1,1

∫ π

−π

∫ π

−π
e
j2π
λ
A(1,1)

f(φ
(1,1)
R , ϕ

(1,1)
R )d(φ

(1,1)
R , ϕ

(1,1)
R ). (5.28)

– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

ρSB2
hi

(t,∆xT ,∆xR) = ηSBi,2

∫ π

−π

∫ π

−π
e−

j2π
λ
A(i,2)

f(φ
(i,2)
R , ϕ

(i,2)
R )d(φ

(i,2)
R , ϕ

(i,2)
R ). (5.29)

5.3 3D Non-stationary Wideband Simulation Model

for MIMO HST Channels

5.3.1 Description of the 3D Wideband MIMO Simulation

Model

Based on the proposed 3D theoretical GBSM described in Section 5.2, the correspond-

ing simulation model can be further developed by using finite numbers of scatterers

Ni,1 and Ni,2. Based on (5.1), the complex tap coefficient for the link Tp → Tq for the

simulation model can be expressed as

h̃pq (t, τ) =
∑I(t)

i=1 h̃i,pq(t)δ (τ − τi) (5.30)

where the complex tap coefficient of the first tap can be expressed as

h̃1,pq (t) = h̃LoS1,pq (t) +
∑M

m=1 h̃
SBm
1,pq (t) , (5.31)
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and the one for the other taps can be expressed as

h̃i,pq (t) = h̃SB2
i,pq (t) . (5.32)

In (5.31) and (5.32), the LoS component, the SB components of the first tap, and the

SB components of the other taps can be respectively expressed as

h̃LoS1,pq (t) =

√
Kpq

Kpq + 1
e−j2πfcτpq(t)ej2πfmaxt cos(φLoSR −γR) cosϕLoSR (5.33a)

h̃SBm1,pq (t) =

√
ηSB1,m

Kpq + 1

N1,m∑
n1,m=1

1√
N1,m

ej(ψn1,m−2πfcτpq,n1,m (t))

× e
j2πfmaxt cos

(
φ
(n1,m)

R −γR
)

cosϕ
(n1,m)

R
(5.33b)

h̃SB2
i,pq (t) =

√
ηSBi,2

Ni,2∑
ni,2=1

1√
Ni,2

ej(ψni,2−2πfcτpq,ni,2)e
j2πfmaxt cos

(
φ
(ni,2)

R −γR
)

cosϕ
(ni,2)

R

(5.33c)

By comparing the simulation and the theoretical models, we only need to determine

the discrete AoDs and AoAs for the simulation model by using the Method of Equal

Volume (MEV) [151]. The idea of MEV is to calculate the set of
{
φ(ni,m), ϕ(ni,m)

}Ni,m
ni,m=1

in such a manner that the volume of the VMF PDF f(φ, ϕ) in different ranges of{
φ(ni,m−1), ϕ(ni,m−1)

}
6 {φ, ϕ} <

{
φ(n1,i), ϕ(n1,i)

}
are equal to each other with the

initial condition, i.e.,

∫ φ(i,m)

−π

∫ ϕ(i,m)

−π
f(φ, ϕ)dφdϕ =

1− 1/4

Ni,m

, (5.34)

where f(φ, ϕ) is the 3D VMF PDF introduced in (5.6).
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5.3.2 Statistical Properties of The 3D Simulation Model

Based on the proposed generic 3D MIMO HST theoretical GBSM and its statistical

properties, the corresponding statistical properties for the simulation model can be

derived using discrete angle parameters. As the detailed derivations have been ex-

plained in Section. 5.2 for the theoretical model, those of the corresponding simulation

model with similar derivations are only briefly explained here. Applying the discrete

model parameters to (5.16)–(5.25), we have the corresponding statistical properties

for the simulation model as follows

5.3.2.1 Time-variant ST CF

The time-variant ST CF of the proposed 3D simulation model can be expressed as

R̃h(t,∆xT ,∆xR,∆t) =

I(t)∑
i=1

R̃hi(t,∆xT ,∆xR,∆t). (5.35)

where Rhi(t,∆xT ,∆xR,∆t) is the time-variant ST CF of the i-th tap that can be

expressed as

R̃hi(t,∆xT ,∆xR,∆t)=E
{̃
hi,pq(t) h̃

∗
i,p′q′(t−∆t)

}
. (5.36)

Similar to the theoretical model, we have the following time-variant ST CF for the

first tap (i=1) of the simulation model

R̃h1(t,∆xT ,∆xR,∆t)= R̃LoS
h (t,∆xT ,∆xR,∆t)+

M∑
m=1

R̃SBm
h1

(t,∆xT ,∆xR,∆t) (5.37)

and R̃hi(t,∆xT ,∆xR,∆t) = R̃SB2
hi

(t,∆xT ,∆xR,∆t) for other taps (1 < i ≤ I).

– In the case of the LoS component,

R̃LoS
h (t,∆xT ,∆xR,∆t) = K ′e

j2π
λ
ALoS(t)ej2π∆tfmax cos(φ̃LoSR (t−∆t)−γR), (5.38)
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– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

R̃SB1
h1

(t,∆xT ,∆xR,∆t)=
ηSB1,1

N1,1

N1,1∑
n1,1=1

e
j2π
λ
Ã(1,1)

ej2π∆tfmaxB̃(1,1)

, (5.39)

where Ã(1,1) =∆xR

[
sin ϕ̃

(1,1)
R sin βR+cos ϕ̃

(1,1)
R cos βR cos

(
θR−φ̃(1,1)

R

)]
+ ∆xT
ξn1,1

[
RR sin ϕ̃

(1,1)
R ×

sin βT +Qn1,1 cos βT cos
(
θT − φ̃(1,1)

T

) ]
and B(1,1) =cos

(
φ̃

(1,1)
R −γR

)
cos
(
ϕ̃

(1,1)
R

)
.

– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

R̃SB2
hi

(t,∆xT ,∆xR,∆t) =
ηSBi,2
Ni,2

Ni,2∑
ni,2=1

e−
j2π
λ
Ã(i,2)

ej2π∆tfmaxB̃(i,2)

, (5.40)

with Ã(i,2) = ∆xT

ξ
(ni,2)

T

[
ξ

(ni,2)
R sin ϕ̃

(i,2)
R sin βT+Qni,2 cos βT cos

(
θT − φ̃(i,2)

T

) ]
+∆xR

[
sin ϕ̃

(i,2)
R ×

sin βR + cos ϕ̃
(i,2)
R cos βR cos

(
θR−φ̃(i,2)

R

)]
and B̃(i,2) =cos

(
φ̃

(i,2)
R −γR

)
cos
(
ϕ̃

(i,2)
R

)
.

5.3.2.2 Time-variant ACF

The time-variant ACF can be obtained by imposing ∆xT = 0 and ∆xR = 0 in (5.35)

r̃h (t,∆t)=

I(t)∑
i=1

r̃hi(t,∆t) =

I(t)∑
i=1

E
{̃
hi,pq(t) h̃

∗
i,pq(t−∆t)

}
. (5.41)

– In the case of the LoS component,

r̃LoS
h (t,∆t) = Ke

j2π
λ
ÃLoS(t)ej2π∆tfmax cos(φ̃LoSR (t−∆t)−γR). (5.42)

– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

r̃SB1
h1

(t,∆t) =
ηSB1,1

N1,1

N1,1∑
n1,1=1

ej2π∆tfmaxB̃(1,1)

. (5.43)
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– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

r̃SB2
hi

(t,∆t) =
ηSBi,2
Ni,2

Ni,2∑
ni,2=1

ej2π∆tfmaxB̃(i,2)

. (5.44)

5.3.2.3 Time-variant space CCF

By imposing ∆t = 0 in (5.35), we can get the time-variant space CCF of the 3D

simulation model as

ρ̃h (t,∆xT ,∆xR)=

I(t)∑
i=1

ρ̃hi(t,∆xT ,∆xR) =

I(t)∑
i=1

E
{̃
hi,pq(t) h̃

∗
i,p′q′(t)

}
. (5.45)

– In the case of the LoS component,

ρ̃LoS
h (t,∆xT ,∆xR) = K ′e

j2π
λ
ALoS(t). (5.46)

– In the case of the SB components SB1,1 for the first tap resulting from the Rx

circular-cylinder,

ρ̃SB1
h1

(t,∆xT ,∆xR) =
ηSB1,1

N1,1

N1,1∑
n1,1=1

e
j2π
λ
Ã(1,1)

. (5.47)

– In the case of the SB components SBi,2 for the ith tap resulting from the ith

elliptical-cylinder,

ρ̃SB2
hi

(t,∆xT ,∆xR) =
ηSBi,2
Ni,2

Ni,2∑
ni,2=1

e−
j2π
λ
Ã(i,2)

. (5.48)

5.4 Results and Analysis

In this section, the statistical properties of the proposed theoretical and simulation

models are evaluated and analysed. Moreover, we compare between the statistical

properties of the 3D models with the 2D simulation one to investigate the impact of
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the elevation angle on channel statistics. The 2D simulation model, which will be a

one-ring and multiple ellipses model, can be obtained from the 3D one by setting the

elevation angles β
(n1)
R and β

(n2)
R to 0◦. Finally, the proposed 3D simulation channel

model is validated by measurements. The parameters for our analysis for each HST

scenario are listed here or specified otherwise. For all the scenarios, vR = 250 km/h,

fc = 2.6 GHz, and thus fmax = 600 Hz, N1,1 = Ni,2 = 40, βR = βT = 45◦, θT = θR =

45◦, φ
(1)
R0 = 25◦, ϕ

(1)
R0 = 10◦, α

(2)
R0 = 85◦, and β

(2)
R0 = 15◦. For open space scenario: the

LoS Ricean factor Kpq = Kp′q′ = 6, Ds(t0) = 1000 m, RR = 50 m, Dmin = 50 m as

in [15], and γR = 0◦. The environment-related parameters k(i,1), and k(i,2) are related

to the distribution of scatterers, i.e., the smaller values of k(i,1) and k(i,2) the denser

scatterers in the surrounding environment. In open space scenario, the scatterers are

sparse and randomly distributed at different distances from the railway track [152],

therefore we have k(1,1) = 2 and k(i,2) = 6 and the power-related parameters for the

open space scenario are ηSB1,1 = 0.4 and ηSB1,2 = 0.6 for the first tap.The parameters

for viaduct scenario, obtained from the measurement campaign in [63], are: L = 15 m,

Hviad = 20 m, HBS = 44 m, HMRS = 30 cm, Htrain = 3.8 m, cellular radius = 2502 m,

therefore, Ds (t) ∈ [0, 2502) m, DBP = 400 m, RR = 15 m, and γR = 0. In viaduct

scenario, the relatively high altitude of the BS antenna leads to fewer reflected and

scattered components with reduced power of the NLoS components at the receiver

compared with that in the open space scenario [7]. Here, we have the power-related

parameters as ηSB1,1 = 0.3 and ηSB1,2 = 0.6 and environment-related parameters

as k(1,1) = 1.5 and k(i,2) = 11.5. The simulation parameters, obtained from the

measurement campaign reported in [71], are: L = 15 m, Hcut = 7.1 m, HBS = 28 m,

HMRS = 30 cm, Htrain = 3.8 m, Wup = 53.93 m, Wdown = 17.78 m, and therefore

RR = Wup+Wdown

2
= 38 m, cellular radius = 1410 m, therefore, Ds (t) ∈ [0, 1410) m,

DBP = 200 m, and γR = 0. As we mentioned before, an important characteristic

of the cuttings scenario is the rich reflection and scattering components caused by

the slopes of the cutting on both sides of the railway track. Since this rich effective

scatterers are modelled here using the circular-cylinder, we have the power-related

parameters as ηSB1,1 = 0.75 and ηSB1,2 = 0.25 and environment-related parameters as

k(1,1) = 0.5 and k(i,2) = 15.
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5.4.1 Time-variant ACF

By using (5.22)–(5.25) and (5.41)–(5.44), Figs. 5.5(a), (b), and (c) shows the absolute

values of the time-variant ACF of the 3D theoretical model, 3D simulation model, 3D

simulation result, and 2D simulation model in open space, viaduct, and cutting sce-

narios, respectively. Fig. 5.5 shows that the 3D simulation model closely approximates

the 3D theoretical one and matches well with the 3D simulation results, indicating

the correctness of our derivations and simulations. From this figure, it can be easily

noticed the high value of the correlation in the three studied HST scenarios due to

the dominant LoS component. This agrees with the observation in [7]. Fig. 5.5 also
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Figure 5.5: The absolute values of the time-variant ACF of the 3D theoretical
model, the 3D simulation model, the 3D simulation result, and the 2D simulation
model in (a) open space scenario, (b) viaduct scenario, and (c) cutting scenario.
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shows that 2D simulation model overestimates the temporal ACF in the three afore-

mentioned scenarios which suggests that the 2D model underestimates the spatial

diversity gain.

Fig.5.6 shows the absolute values of the time-variant ACF of the 3D theoretical model,

the 3D simulation model, and the 3D simulation result in cutting scenario at two

different time instants, i.e., t = 0 s and t = 2 s. Due to the time-variant channel

parameters of the proposed 3D generic models, the absolute values of the ACFs vary

with time which agrees with observations reported in real HST measurements [71].
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Figure 5.6: The absolute values of the time-variant ACF of the proposed 3D
theoretical model, the proposed 3D simulation model, and the corresponding 3D

simulation result in cutting scenario at different time instants.

5.4.2 Time-variant space CCF

By adopting a BS antenna element spacing ∆xT = λ, the absolute values of the

time-variant of the space CCFs of the 3D theoretical model, 3D simulation model,

3D simulation result, and 2D simulation model in open space, viaduct, and cutting

scenarios are illustrated in Figs. 5.7(a), (b), and (c), respectively. Similar to the

conclusions reached for the time-variant ACF, the dominant LoS component that can
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be observed at the Rx in the three different HST scenarios results in a high correlation.

Moreover, as the 2D simulation model cannot capture the spatial diversity at the

vertical plane, it overestimates the spatial correlation compared with the 3D models

as Fig. 5.7 shows. This agrees with the conclusion withdrawn in [153] that compares

between 3D and 2D ITU channel models using ray-tracing. The comparison has also

showed that 3D modelling implies lower spatial correlation values compared to the

2D model that only considers the azimuth plane in modelling the channel. Accurate

observation of the correlation properties leads to better estimation of the MIMO

performance.
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Figure 5.7: The absolute values of the time-variant space CCF of the 3D the-
oretical model, the 3D simulation model, the 3D simulation result, and the 2D
simulation model in (a) open space scenario, (b) viaduct scenario, and (c) cutting

scenario.
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5.4.3 Stationary Interval

To verify the utility of the proposed 3D simulation model, we compare the stationary

interval of our 3D HST SoS simulation model and that of the measured HST chan-

nel reported in [77] using the same formula as (4.52). It worth mentioning that the

measurement in [77] has been carried out under a GSM-R system and therefore our

simulation parameters, obtained from the measurement data, are: fc= 930 MHz, vR

= 324 km/h, NPDP= 15, cthresh= 0.8. As Fig. 5.8 illustrates, the excellent agree-

ment between the CCDFs of stationary intervals for our proposed 3D HST simulation

model and the measurement data demonstrates the utility of our HST channel models.

Moreover, the stationary interval of the 2D simulation model with the time-variant

angular parameters proposed in Chapter 4 is also presented to show the improvement

that is achieved by introducing the 3D model with all time-variant parameters.
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Figure 5.8: The empirical CCDFs of stationary intervals for the proposed 3D HST
simulation model, the 2D HST simulation model, and a measured HST channel.
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5.5 Summary

In this Chapter, we have proposed a novel generic 3D wideband theoretical GBSM and

the corresponding simulation model for non-stationary MIMO HST fading channels.

The proposed models are sufficiently generic to be applied on different HST scenario

by choosing proper values of a set of scenario-specific parameters. Moreover, the pro-

posed 3D models have have the ability to investigate the impact of the elevation angle

on channel statistics and mimic the non-stationarity nature of HST channels. Birth

and death process of the MPC are utilised to describe the non-stationarity of HST

channels along with other time-variant parameters such as the angular parameters and

the Ricean K-factor. Based on the proposed models, some statistical properties have

been derived and investigated in the three most common HST scenarios, namely, the

open space, the viaduct, and the cutting scenarios. The proposed 3D theoretical and

simulation models have been verified by simulated results which suggests the correct-

ness of our derivations and simulations. Moreover, the proposed 3D simulation model

has been verified by measurement data in terms of stationary interval. The numerical

and simulation results have shown that the spatial correlation between multi-antennas

elements is high due to the dependance on the dominant LoS component at the Rx

side. The impact of the elevation angle on the channel statistics has been investigated

by comparing the statistical properties of the proposed 3D models with 2D ones. The

comparison showed that 2D models tends to overestimate the correlation properties

of the channel.
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Chapter 6
A Non-Stationary IMT-Advanced MIMO

Channel Model for High-Mobility Wireless

Communication Systems

6.1 Introduction

MIMO has attracted a lot of attention in the last decade as a promising technique that

can enhance the system performance and link reliability. Wireless channel modelling

plays an important role on designing and evaluating MIMO wireless communication

systems. Demonstrating the feasibility of wireless systems is not possible without

accurate channel models that are able to mimic key characteristics of the wireless

channels.

Many standardised MIMO channel models are available in the literature, e.g., IEEE

802.11 TGn channel model [154], LTE-A channel model [15], 3GPP/3GPP2 SCM

[138], SCME [139], WINNER I [155], WINNER II [34], WINNER+ [143], and IMT-

A [33] channel models. However, all the aforementioned standardised channel models

have neglected the non-stationarity of the fading channels assuming that modelled

channels satisfy the WSS assumption.
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Practical measurement campaigns [156]–[159] have proved that the WSS assumption is

only valid for short intervals considering the time variation of real wireless channels.

Measurement data reported in [77] has demonstrated that the stationary interval,

defined as the maximum time duration over which the channel satisfies the WSS

condition, of standard channel models, like IMT-A and WINNER II, is considerably

longer than that of a real HST channel. In [122], measurement of vehicle-to-vehicle

(V2V) channels has proved that the stationary interval of channels between vehicles

driving in opposite directions can be very short. Therefore, research of non-stationary

channel modelling has gradually become a hot research topic especially for high-

mobility scenarios.

Different modelling approaches have been introduced in the literature to model non-

stationary channels. Non-stationary V2V and HST channel models were surveyed

in [120] and [152], respectively. Non-stationary GBDMs were proposed in [160] to

model V2V channels and in [90], [161] to model HST channels. GBDMs incorporate

detailed simulations of the actual physical wave propagation process for a given en-

vironment. Therefore, they are physically meaningful and potentially accurate. To

incorporate the non-stationarity of the communication channels, ray-tracing technique

were implemented in [160], [161] while [90] adopted random propagation-graph tech-

nique. Despite their accuracy, GBDMs only consider specific propagation scenarios

and require detailed descriptions of the propagation environments and extensive com-

putational resources to be implemented. NGSMs characterise physical parameters of

propagation channels in a completely stochastic manner by providing their underlying

probability distribution functions without assuming an underlying geometry. In [162]

and [99], the authors proposed NGSMs for non-stationary V2V and HST channels,

respectively. NGSMs are convenient to characterise the death/birth properties of the

Moving Cluster (MC) using Markov chains. However, the local statistical properties

of the non-stationary NGSMs are difficult to derive. In GBSMs, the impulse responses

of HST channels are characterised by the law of wave propagation applied to specific

transmitter, receiver, and scatterers’ geometries which are predefined in a stochas-

tic fashion according to certain probability distributions. Time-variant GBSMs with

time-varying parameters were proposed in [128], [129], [163] for V2V channels and
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in [96], [98] for HST channels where some interesting local statistical properties were

derived by taking time-varying parameters into account. However, these existing

time-variant GBSMs are only modeled for some specific scenarios, such as specified

moving directions for MCs and MSs [163], specified roadside conditions [128], [129],

and specific environments [96], [98].

In conventional cellular wireless network, the BS is fixed while a MS is moving towards

a certain direction with a constant speed. In non-stationary IMT-A channel models,

we assume that the movements of MCs and MSs result in the time-variant properties.

Following the trajectory of the MCs and a MS, we can obtain Small-Scale Parameters

(SSP), such as the number of clusters, the mean power and delay of each cluster

(PDP),AoDs, and AoAs. The lack of implementation for non-stationarity IMT-A

MIMO channel models and the aforementioned research gaps inspire us to propose a

non-stationary channel model with the aforementioned time-varying parameters.

We summarise the major contributions and novelties of this chapter as follows:

(1) A non-stationary IMT-A channel model with time-varying SSPs, i.e., the number

of clusters, delays, the power of each cluster, AoDs, and AoAs, is proposed.

(2) Based on the proposed non-stationary IMT-A channel model, important statis-

tical properties, i.e., the local spatial CCF and local temporal ACF are derived and

analysed.

(3) The stationary interval of the proposed non-stationary IMT-A channel model is

investigated and compared with the one of the standard IMT-A channel model and

with a measurement data.

The rest of this chapter is structured as follows. In Section 6.2, the original IMT-A

MIMO channel model is briefly introduced. Section 6.3 presents the proposed novel

non-stationary IMT-A channel models with various time-varying SSPs. The local

statistical properties of the non-stationary IMT-A channel model with time-varying

parameters are derived in Section 6.4 and then simulated and analysed in Section 6.5.

Finally, the conclusions are drawn in Section 6.6.
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6.2 Overview of The Original IMT-A MIMO Chan-

nel Model

For the evaluation of IMT-A systems the ITU has defined a channel model [33] that

consists of PL models, scenario-specific parameter sets for the Indoor Hotspot (InH),

UMa, UMi, RMa, and Suburban Macro-cell (SMa) scenarios, and a so-called generic

model. The generic model specifies the mathematical model and the algorithms used

for channel modelling that apply to all scenarios. It is based on the WINNER II

channel model [34]. This generic model employs a GBSM approach to represent the

multi-path propagation channel between a BS and MSs.

In IMT-A channel model, the channel is assumed to satisfy the WSSUS assumption

which means that the channel fading statistics remain invariant over a short period of

time and that the scatterers with different path delays are uncorrelated. Please note

that the WSSUS assumption is only valid to describe the short-term variations of the

radio channel. Based on the WSSUS assumption and the TDL concept, the original

IMT-A MIMO channel model has the complex CIR between the BS antenna element

s (s=1, ..., S) and MS antenna element u (u=1, ..., U) as [33]:

hu,s (t, τ) =
N∑
n=1

hu,s,n(t)δ (τ − τn) (6.1)

where

hu,s,n (t) =

√
Pn
M

M∑
m=1

ejdsksin(φn,m)ejduksin(ϕn,m)ej2πυn,mtejΦn,m . (6.2)

Here, hu,s,n(t) (n=1, ..., N) denotes a narrowband process where all the M sub-paths

within each of the N clusters are irresolvable rays and have the same delay τn, Pn is

the power of the nth cluster associated with the delay τn, ds and du are the antenna

element spacings at the BS and MS, respectively, k = 2π
λ

is the wave number where

λ is the carrier wavelength, φn,m and ϕn,m denote the AoD and AoA related to the

mth (m = 1, ...,M) ray within the nth (n = 1, ..., N) cluster, respectively, and the
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random phases Φn,m are uniformly distributed within [−π, π). The Doppler frequency

component is represented by υn,m = ||~vMS || cos(ϕn,m−θMS)

λ
, where ||~vMS|| and θMS denote

the magnitude of the MS velocity and MS direction of travel, respectively. All of the

aforementioned parameters are time-invariant because of the WSSUS assumption in

the original IMT-A channel model.

6.3 A Novel Non-Stationary IMT-A Channel Model

with Time-Varying Parameters

In practice, because of the observable movement of MCs and/or MSs, the WSSUS

assumption may be violated and the channel model parameters will change over the

time. In this case, the complex CIR of the new non-stationary IMT-A channel model

with time-varying parameters can be expressed as

hu,s (t, τ) =

N(t)∑
n=1

hu,s,n (t) δ (τ − τn (t)) (6.3)

where

hu,s,n (t) =

√
Pn (t)

M

M∑
m=1

ejdsksin(φn,m(t)) ejduksin(ϕn,m(t))ejk||~vMS ||cos(ϕn,m(t)−θMS)tejΦn,m .

(6.4)

Due to the movement of the MSs and/or MCs, the channel model parameters N(t),

τn(t), Pn(t), φn,m(t), and ϕn,m(t) will change over the time and therefore they need to

be represented using proper time-varying functions. Fig. 6.1 illustrates the proposed

non-stationary IMT-A channel model, which is derived from the original IMT-A chan-

nel model [33]. The parameters in Fig. 6.1 are defined in Table 6.1. The propagation

between the first and the last interacted cluster is not defined. Thus, this approach

can also model multiple interactions with the scattering media. Note that φn,m(t0),

ϕn,m(t0), ∆φn,m, and ∆ϕn,m denote the initial mean AoD, initial mean AoA, AoD

offset, and AoA offset, respectively. The subscripts n,m indicate one of the N paths

and one of the M rays/sub-paths in the wideband channel, respectively. The AoD
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Table 6.1: Definitions of channel parameters in Fig. 6.1.

Parameters Definition

DBS(t) distance between the BS and MC A

DMS(t) distance between the MS and MC Z

DLoS(t) distance of the LoS components between BS and MS

φn,m(t), ϕn,m(t) the AoD and AoA related to the mth ray within the nth cluster, respectively

φLoS , ϕLoS the LoS AoD and LoS AoA , respectively

∆φn,m, ∆ϕn,m the AoD offset and AoA offset, respectively

~vA, ~vZ , ~vMS the velocity vectors of MC A, MC Z, and MS, respectively

vA, θA the MC A velocity and direction of travel, respectively

vZ , θZ the MC Z velocity and direction of travel, respectively

vMS , θMS the MS velocity and direction of travel, respectively

relates to the first bounce/cluster, i.e., Cluster A, interacted from the BS side and

AoA is from the last bounce/cluster, i.e., Cluster Z. Furthermore, φLoS and ϕLoS are

the LoS components for BS and MS, respectively. In Fig. 6.1, we assume that the

BS is fixed while the first cluster, Cluster A, is in motion with the direction θA and

speed vA. As we consider multi-bounced scattering occurring for each path, Cluster

Z refers to the last bounce MC, with the moving direction θZ and speed vZ . For the

MS, θMS is the moving direction with the speed vMS. The movement of MC A, MC

Z, and MS are represented in Fig. 1 using the vectors ~vA, ~vZ , and ~vMS, respectively.

Furthermore, DBS(t0) and DMS(t0), which represent the initial distance between the

BS and MC A, and the initial distance between the MS and MC Z, respectively, are

assumed to be known. The initial distance of the LoS components between BS and

MS is donated as DLoS(t0). To derive the time-varying angular parameters, we set

four assistant angles, i.e., αn,m(t), β, γn,m(t), and δ in Fig. 6.1.

Based on the aforementioned geometric description, the channel realisations of the

proposed non-stationary IMT-A channel model are obtained by the procedure illus-

trated in Fig. 6.2. Initial values of the model parameters, i.e., N(t0), τn(t0), Pn(t0),

φn,m(t0), and ϕn,m(t0), will be calculated in a similar procedure to the one presented

in the IMT-A channel model (the top section of Fig. 6.2). Here, we will focus on the

non-stationary properties of the proposed IMT-A channel model (the bottom section

of Fig. 6.2).
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Figure 6.1: BS and MS angular parameters in the IMT-A channel model.

6.3.1 Update MCs and MS locations

Based on the movement direction of MC A, MC Z, and MS, the distances between

BS, MCs, and MS will change with time t. By considering the concept of relative

velocity MC Z and MS, we can assume that the MS is only in motion with a velocity

relative to MC Z. As the velocity is a vector, which is equivalent to a specification

of its speed and direction of motion, we define the velocity of MC Z as ~vZ = vZ · ejθZ

and that of MS as ~vMS = vMS · ejθMS .

In terms of the Newton’s classical mechanics, we assume that the MC Z is fixed as a

reference point, the velocity of MS relative to the MC Z can be expressed as

~vMS/Z = ~vMS − ~vZ

= vMS · ejθMS − vZ · ejθZ (6.5)

= vMS · cos θMS + j · vMS · sin θMS − vZ · cos θZ − j · vZ · sin θZ

= (vMS · cos θMS − vZ · cos θZ) + j (vMS · sin θMS − vZ · sin θZ) .

Therefore, vMS/Z and θMS/Z can be calculated by taking the magnitude and argument

of ~vMS/Z , i.e., vMS/Z = ||~vMS/Z || and θMS/Z = arg(~vMS/Z), respectively.
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Figure 6.2: The non-stationary IMT-A channel coefficients generation procedure.

Assuming that the initial distances, DBS(t0), DMS(t0), and DLoS(t0) are obtained from

a measurement campaign, the time-varying distances at time t can be expressed as

DBS(t) =

√
D2

BS (t0) + (vAt)
2 − 2 ·DBS (t0) · vAt · cos (π + φn,m(t0)− θA), (6.6)

DMS(t) =

√
D2

MS (t0) + (vt)2 − 2 · a (t0) · vt · cos (ϕn,m(t0)− θv), (6.7)

DLoS(t) =

√
D2

LoS (t0) + (vMSt)
2 − 2 ·DLoS (t0) · vMSt · cos (θMS − ϕLoS). (6.8)
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6.3.2 The number of clusters

A genetic appearance (birth) and disappearance (death) process for modeling the

clusters, or MPCs, was proposed in [149]. In a time-variant (i.e., non-stationary)

scenario, clusters may only exist over a certain time period. With ongoing time, new

clusters appear, i.e., born, and remain for a certain time span, i.e., survive, and then

finally disappear, i.e., died. A suitable description for such a generation-recombination

behavior is given by discrete Markov processes. The time variance of a wireless channel

is mainly caused by movements of MCs and MS. Based on the process of clusters’

generation and recombination, the time dependent channel fluctuations caused by the

movement of the MCs (δMC,k) as well as the movement of MS (δMS,k) in the time span

between tk−1 and tk, can be expressed as

δP,k = δMC,k + δMS,k, (6.9)

with

δMC,k =

∫ tk

tk−1

Pc (|~vZ(t)|+ |~vA(t)|) dt (6.10)

and

δMS,k =

∫ tk

tk−1

(|~vMS(t)|) dt (6.11)

where Pc is a percentage of moving clusters. Because of the short time steps, a uniform

motion in each time interval |tk − tk−1| is assumed [149], [150]. This simplifies (6.10)

and (6.11) to

δMC,k = (tk − tk−1)Pc (vZ + vA) , (6.12)

δMS,k = |~vMS(tk)− ~vMS(tk−1)| = (tk − tk−1)vMS. (6.13)
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Therefore, δP,k gives a measure for the correlation of CIR at different time snapshots.

A Markov birth-death description results in a time-varying number N(t) of clusters for

CIR realisations. At any time instant tk, one can distinguish between newly generated

clusters and survived clusters that were already existing in the previous CIR at time

instant tk−1. The Markov process is described by a generation rate of clusters (λG)

and a recombination rate of new paths (λR). The expectation of the total number,

also defined as the initial number, of clusters in a CIR realisation is given by

E {N(t)} = N(t0) =
λG
λR
. (6.14)

Observing a time series of CIRs, each cluster remains from one CIR at tk−1 to a

following one at tk with the probability

Premain(δP,k) = e−λR·δP,k . (6.15)

Hence, a number of new clusters is generated by the Markov process with expectation

E {Nnew,k} =
λG
λR

(
1− e−λR·δP,k

)
. (6.16)

The correlation between two evolving clusters is quantified by the scenario movement

δP,k. Mathematically, higher values of δP,k result in a reduced correlation between the

properties of an ancestor cluster at tk−1 and its successor at tk. Fig. 6.3 illustrates

the time-variation of the number of clusters with birth-death process at the initial

number of clusters N(t0) = 20 taken from IMT-A channel models at NLoS UMa

scenario assuming λG = 0.8/ m, λR = 0.04/ m, vMS = 60 m/s, vA = 15 m/s, vZ = 5

m/s, and Pc = 0.3. In Fig. 6.3, starting from the initial status (N(t0) = 20), clusters

are appear/disappear with the time going. In addition, Fig. 6.4 shows the time-varying

number of clusters N(t).

For the newly generated clusters, the delays, powers, and angular parameters will

be generated similar to the initial parameters based on the procedure illustrated in

108



Chapter 6: A Non-Stationary IMT-Advanced MIMO Channel Model for
High-Mobility Wireless Communication Systems

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

5

10

15

20

25

30

35

Time (s)

C
lu

s
te

r 
in

d
e

x
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Figure 6.4: The total number of clusters N(t) vs. time. (N(t0) = 20, λG = 0.8/
m, λR = 0.04/ m, vMS = 60 m/s, vA = 15 m/s, vZ = 5 m/s, and Pc = 0.3)

Fig. 6.2 and explained in [33]. For the surviving clusters, the delays, powers, and
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angular parameters will be updated as follows.

6.3.3 Time-varying delays

With the movements of MCs (including MC A and MC Z) and MS, the propagation

distance of the nth cluster will be time-variant and can be determined by using some

trigonometric functions on the basis of the initial distance of the nth cluster as (6.6)–

(6.8). The calculation of the time-varying delay τn(t) can be expressed as follows:

τn(t) =
∆D

c0

+ τ̃n(t) =
∆DBS + ∆DMS

c0

+ τ̃n(t) (6.17)

=
(DBS(t)−DBS(t0)) + (DMS(t)−DMS(t0))

c0

+ τ̃n(t)

where c0 is the speed of light, ∆D = ∆DBS+∆DMS is the alteration of the propagation

distance resulted from the movement of the MS and MCs. ∆DBS = DBS(t)−DBS(t0)

is the distance difference between BS and MC A, ∆DMS = DMS(t) −DMS(t0) is the

distance difference between MC Z and MS, and τ̃n(t) is the delay of the virtual link

between MC A and MC Z. The delay of the virtual link, i.e., τ̃n, can be calculated

at time instant t = tk using a first-order filtering algorithm as [164]

τ̃n(tk) = e((tk−1−tk)/ς)τ̃n(tk−1) +
(
1− e((tk−1−tk)/ς)

)
X (6.18)

where X ∼ U
(
DLoS/c0 , τmax

)
, ς is a parameter that depends on the coherence of

a virtual link and scenarios, and τmax is the maximum delay and can be obtained

from [33], e.g., τmax = 1885 ns for UMa NLoS scenario.

It is worth to be noted that τ̃n(t0) can be calculated as

τ̃n(t0) = τn(t0)− DBS(t0) +DMS(t0)

c0

(6.19)

where the initial delay τn(t0) are randomly drawn from the exponential delay distri-

bution, as explained in the original IMT-A channel models, for a given scenario [33].
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Substituting (6.6), (6.7), (6.8) into (6.17), we therefore can obtain the time-varying

delays for nth cluster at different instant time t, i.e., τn(t). Delays are then normalised

by subtracting the minimum delay and sort the normalised delays to descending or-

der. The normalised delays are to be used in channel coefficient generation (6.3) but

not in cluster power generation.

6.3.4 Time-varying power of clusters

Cluster powers are calculated assuming a single slope exponential power delay profile.

The random averaged power for the nth cluster at time t0, denoted as Pn(t0), can

be generated from the parameters given by the original IMT-A channel model [33].

Hence, the random average powers for the nth cluster at time t based on the time-

varying delays calculated above, can be expressed as

P ′n(t) = e
(1−rDS)(τn(t))

rDS ·σDS × 10−
ξn
10 (6.20)

where rDS is the delay distribution proportionality factor, σDS is Delay Spread (DS),

and ξn is the per cluster shadowing term in dB and they all can be obtained from

Table A1-7 in [33]. Then, the calculated powers are usually normalised so that the

total power for all cluster powers is equal to one, i.e.,

Pn(t) =
P ′n(t)∑N(t)
n=1 P

′
n(t)

. (6.21)

6.3.5 Time-varying AoDs

In terms of the interaction of relevant parameters, the time-varying function of AoD

φn,m(t) can be expressed as follows [135]:

1) if −π ≤ φn,m(t0) < 0,

φn,m (t) = φn,m (t0)− αn,m (t) , if − π ≤ θA ≤ φn,m (t0) ∪ φn,m (t0) + π ≤ θA < π,

(6.22)
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φn,m (t) = φn,m (t0)+αn,m (t) , if φn,m (t0) < θA < φn,m (t0)+π. (6.23)

2) if 0 ≤ φn,m(t0) < π,

φn,m (t) = φn,m (t0) + αn,m (t) , if − π ≤ θA ≤ φn,m (t0)− π ∪ φn,m (t0) ≤ θA < π,

(6.24)

φn,m (t) = φn,m (t0)−αn,m (t) , if φn,m (t0)−π < θA < φn,m (t0) , (6.25)

where

αn,m (t) = arccos
DBS (t0) + vAt cos (φn,m (t0)− θA)√

D2
BS (t0) + (vAt)

2 + 2DBS (t0) vAt cos (φn,m (t0)− θA)
. (6.26)

Note that φn,m(t0), DBS(t0), θA and vA are assumed to be obtained from measurement.

6.3.6 Time-varying AoAs

Similarly, based on the interaction of relevant parameters, the time-varying function

of AoA ϕn,m(t) can be expressed as follows [135]:

1) If −π ≤ ϕn,m(t0) < 0,

ϕn,m (t) = θv−γn,m (t)±π, if −π ≤ θv < ϕn,m (t0) ∪ π+ϕn,m (t0) < θv < π, (6.27)

ϕn,m (t) = θv +γn,m (t)±π, if ϕn,m (t0) ≤ θv ≤ π+ϕn,m (t0) , (6.28)

2) if 0 ≤ ϕn,m(t0) < π,

ϕn,m (t) = θv+γn,m (t)±π, if−π ≤ θv < ϕn,m (t0)−π ∪ ϕn,m (t0) < θv < π, (6.29)

ϕn,m (t) = θv−γn,m (t)±π, if ϕn,m(t0)−π ≤ θv ≤ ϕn,m (t0) , (6.30)

where

v = vMS/Z = ||~vMS/Z ||, (6.31)

112



Chapter 6: A Non-Stationary IMT-Advanced MIMO Channel Model for
High-Mobility Wireless Communication Systems

θv = θMS/Z = arg(~vMS/Z), (6.32)

γn,m (t) = arccos
vt−DMS (t0) cos (θv − ϕn,m)√

DMS
2 (t0) + (vt)2 − 2DMS (t0) vtcos (θv − ϕn,m)

. (6.33)

Again, ϕn,m(t0), DMS(t0), θZ , vZ , θMS, and vMS are assumed to be obtained from

measurement campaign. It worth mentioning that “±π” in (6.27) – (6.30) is the

corrector to ensure ϕn,m(t) within the range of [−π, π).

6.4 Statistical Properties of Non-Stationary IMT-

A MIMO Channel Models

6.4.1 Local spatial CCF

For WSSUS channels, the spatial CCF depends only on the relative BS and MS

antenna element spacings, ∆ds = |ds1 − ds2| and ∆du = |du1 − du2|, respectively.

However, for non-stationary systems, the spatial CCF does not only depend on the

relative antenna spacings, but also on time t. Due to this dependency, spatial CCF of

non-stationary channel model is called local spatial CCF and can be expressed as [98]

ρs1u1s2u2,n
(t,4ds,4du) = E

{
hu1,s1,n (t)h∗u2,s2,n (t)

}
(6.34)

=
1

M

M∑
m=1

E
{
Pn(t)ejk4dssin(φn,m(t)) ejk4dusin(ϕn,m(t))

}
where (·)∗ denotes the complex conjugation operation and E{·} designates the statis-

tical expectation operator.

Under the WSSUS assumption, the AoAs and AoDs are considered as time-invariant.

In this case, the spatial CCF will be reduced to [165]

ρs1u1s2u2,n
(4ds,4du) = E

{
hu1,s1,n (t)h∗u2,s2,n (t)

}
(6.35)

=
Pn
M

M∑
m=1

E
{
ejk4dssin(φn,m)ejk 4dusin(ϕn,m)

}
.
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6.4.2 Local temporal ACF

Considering the birth/death process, a cluster has a probability of e−λR(vMS∆t+Pc(vZ+vA)∆t)

to survive from (t−∆t) to t. Therefore, the local temporal ACF of the non-stationary

IMT-A channel model of the nth cluster can be expressed as

rn (t,∆t) = E
{
hu,s,n (t)h∗u,s,n (t−∆t)

}
(6.36)

= e−λR(vMS∆t+Pc(vZ+vA)∆t) 1

M

M∑
m=1

E
{
Pn(t)Aϕn,m(t,∆t)Bφn,m(t,∆t)Cϕn,m(t,∆t)

}
where

Aϕn,m (t,∆t) = ejkdu[sin(ϕn,m(t))−sin(ϕn,m(t+∆t))], (6.37a)

Bφn,m (t,∆t) = ejkds[sin(φn,m(t))−sin(φn,m(t+∆t))], (6.37b)

Cϕn,m (t,∆t) = e−jk||v||[cos(ϕn,m(t)−θv)(t)−cos(ϕn,m(t+∆t)−θv)(t+∆t)]. (6.37c)

By applying the WSSUS assumption on (6.37), we get

Aϕn,m (t,∆t) = 1, (6.38a)

Bφn,m (t,∆t) = 1, (6.38b)

Cϕn,m (t,∆t) =ejk||v||cos(ϕn,m−θv)∆t. (6.38c)

Therefore, (6.36) can be written as [165]

rn (∆t) =
Pn
M

M∑
m=1

E
{
ejk||v|| cos(ϕn,m−θv)∆t

}
. (6.39)

6.4.3 Stationary Interval

The stationary interval can be calculated using APDPs that can be expressed as [77]

Ph (tk, τ) =
1

NPDP

k+NPDP−1∑
k

|hu,s (tk, τ) |2 (6.40)
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where NPDP is the number of power delay profiles to be averaged, tk is the time of

the kth drop (snapshot), and hu,s (tk, τ) =
∑N

n=1 hu,s,n (tk) δ(τ−τn). The correlation

coefficient between two APDPs can be calculated as

c (tk,∆t) =

∫
Ph (tk, τ)Ph (tk + ∆t, τ) dτ

max{
∫
Ph (tk, τ)2 dτ,

∫
Ph (tk + ∆t, τ)2 dτ}

. (6.41)

The stationary interval can be then calculated as

Ts(tk) = max{∆t|c(tk,∆t)≥cthresh}, (6.42)

where cthresh is a given threshold of the correlation coefficient.

6.5 Simulation Results and Analysis

6.5.1 Local spatial CCF

By using the NLoS UMa scenario and main simulation parameters as follows: φn,m(t0) =

random, c(t0) = 100 m, θc = 15◦, vc = 30 m/s, ϕn,m(t0) = random, a(t0) = 150 m,

θv = 120◦, and v = 20 m/s, Fig. 6.5 shows the absolute values of three-dimensional

(3D) local spatial CCF of the non-stationary IMT-A channel model. It is obvious

that the absolute value of the local spatial CCF changes with time t due to the non-

stationarity of the channel.

To highlight these changes, Fig. 6.6 shows two-dimensional (2D) analytical and sim-

ulated local spatial CCFs at three time instants, i.e., t = 0, 5, 10 s. It is clear that

simulated results match analytical ones very well, verifying the correctness of our

theoretical derivations as well as simulations.

6.5.2 Local temporal ACF

Still using the NLoS UMa scenario, the following parameters are used for simulating

the local temporal ACF: φn,m(t0) = random, c(t0) = 100 m, θc = 15◦, vc = 30 m/s,
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ϕn,m(t0) = random, a(t0) = 70 m, θMC = −140◦, vMC = 5 m/s, θMS = 120◦, and

vMS = 20 m/s.

Fig. 6.7 shows the absolute value of the 3D local temporal ACF of the non-stationary

IMT-A channel model for the NLoS UMa scenario. Similar to the local spatial CCF,

the absolute value of the local temporal ACF varies with time t because of the time-

varying AoDs and AoAs. Fig. 6.8 illustrates this difference by plotting the 2D analyt-

ical and simulated local temporal ACF at three different time instants, i.e., t = 0 s,

t = 5 s, and t = 10 s. Again, the simulated results match analytical results very well,

verifying the correctness of our theoretical derivations as well as simulations.
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Figure 6.5: The absolute value of the local spatial CCFs of the non-stationary
IMT-A channel model (UMa NLoS scenario, φn,m(t0) = random, c(t0) = 100 m,
θc = 15◦, vc = 30 m/s, ϕn,m(t0) = random, a(t0) = 150 m, θv = 120◦, and

v = 20 m/s).
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Analytical, t=0 s

Analytical, t=5 s

Analytical, t=10 s

Simulation, t=0 s

Simulation, t=5 s

Simulation, t=10 s

Figure 6.6: The analytical and simulated local spatial CCFs of the non-stationary
IMT-A at different time instants (UMa NLoS scenario, φn,m(t0) = random, c(t0) =
100 m, θc = 15◦, vc = 30 m/s, ϕn,m(t0) = random, a(t0) = 150 m, θv = 120◦, and

v = 20 m/s).

6.5.3 Stationary Interval

Fig. 6.9 shows the empirical CCDFs of the stationary intervals for our proposed non-

stationary IMT-A channel model, the original IMT-A channel model, and the mea-

sured HST channel in [77]. The simulation parameters are selected according to the

measurement setup in [77], which are listed as follows: fc = 2 GHz, v = 90 m/s,

cthresh = 0.8. For the non-stationary channel model, θA = 15◦, DBS(t0) = 100 m, vA =

30 m/s, DMS(t0) = 70 m, and θv = 0◦. It is worth mentioning that since the measured

HST channel is narrowband one, in (6.40) we used hu,s (tk, τ) = hu,s,1 (tk) δ(τ− τ1)

where hu,s,1 (tk) can be obtained from (6.4). The good agreement between the pro-

posed channel model and the measured channel demonstrates the feasibility of our

non-stationary IMT-A channel model. From Fig. 6.9, the stationary interval of the

proposed model is equal to 12.5 ms for 80% and 20 ms for 60% while the measured

data is 9 ms for 80% and 20 ms for 60%, which are considerably shorter than the ones

of original IMT-A channel model, i.e., 22.5 ms for 80% and 38.3 ms for 60%.
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Figure 6.7: The absolute value of the local temporal ACFs of the non-stationary
IMT-A channel model (UMa NLoS scenario, φn,m(t0) = random, c(t0) = 100 m,
θc = 15◦, vc = 30 m/s, ϕn,m(t0) = random, a(t0) = 70 m, θMC = −140◦, vMC = 5

m/s, θMS = 120◦, and vMS = 20 m/s).

To highlight the impact of the time-variant model parameters on the stationary in-

terval, Fig. 6.10 shows the empirical CCDF of stationary intervals for the original

IMT-A channel model and the proposed non-stationary IMT-A channel model with

all time-variant parameters, time-variant delays and powers, and time-variant angular

parameters. The simulation parameters are the same as the ones of Fig. 6.9 apart

from the relative speed which is v = 60 m/s. According to Fig. 6.9, the time-variant

angular parameters have more noticeable impact on the stationary interval compared

with the time-variant clusters’ delays and powers.

Finally, it should also be noted that the stationary intervals of the proposed non-

stationary IMT-A channel model depend on the movement parameters, e.g., the MS

moving direction, the MC moving direction, the AoA spread, and so on.
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Analytical, t=10 s

Simulation, t=0 s
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Figure 6.8: The analytical and simulated local temporal ACFs of the non-
stationary IMT-A at different time instants (UMa NLoS scenario, φn,m(t0) = ran-
dom, c(t0) = 100 m, θc = 15◦, vc = 30 m/s, ϕn,m(t0) = random, a(t0) = 70 m,

θMC = −140◦, vMC = 5 m/s, θMS = 120◦, and vMS = 20 m/s).
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Figure 6.9: The empirical CCDF of stationary intervals for the proposed non-
stationary IMT-A model, the original IMT-A model, and a measured HST channel

(fc= 2 GHz, v = 90 m/s, NPDP= 15, cthresh= 0.8).
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Figure 6.10: The empirical CCDF of stationary intervals for the original IMT-A
model and the proposed non-stationary IMT-A model with all time-variant param-
eters, time-variant delays and powers, and time-variant angular parameters (fc= 2

GHz, v = 60 m/s, NPDP= 15, cthresh= 0.8).

6.6 Summary

In this chapter, we have proposed a non-stationary IMT-A MIMO channel model to

investigate the time variation of the wireless channels in different moving scenarios by

considering small-scale time-varying parameters, i.e., the number of clusters, delays,

and the powers of clusters, and time-varying AoDs, AoAs. Based on the proposed non-

stationary IMT-A channel model, the statistical properties in terms of the local spatial

CCF and local temporal ACF have been derived. The simulation results have shown

that the statistical properties would vary with time due to the time-variant parameters

of the proposed channel model. The good agreement between the analytical and

simulation results has verified the correctness of the analytical derivations as well as

simulations. In addition, a channel characteristic called stationary interval has been

investigated in terms of APDPs. Corresponding simulation results have proved that

the stationary intervals of the proposed non-stationary IMT-A channel model match

well that of the measured data and are considerably shorter than those in the original

standard WSSUS IMT-A channel model, demonstrating the ability of the proposed

model to accurately mimic the characteristics of high-mobility channels.
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Accurate channel models that are able to mimic key characteristics of wireless channels

play an important role in designing and testing future HST communication systems.

This thesis presents a comprehensive research on geometry-based wireless channel

modelling and simulation for MIMO HST communication systems. The novelty and

importance of this research has been introduced in details. In this chapter, the key

findings of my PhD research are summarised and several potential future research

directions are outlined.

7.1 Summary of Results

In Chapter 3, a theoretical framework that explains in details the characterisation of

non-stationary mobile fading channels is established. The proposed framework intro-

duces important system functions and CFs of non-stationary channel and highlight

the relation between these functions. This framework is used as a guideline to derive

the statistical properties of the non-stationary channel models proposed in this thesis.

In Chapter 4, a novel and generic non-stationary theoretical GBSM and the corre-

sponding simulation model have been proposed for wideband MIMO HST channels.

The proposed models are the first generic models that are adaptable to the most com-

mon HST scenarios, i.e, the open space, viaduct, and cutting scenarios. The proposed
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models have the ability to investigate the impact of different scenario-specific param-

eters of each HST scenario on the wireless channel, e.g., the height of the viaduct, the

dimensions of the cuttings, and the isotropy of the environment in open space. To

mimic the non-stationarity of the HST channels, the proposed models have several

time-varying parameters, i.e., angular parameters, Ricean K-factor, and distance be-

tween the Tx and Rx. The application of the proposed models are not limited to HST

channels nor the aforementioned scenarios. In other words, they can be further used to

model non-stationary V2I channels in other 5G high-mobility scenarios, e.g., highway

scenario, and can be applied on other HST scenarios, e.g., hilly terrain, by choosing

proper values of different channel parameters. The statistical properties of both mod-

els have been investigated thoroughly. The results show that the simulation model

closely approximates the reference model. The statistics of the simulation model have

been verified by simulation. Moreover, the close agreement between the statistics of

the simulation model and those of measured channels in the three aforementioned

HST scenarios confirms the utility of the proposed generic model. Numerical anal-

yses have shown that these statistical properties experience different behaviours at

different time instants, demonstrating the capability of the proposed models to mimic

the non-stationarity of HST channels. The dominance of the LoS component in HST

open space scenario has resulted in higher correlation in the first tap of the proposed

channel models in comparison with the second one. It has also been demonstrated

that the time-varying angles will affect the time-variant space CCFs and time-variant

ACFs while the time-varying dimensions of the ellipses will only have an influence

on the time-variant ACFs. Moreover, the trends of the time-variant SD PSDs are

considerably affected by the angular parameters of the channel models. Furthermore,

it has been demonstrated that wider cutting’s dimensions can result in a stronger

LoS component observed at the receiver. This in turn will result in higher Ricean

K-factor values which will lead to higher ACF values. Finally, it has been shown that

the stationary intervals of our simulation model are considerably shorter than that of

the standard channel models and match well with the ones reported in measurement

campaigns in the literature.

In Chapter 5, a generic 3D non-stationary theoretical GBSM has been proposed for
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non-isotropic scattering wideband MIMO HST fading channels. Using a parameter

computation method called MEV, the corresponding SoS simulation model has been

developed. The proposed models have the ability to investigate the impact of the

non-stationarity, the key scenario-specific parameters, and the elevation angles on

the channel statistics in different HST scenarios. Based on the proposed models,

important non-stationary statistical properties have been derived and thoroughly in-

vestigated, i.e., the time-variant ST CF, the time-variant CCF, and the time-variant

ACF besides the stationary interval. The simulation results have showen that ele-

vation angle has considerable impact on the CFs. Finally, it has been shown that

the stationary intervals of our proposed non-stationary 3D simulation model have

excellent agreement with those of a measured HST channel.

In Chapter 6, a non-stationary IMT-A MIMO channel model is proposed to investigate

the time variation of the wireless channels in high-mobility scenarios. The developed

model takes into account several small-scale time-varying parameters, i.e., the number

of clusters, the delays & the powers of clusters, and time-varying AoDs & AoAs.

Based on the proposed non-stationary IMT-A channel model, the statistical properties

in terms of the non-stationary spatial CCF and non-stationary temporal ACF have

been derived. The simulation results have shown that the statistical properties would

vary with time due to the time-variant parameters of the proposed channel model.

The good agreement between the analytical and simulation results has verified the

correctness of the analytical derivations as well as simulations. Simulation results have

proved that the stationary intervals of the proposed non-stationary IMT-A channel

model match well that of the measured data and are considerably shorter than those

in the original standard WSSUS IMT-A channel model, demonstrating the ability of

the proposed model to accurately mimic the characteristics of high-mobility channels.
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7.2 Future Research Topics

7.2.1 Channel Measurements and Models for HST-to-HST

Communication

HST-to-HST communication is proposed to enable HSTs exchange controlling and

traffic information such as road obstacles and accidents via the wireless communication

links. A HST-to-HST communication model based on multihop and cooperation was

proposed in [166]. In the proposed model, a source train uses trains on other tracks as

relays to transmit signals to destination train on the same track. Based on proposed

HST-to-HST channel model, the Bit Error Rate (BER) performance was investigated

in [166] using suburban scenario of COST207 channel model, and the outage capacity

was analysed in [167] using Nakagami-m channel model. Despite its importance as

a safety measure to avoid accidents, the measurements of HST-to-HST channels and

the development of corresponding channel models are still in its preliminary phase

and further investigations are required. The proposed BS-to-HST channel models

presented in this thesis can be further developed to HST-to-HST ones by assuming a

moving vector at the BS side.

7.2.2 Massive MIMO for HST Communication Systems

Since HST scenarios have been recognised as one of the typical scenarios for 5G, related

5G key technologies and the corresponding channel modelling in HST scenarios should

be paid more attention. Massive MIMO systems [168], which are equipped with tens

or even hundreds of antennas, emerged as an enhanced MIMO technique that can

help in meeting the increasing demand on data of the 5G wireless communication

systems. Unlike the case of limited space in small wireless devices such as MSs,

the vast room at the top of the HST leaves no concern regarding the possibility of

deploying large antenna arrays at the MRS side. However, due to the huge number of

antennas in massive MIMO systems, massive MIMO channel models need to consider
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new phenomena unprecedented in conventional MIMO systems, such as the non-

stationarity on the array axis [117], [164]. Therefore, measurements and channel

models of massive MIMO channels in HST communications systems should be paid

more attention.

7.2.3 Tunnel Scenario

In this thesis, we have presented generic channel models that can be applied in vari-

ous HST scenarios, i.e., open space, viaduct, and cuttings, and can be easily further

developed to consider other scenarios such as hilly terrains. However, due to the

unique environment of tunnels, the propagation characteristics of signals inside them

are different from those of other HST scenarios. Conventional channel modelling tech-

niques suitable for other HST scenarios are not directly applicable to tunnel scenarios.

Moreover, research on channel modeling inside tunnels is yet to solve main problems

such as the accurate characterisation of multimode waveguide propagation and the

determination of breakpoint for different propagation mechanisms inside tunnels. In

addition, the research on 3D channel models for tunnels is still in its very early stages

and accurate generic channel models that can be applied to different types of tunnel

channels are still missing in the literature. Therefore, channel characterisation and

modelling for tunnel scenario are still a quite challenging topic and needs to be further

investigated.

7.2.4 Indoor Scenario

Most HST channel measurements and models in the literature have focused on the

outdoor HST scenarios while indoor one has rarely been investigated. The measure-

ment campaign, presented in [42], has studied the propagation loss in HST channels

when the Tx and Rx are located inside the same HST carriage and when they are

located in different carriages. The measured results showed that the waves travelling

inside the train carriages are dominant compared to the ones reflected from scatterers

outside the HST due to the high penetration loss of wireless signals traveling through
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the metal body of the carriages. On the contrary, the waves reflected from outer scat-

terers are dominant compared to the waves travelling inside the train carriages when

the communicated devices are located in different carriages due to the high insulation

between these carriages. The aforementioned results can be greatly related to design

of the HST and the measurement scenario. Therefore, more measurements for indoor

scenarios in HSTs are needed before confirming that these observations are conclusive

and accurate indoor HST channel models are required. By combining accurate in-

door HST channel models with the outdoor ones presented in this thesis we can have

end-to-end channel models that are indispensable for the development of future HST

communication systems.
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