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Abstract
Mobile-to-mobile (M2M) and fixed-to-mobile (F2M) communication technology
has shown astonishing intrusion in battle-fields, cellular and vehicular networks,
intelligent transportation systems and internet of things. Mobile nodes involved
in these infrastructures demand a high data rate connectivity over radio fading
links.
This dissertation concentrates on the geometrical modeling of the spatial characteristics of two-dimensional (2D) and three-dimensional (3D) radio fading channel
for multiple-input-multiple-output (MIMO) M2M and MIMO F2M communication scenarios. Closed-form expressions for the joint and marginal space-time
correlation functions among MIMO antenna array elements and probability density function (PDF) of angle-of-arrival (AoA) of the multipaths in nonisotropic
environments are presented.
Initially, the emphasis has been on the 2D propagation scenario; where, mobile
subscribers are equipped with low elevated multiple antenna array structures and
they intend to communicate on the move without any base station (BS). These
mobile subscribers usually reside on structured-bounded highways or in the “long
and narrow” streets and canyons; where, the distribution of scattering objects
along the roadside regions are non-isotropic in nature. It is observed that elliptical geometry is an appropriate shape, which correlates more accurately the layout
of such propagation environments than the circular shape. In the proposed model,
it is assumed that the mobile stations reside at the centers of two different ellipses
and the scatterers are distributed uniformly along the boundaries of the ellipses.
The ellipses are independently rotatable along the horizontal plane corresponding
to the direction of mobile stations. The lengths of major and minor axes and the
eccentricities of the ellipses are assumed to be dependant on the physical measurement of the propagation environments. Using the proposed geometrical model, the
closed-form expression of PDF of AoA/AoD is obtained for non-isotropic scattering environments. Based on this AoA/AoD, mathematical expression of joint and
marginal PDFs of space-time correlations among the MIMO antenna elements are
derived. The 2D eccentricity based channel model is then extended to 3D ellipticalbased cylindrical channel model to accommodate the high-rise structures present
along the roadside premises of highways, streets or canyons. In this model, the
scattering objects are assumed to be placed on the surfaces of the elliptical-based

x
cylinders around both transmitter and receiver nodes. The horizontal dimension
of the physical propagation medium is modeled by eccentricity and height of the
scatterers are modeled by the height of cylinders. Mobile stations are placed at
the centers of the cylinders equipped with multiple antenna arrays. The dimension
of cylinders are independently adjustable and rotatable according to the physical
dimension of the propagation medium and the direction of motion of MS’s. Here
again the mathematical expressions for correlations among MIMO M2M links are
formulated and the obtained theoretical results are simulated and compared with
the measured data. In the last part of thesis, a 3D elliptical based geometrical
channel model is proposed to model umbrella-cell in a cellular communication environment, which provides trustworthy communication links for speedy vehicles on
the highways. In the proposed model, mobile subscriber is assumed to be located
at the center of the elliptical cylinder equipped with low-rise antenna array and the
scatterers are assumed to be uniformly distributed on the surface of the cylinder;
whereas, the BS is on the top of high-rise tower with multiple antenna structure
and is assumed to be scatter-free. Using the proposed model an expression for
space-time correlation among antenna elements is derived.
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Chapter 1
Introduction
This chapter begins with an overview of fixed-to-fixed (F2F), fixed-to-mobile
(F2M) and mobile-to-mobile (M2M) communication environments. The chapter also highlights the significance of the proposed research topic and emphasis
is given on various communication systems where high speed mobile users intend
to achieve high data rates like in vehicular ad hoc networks (VANETs) of M2M
and umbrella cellular structure of F2M environments. The chapter ends with an
organization of the dissertation.

1.1

Overview of Communication Channels

Wireless communication received tremendous advancements after Guglielmo Marconi placed a foundation stone of wireless communication in the late 1800s. As
a result, a new era of communication started that drew the attention of a large
number of researchers and engineers who developed state-of-the-art methods for
the transmission of audio and multimedia applications over wireless links. In the
19th and early 20th century, wireless communication technology witnessed significant improvements in coverage and throughput. These improvements were mainly
based on the better understanding of the propagation environment, through which
electromagnetic waves travel from transmitter to the receiver.
1
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Based on this radio propagation environment, the wireless communication channels
can be broadly divided into three main types (i) Fixed-to-fixed (F2F), (ii) Fixedto-mobile (F2M) and, (iii) Mobile-to-mobile (M2M) communication channels. In
F2F environment, both communicating nodes are stationary and are equipped
with single or multiple directional antenna arrays. In F2F communication systems
both transmitter and receiver antenna arrays are predominantly installed on the
high-rise structures or mountains in such a way that the LoS component exist in
between them, as depicted in Fig. 1.1. This wireless network is more cost efficient
than the land cable network and also has the ability to withstand perfectly during
unpleasant weather conditions. In modern telecommunication systems, a beam
of radio waves in microwave frequency band is used in F2F wireless links that
facilitates broadcasters to send data from studio to transmitter unit. Telecommunication operators also use F2F microwave directional links to transfer huge
amount of data at high-speed from/to base-stations to/from the core networks [3].
Microwave Link
(100M bit/s)

Carrier
core
Network

Fiber optics
10-100 Gbits/s

Figure 1.1: A simplified rendering of an F2F microwave link

Whereas, in F2M radio communication system, a base station (BS) is considered
to be stationary with a high-rise antenna mounted on the top of a tall structure or tower while the MSs are equipped with low elevated antennas surrounded
by the buildings, vegetation, mountains, etc., and are supposed to be in motion. Cellular mobile communication is one of the major applications of the F2M
communication systems. In most of the F2M systems, the BS is assumed to be
scatter-free while the MS is usually surrounded by local scatterers. A typical
F2M wireless communication system is depicted in Fig. 1.2. Various emerging
systems demand that the wireless nodes should communicate directly with each
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Figure 1.2: A simplified rendering of an F2M communication scenario

Figure 1.3: A simplified rendering of an M2M communication scenario

other without having a centralized BS; such a communication system is known as
M2M communication environment as depicted in Fig. 1.3. In M2M communication environment both nodes of the communication link are supposed to be on the
move. Mobile ad hoc networks (MANETs), VANETs, intelligent transportation
systems (ITS), inter-vehicle communications (IVCs), and relay-based cooperative
networks are the applications of M2M communication system [4]. In these systems, the MSs are equipped with low elevated antennas and are surrounded by
the scattering objects like high-rise buildings, trees, vehicles, mountains and other
structures. In such environments, transmitted signal propagates along multiple
paths and terminates at receiver antennas with random phases and amplitudes.
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Therefore, mobile communicating nodes are severely affected by the multipath
fading. In addition to this, the motion of surrounding vehicles, movements of tree
leaves, motion of transmitter and receiver causes the time-varying dispersion in
the transmitted signal spectrum. This dispersion in frequency is called Doppler
shift or Doppler spread. Each multipath is independently subjected to Doppler
shift and hence experiences an independent frequency shift. The expression of the
Doppler frequency (fd ) can be written as Vr fc cos(γ)/c, where, Vr is the relative
velocity of the MS, fc is the carrier frequency, γ is AoA and c is the velocity of
light. The Doppler shift is proportional to the carrier frequency, relative velocities
of the mobile nodes and AoA of multipath signals [5]. Fig. 1.4, illustrates the
Doppler effect in a typical F2M multipath fading environment where fast moving
mobile subscribers mostly reside. Especially, in case of macrocellular communication environment, fast-moving vehicles get severely effected by the large Doppler
spreads. In addition to it, the high speed of the vehicles not only creates the

Figure 1.4: A simplified illustration of Doppler effect in F2M environment

serendipitous and unpremeditated situations in communication but also increases
the rate of occurrence of handoff, which in turn imposes burden on mobile switching center (MSC). These situations mostly occur on highways under an umbrella
macrocell and can not be properly modeled using existing models [6]. In [7–17],
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different techniques have been proposed to handover the fast-moving vehicles to
an umbrella cell. Moreover, in M2M or F2M propagation environments, line-ofsight (LoS) component is mostly unavailable. Therefore, signals are propagated
by means of reflection, diffraction, refraction and scattering mechanisms. These
delayed multipath components arrive from different directions in different time instants and combine constructively or destructively creating a faded envelope at the
receiver terminal. In past, the multipath propagation in wireless communication
channel was considered to be an obstacle in designing trustworthy communication
links. However, this paradigm has been changed in modern communication systems, researcher tried to take advantage of these multipath signals to improve the
reliability and capacity of the wireless communication systems. This is achieved
through space-time processing in which multiple antennas are employed at both
terminals of the communication link [18]. Multiple antennas can offer significant
increase in spectral efficiency and data throughput without additional bandwidth
or transmit power [19]. Information theory has shown that if the multipath signal propagation is properly exploited with MIMO, enormous theoretical capacity
can be achieved [20–26]. However, different coding schemes like space-time trellis
codes, space-time block codes, layered space-time codes, etc., have been introduced
to exploit the advantages of MIMO antenna structures [27–29]. The spectral efficiencies of the MIMO system are based on the assurance that an opulent scattering
environment provides uncorrelated data links with different spatial signatures from
each transmit antenna to each receive antenna. Whereas, the correlation in the
space, frequency and time domains are dependent on the spread in angle of arrival
(AoA)/angle of departure (AoD), delay spread and the Doppler spread. Therefore, MIMO system capacity rely on the richness and statistical distributions of the
scattering objects in the propagation medium. Therefore, for the beneficial design
of a MIMO-M2M or MIMO-F2M communication systems, extensive knowledge of
the statistical characteristics of the fading channel coefficients and the capacity
analysis of the propagation links between the communicating nodes are extremely
important. The capacity of a MIMO wireless communication system not only depends on the antenna array elements but also depends significantly on the rank of
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the correlation matrix of the wireless channel [30–33]. The correlations among antenna elements exert adverse effects on its capacity and error rate performance of
the MIMO system[31, 34]. At an arbitrary time instant k, the normalized capacity
C(k) or capacity per unit bandwidth of a MIMO system having P antenna elements at the transmitter and Q antenna elements at the receiver, can be expressed
as [23, 35, 36],



C(k) = log2 det IQ + Pρ H(k)H(k)H bps/Hz

(1.1)

where, IQ is the Q × Q identity matrix, (·)H is called hermitian transpose, det(·)
is matrix determinant, ρ is the mean signal-to-noise ratio (SNR) for each receiver
antenna element, H(k)Q×P is called MIMO channel matrix at the time instant, k,
that can be obtained by appropriate channel model. According to the information
theory, reliable and error-free communication can be achieved if the data rate
is kept below the channel capacity. Therefore, to predict the performance of
MIMO communication systems, the simulation of realistic MIMO channel model
is essential.

1.2

Spatial and Temporal Correlation of MIMO
Channels

In MIMO wireless communication systems, maximum throughput can only be
achieved when multiple data streams are transmitted through multiple antenna
array elements into the uncorrelated wireless channels. In a real world scenario,
the MIMO channels are usually not fully uncorrelated to each other; however, exhibit some correlations among them. Signals interact with the scatterers present
in the propagation medium in a complex way. These scatterers reflect, diffract
and scatter the transmitted signal in all possible directions and create multipaths
(i.e. multiple copies of transmitted signal). These multipaths impinge at receiver antenna array elements constructively or destructively resulting in a faded
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signal envelope at each antenna element [37]. At the receiver end strong signal
processing algorithms are used to separate desired data streams from the faded
envelopes. Therefore, the performance of MIMO system considerably depends on
the richness of scatterers, correlations among MIMO links, space-time coding and
channel state information (CSI). In MIMO systems, if channels are uncorrelated
that means multiple spatially separated channels are available between the transmitter and receiver then capacity closer to the Shannon can be achieved via each
channel. In reality, the multipaths in such scattering environment force the radio
propagation channels to interact each other through various degrees of freedom.
This phenomenon of interaction is called spatial correlation [38, 39]. The spatial
correlation is inversely proportional to the angular spread of the AoA/AoD of the
multipaths. In addition to spatial correlation, mutual coupling of antenna array
elements also contribute in the channel correlations [40]. Spread in AoA/AoD is

Figure 1.5: AoA/AoD of the multipaths

the range of angular directions where the multipath signals arrive at receiver (or
leave the transmitter) antenna array as shown in Fig. 1.5. A wider AoA (or AoD)
means that the multipath signals arrive at the receiver (or leave the transmitter) in different paths that may have most probably, different spatial signatures.
Therefore, receive or transmit channel correlations depend on the antenna element
spacing, scattering distributions and AoA (or AoD) of the multipath signals. In
addition to spatial correlations, the channel gets trapped into another correlation
variation known as temporal correlated when the transmitter, receiver or scatterers present in the medium are in motion. The relative motion between transmitter,
receiver or the scatter objects exhibits dispersion in the carrier frequency this is
called Doppler shift as discussed in Section 1.1. In mobile communications, the
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temporal correlation can be obtained by taking the inverse Fourier transform of
the Doppler power spectrum density (PSD).

1.3

Significance of the Research Topic

Extensive developments have been seen in the last few decades in the area of wireless communication systems. While, it has been the topic of interest since 1960s,
however, a huge surge of research in this field erupted in the last few decades,
because of the rapid expansion of wireless applications. Challenges that might be
faced by future wireless communication systems in all aspects of life are reliable
wireless communication with high data rate, error-free linkages and quality of service (QoS) surety. Achieving high data rate over radio fading channels is not an
easy task for several vilifications. As already discussed in detail in Section 1.1, the
wireless channel is a husky time-varying propagation environment. Because of the
harsh behavior of the propagation environment, signal transmitted on a wireless
channel is subjected to interference, propagation path loss, Doppler spread, delay
spread, shadowing, fading, interference by neighboring wireless devices and atmospheric conditions, etc. While it is possible to increase data rates by providing
more bandwidth or increasing power of the transmitted signal; however, the constraints in wireless communication systems like signal power and bandwidth hinder
the achievements of such high data rates. On one hand, the bandwidth or spectrum is prohibitively expensive and on the other hand, increasing transmit power
adds interference to other systems. Thus, neither the spectrum nor the power can
be increased. Therefore, space-time processing is considered a viable approach to
increase the capacity in terms of the data rate with good QoS. However, to attain
high capacity with good QoS over space-time processing-based MIMO links, an
exact understanding of the physical propagation environment is required, so that
maximum capacity closer to the one defined by Shannons information theory can
be achieved [41]. Spectral efficiency of a wireless communication link or increase
in capacity can also be achieved by dividing the large geographical area into small
cells in such a way that each cell is allocated a chunk of frequency band, which may

Introduction

9

Figure 1.6: Cellular mobile communications

be reused in distant cells while controlling co-channel interference as depicted in
Fig. 1.6. The frequency-reuse concept in cellular mobile communication systems
improves spectral efficiency significantly. This system-level concept becomes the
basis of all modern cellular mobile communication systems.
Cellular mobile communication has shown exponential increase in the number of
mobile users since last decade. As a system intends to increase the number of
its subscribers, it is forced to increase its capacity. Data requirements of a single
user are usually increased due to additional value-added services in cellular mobile
communication systems. In cellular mobile communications, the capacity can be
increased either by increasing the bandwidth or by reducing the cell size so that the
frequency (or channel) may be reused more frequently. This small size of the cell
architecture creates most crucial dilemma in the cellular mobile communication
i.e, it increases the occurrence rate of handoff [42]. Handoff is a process of shifting
the channel from one time-slot, frequency or spreading code to other while the
mobile unit is progressing a call [43]. The handoff process becomes very serious
issue for speedy vehicles on highways across the microcells [44], as it imposes extra
burden on MSC of the cellular mobile communication system [45]. To overcome
the frequent handoff problem, the fast moving vehicle are handed over to umbrella
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cell, which not only decreases the frequency of the handoffs but also maximizes
the radio coverage [16, 45–48]. In an umbrella cell, a high powered antenna is
mounted on high-rise structure to cover large area along a highway [49]. The
umbrella cell is dedicated to provide coverage to high speed users on the highway
for long distances, therefore, the frequency of handoffs is minimized [5]. Apart from
handoff problem, the non-stationary and time-variant behavior of wireless channel
immensely degrades the performance of the cellular mobile communication for high
speed vehicle. Therefore, challenge in F2M or M2M wireless communication is the
time-variation nature of the propagation medium. This time-variation creates
difficulty in obtaining the exact channel state information (CSI). The precise CSI
is mandatory at the receiver for better capacity, QoS and error free communication
[50]. One of the well known method of estimating CSI is based on the use of known
training sequences.
In mobile communication scenario, the channel statistics are random and are
dependent on the distribution of scattering objects present in the propagation
medium, antenna configuration and Doppler spreads, etc. Therefore, before installing the communication systems in such scenario, it is imperative to have understanding of the channel characteristics that can be used for the design, performance
analysis and the development of wireless communication systems. Field-trials (i.e.,
empirical models) can be take as one of the ways to assess the statistics of a radio
fading channel. In this channel assessment technique, all environmental effects of
a specific area on the quality of the communication link are taken into account.
The empirical models can provide accurate statistics of the channel parameters,
but they are cite-specific and are also neither cost efficient nor time efficient [51].
However, computer simulations are alternative solutions that can reproduce the
desired channel characteristics if channel models used in the simulation are well
designed. In this regard, various channel models are available in the literature that
can be used for the analysis and development of a communication system. Among
these models, stochastic and geometry-based stochastic channel models (GBSCM)
rely on some valid assumptions. Computer simulation results that are based on
these models are accurate enough to provide the fading statistics of the real-world
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propagation channels. In addition to it, the channel models are very cost effective
as well as time effective as compared to field trials. Moveover, GBSCM are flexible and can provide better understanding for SISO and MIMO systems in mobile
communication environments [52]; therefore, it is highly desirable to have suitable
GBSCM’s that are not only equipped with spatial characteristics of radio channel
but should also provide the sufficient knowledge about the correlations among the
antenna elements of MIMO communication link. Keeping in view the advantages
of GBSCM’s 2D and 3D channel models have been proposed in this dissertation
for M2M/F2M MIMO communication link.

1.4

Research Objectives

Keeping in view the discussion presented in Section 1.3, the proposed research
study aims to address the following major research objectives:
• To propose a geometrical shape that resembles with the layout of streets,
canyons and highways.
• To derive a mathematical expression for the PDF of AoA/AoD of the signals
when a MS resides in streets or canyons.
• To propose an appropriate generic geometrical model for MIMO M2M communications.
• To propose an appropriate geometrical model for MIMO M2M communications that can address the effect of AoA of the signals scattered from high-rise
buildings and road-side vegetation, etc.
• To propose a geometrical channel for an umbrella cell of cellular mobile
communication, when a fast moving mobile subscriber is on call in macrocellular system.
• To derive a mathematical expression for correlation functions among MIMO
antenna elements.
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Organization of the Dissertation Report

The rest of the dissertation is organized as follows:
Chapter 2, reports substantial discussion of various wireless communication channel models and presents their critical analysis in the wake of designing a highcapacity MIMO system. Section 2.1 starts with a discussion on the importance
of channel models for MIMO systems and then proceeds to the critical analysis of
the well-known modeling techniques in subsection 2.1.1 and 2.1.2. Then the importance of elliptical geometry in channel modeling is highlighted in 2.1.3. In the
end of Section 2.1, a problem statement is presented on the basis of the provided
literature survey. Finally, Section 2.2 provides research contributions of the thesis
and methodology to accomplish the proposed research target.
Chapter 3, presents a geometrically based 2D elliptical channel model for MIMO
M2M communication scattering environment and the chapter starts with an introduction given in Section 3.1 and Section 3.2 describes in detail the proposed spatial
channel model. Section 3.3 and Section 3.4 provides mathematical derivation of
the PDF of AoA expression and space-time correlation functions, respectively.
Finally, Section 3.5 describes theoretical results of the obtained closed-form expressions of the space-time correlation functions.
Chapter 4, begins with an introduction in Section 4.1 and Section 4.2 describes
the proposed 3D geometric stochastic channel model for MIMO M2M propagation scattering environment. Section 4.3 provides a detailed derivation of proposed
system model. Moreover, mathematical expression of the joint and marginal spacetime correlation functions among MIMO antenna elements is given in Section 4.4.
Finally, Section 4.5 portrays the theoretical results with their detailed discussion.
Chapter 5, presents a 3D elliptic cylindrical geometrical channel model for scattering environment under the umbrella-cell. In Section 5.1 introduction of the
chapter is presented and Section 5.1 the describes the system model of the proposed geometrical channel model. The Section 5.3 and Section 5.3 provides the
details of mathematical derivation of the space-time correlation function. Finally,
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In Section 5.5, the describes theoretical results of the obtained space-time correlation function is presented and in Section 5.6 provides the conclusion of the
chapter.
Chapter 6, summarizes the developed research work and the obtained theoretical
results in Section 6.1 and provides the future directions and recommendations in
Section 6.2.

Chapter 2
Literature Survey, Problem
Statement and Research
Contributions
This chapter reports substantial discussion of various wireless communication
channel models and presents their critical analysis in the wake of designing a highcapacity MIMO system. Section 2.1 starts with a discussion on the importance
of channel models for MIMO systems and then proceeds to the critical analysis of
the well-known modeling techniques in subsection 2.1.1 and 2.1.2. Then the importance of elliptical geometry in channel modeling is highlighted in 2.1.3. In the
end of Section 2.1, a problem statement is presented on the basis of the provided
literature survey. Section 2.2 provides research contributions of the thesis and
methodology to accomplish the proposed research target. Section 2.3 describes
the strengths and limitations of the proposed work and finally, 2.4 provides a brief
conclusion of the chapter.
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Literature Survey

Continuous demand for high data rates in all aspects of wireless communication
systems has been a constant driving force in research arena. Since the last few
decades a new era of communication has emerged rapidly where the transmitter
and/or receiver nodes want to communicate with each other on the move, this is
called mobile communication. Resulting mobile communication systems are the
promising candidates to facilitate real-time data, audio and video transmission
among the mobile subscribers and also between the fast moving vehicles on the
highways, racetracks, etc., to alleviate hazards of accidents and provide error free
communication links [53]. The fundamental requirements of these mobile communication systems is to provide high capacity wireless links with better quality
of service (QoS), utilizing limited resources. High mobility of mobile subscribers
and rich scattering environments have significant impact on the capacity of such
systems [54]. However, in rich propagation scattering environments, the channel
characteristics are unpredictable and multipath components cause the received signal to be in deep fade. Single-input-single-output (SISO) communication links are
the very basic systems; however, they are too vulnerable to avoid effects caused by
multipaths. Therefore, traditional SISO communication link may not provide the
required capacity with good QoS in such communication scenarios. Recently, rich
scattering environment has been recognized a feasible situation for the high datarate applications, if multiple antenna arrays are employed instead of single antenna
structure at both ends of wireless link [23]. MIMO systems, therefore, exploit this
rich scattering environment in constructive manner and provide spatial multiplexing that can guarantee astonishing increase in throughput [23, 26, 32, 35, 55]. The
promised large capacity gain of a MIMO system can be achieved contingent upon
good understanding of spatial characteristics of the radio fading channel as well
as upon proper observation of correlations among antenna elements [26].
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Early Work on Channel Modeling:

Various techniques are adopted to model the wireless channel to estimate its statistics on the basis of communication scenario and the distribution of the scattering
objects in the propagation environments. Mostly, communication channels are
modeled in the literature using empirical, deterministic, stochastic and geometrybased stochastic channel modeling (GBSCM) approaches [56–59]. Statistical distributions of empirical channel models are based on the experimental measurements and observations for a particular communication scenario. The accuracy of
these models depends on the number of field measurement campaigns for a specific
propagation environment. Due to this reason, an empirical model can not be considered a suitable generalized model for all propagation scenarios. Deterministic
channel modeling approach is employed when locations of the transmitter, receiver
and scatterers are known.
The deterministic channel model characterizes the parameters of the propagation
channel deterministically, e.g., ray tracing approach. This channel modeling needs
a complete knowledge of geography of the location of scattering objects present
in the desired propagation environment. Also, the laws of electromagnetic wave
propagation are used to estimate the received signal power at a specific site [60].
The estimation of propagation radio waves is based on complicated electromagnetic formulas, and ray tracing technique that needs huge computational power.
The accuracy of the deterministic channel model depends on the reproduction of
the propagation environments. In addition to it, for the localizations of scatterers
huge information of the geometry is required [61, 62]. Therefore, deterministic
channel modeling approach can predict the performance of the wireless system
perfectly under above specific conditions. Since, in M2M or F2M communication
environment, the communicating nodes are on the move and their locations are
not fixed; therefore, deterministic channel modeling approach is not appropriate
for these communication scenarios [63].
The stochastic channel modeling approach is based on the PDFs of various parameters like AoA/AoD, time-of-arrival/departure (ToA/D), Doppler shift, delay,
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pathloss, etc., which give insight about the statistical behavior of the channel
and is, thus, an empirical approach to analyze the parameters of the channel in
a stochastic manner [64]. Stochastic channel modeling can be further classified
into non-geometrical stochastic models (NGSMs) and GBSCM [65, 66]. In NGSM
approach, AoA, AoD, location of scatterers and other physical parameters of the
channel are completely in a stochastic manner without following any underlying
geometry. Although, these models require least information about propagation environment and less processing power but the generated analysis usually processes
least accuracy. In contrast, the impulse response in GBSCM is characterized by
the fundamental laws of wave propagation applied to specific transmitter, receiver
and scatterer geometries that are chosen in a stochastic manner [67, 68]. The
vibrant behavior of the M2M and F2M wireless channel makes the propagation
channel non-stationary, therefore, NGSM modeling approach is incapable of modeling the impact of physical scattering phenomenon in such a dynamic propagation
environment. Nevertheless, such non-stationary propagation environments can be
modeled by GBSCM approach under the assumption of quasi-stationary scattering [69]. Since, these models are based on some assumptions; therefore, they are
less accurate compared to empirical channel models, if specific propagation scenario is considered only. Results obtained by the GBSCM channel model must be
validated against measurement campaign before its use for a particular propagation environment. These are the special categories of stochastic channel models,
based on the fundamental laws of waves propagation and the physical geometry of
scattering environment. Therefore, they can predict the achievable capacity of a
system, and hence can be applied to design and analyze the large systems. In addition, GBSCMs may be utilized for various propagation scenarios by adjusting the
model input parameters of the same framework and are mathematically trackable
[70–72]. On the basis of physical dimensions of propagation environments, PDFs
of various parameters of F2M and M2M wireless channel may be derived geometrically. Moreover, the motion of the scattering objects, transmitter or the receiver
can be modeled easily in GBSCM approach for non-stationary environments [73].

Literature Review

18

However, understanding the importance of the GBSCM, various geometrical channel models have been proposed in the literature for F2M and M2M communication
environments.

2.1.2

Geometrical Channel Models for M2M and F2M Environments:

Akki and Haber were the pioneer researchers who proposed a fundamental channel
model for M2M urban and suburban communication environments [74]. Using
their model, they derived expressions for the PDFs of received envelope and timecorrelations in channel coefficients. Using these correlations, the authors also
obtained expression for the power spectral density (PSD). Patzöld et al. [75],
extended the work in [74], and presented a frequency non-selective circular two-ring
model for MIMO M2M communication environment. Assuming infinite scatterers
around the MSs (MSs), the authors derived expressions for transmit and receive
correlation functions and provided a framework for the channel capacity. Another
concept that scatterers are not located exactly at the boundary of the circular
rings but at varying distances from the center of the rings, was presented in the
form of two-erose-ring model in [76]. The authors also derived formulas for the
complex envelope of the diffused antenna components. However, the empirical
results were presented on the basis of simulation for the space-time correlation
function assuming an isotropic scattering environment. The work in [76], was
extended by Riaz et al. [77], for the derivation of mathematical expressions for
the time-autocorrelation function and Doppler spectrum. In [78, 79], geometrical
channel models have been proposed by employing circular disc and circular strip
shapes for M2M scattering environment. In the previously discussed 2D-channel
models, the authors have assumed isotropic scattering environments around the
MS’s. Whereas, Chelli et al., have provided the analytical expressions of autocorrelation function (ACF) and CCF under the non-stationary and non-isotropic
scattering environments based on the geometrical T-junction model [80].
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In the above-mentioned 2D geometrical channel models, signal propagation has
been considered only along azimuth plane ignoring the elevation plane. Hence, 2D
geometrical channel models may be appropriate in some of the rural areas, but
may not be decorous for streets, canyons, urban or metropolitan areas. Because in
such areas, the source of communication is predominantly with scattered waves,
which are diffracted, reflected down the streets or canyons by the edges of the
surrounding infrastructure. Therefore, geometrical channel models that consider
the effect of elevation angle and azimuth angle of the signals are suitable models
for such urban environments.
Therefore, for such propagation scenarios, 3D geometrical channel models are
proposed in the literature for M2M and F2M communication environments. In
initially proposed 3D geometrical channel models for M2M communication [81–
83], the authors assumed a wide sense stationary (WSS) scattering environment
and provided closed-form expressions for the time-autocorrelation function and
Doppler spectrum. Zajić et al. in [84, 85], have assumed that the MSs are located
at the center of cylinders with low elevated multiple antenna arrays and the scatterers are uniformly distributed along the surfaces of cylinders. The authors have
proposed a general analytical solution of 3D space-time cross-correlation function
(CCF) for MIMO M2M communication environment. It was proved that the 3D
CCF is the product of 2D space-time correlation functions of M2M communication
channel. Furthermore, the model was simulated for isotropic and non-isotropic
environments. The authors in [86] extended previously proposed 3D geometrical
channel models by introducing LoS component and concentric-cylinders. They
have derived expressions for first and second order channel statistics and compared the analytical result with measurement results obtained from highway of
Midtown Atlanta. Nurilla et al.[87], have also provided 3D MIMO M2M communication channel model for semicircular tunnel. In this proposed channel model,
the authors have assumed that the MS are inside the tunnel with elevated MIMO
antenna arrays and the scatterers are randomly distributed on the tunnel wall.
They have derived expressions for space-time-frequency cross-correlation function
(STF-CCF).
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In addition to 3D M2M MIMO channel models, researchers have also proposed 3D
geometrical channel for SISO/MIMO F2M communication environments. Macrocell of cellular mobile network is well-known application of F2M communication
systems. In this scenario, MS is fixed with low elevated antenna structure and is
in the vicinity of local scatterers; whereas, base station is located on the top of
any high-rise tower and is scatter free. In F2M communication scattering environment, the most dominant zones in urban and suburban regions where the fast
moving mobile subscribers of cellular mobile network mostly reside are metropolitan areas, streets, canyons or highways. These fast moving mobile subscribers on
one hand demand high data-rate applications and experience frequent handoffs on
the other hand. This exerts an extra burden on MSC. The frequency of handoffs
is usually minimized by handing over these fast moving subscribers to umbrella
cells. That not only manages the handoff problem but also increases coverage and
QoS. Keeping in view the importance of umbrella cell an appropriate geometrical
channel model is required that can be used to design a system to provide the
maximum throughput and QoS. In this regard, various 2D and 3D geometrical
channel have been proposed in the literature. One ring based 2D geometrical
channels models have been proposed for F2M communication employing multiple
antenna arrays at both ends of communication link [88–93]. The authors analyzed the models for various channel characteristic like AoA, ToA, Doppler spread
and cross-correlations among the MIMO links. This 2D circular-based geometrical
channel model is extended by Feng et al. in [2], and have proposed a 3D cylindrical
geometrical model for fast-moving train under the deep cutting scenario and have
derived closed form expression for space-time correlation among MIMO antenna
elements. Furthermore, authors in [70, 94], have assumed scatterers are uniformly
distributed hemispherically around the MS and have derived PDF of AoA/AoD
and closed-form expression for RMS angular spread in the horizontal plane as seen
from the base station.
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Significance of Elliptical Geometrical Shape in Channel Modeling:

Above discussed 2D and 3D geometrical channel models may be applicable in some
scenario of mobile communication; however, these models are not appropriate to
model metropolitan streets, highways with road-side vegetation, embankments,
deep-cut railway tracks and canyons that are the demanding candidate for MIMO
M2M/F2M communication in non-isotropic propagation environments. The layout
of such propagation environments resemble more closely with elliptical shape than
circular, so can be modeled more realistically with elliptical geometrical shape.
Because, the roads, canyons or the highways where the mobile subscriber mostly
reside are longer in length and smaller in width. The major and minor axis can
model the length and the width of such propagation environments realistically
than radius of circle.
Keeping in view the significance of elliptical shape, various elliptical based geometrical channel models have been proposed in the literature for SISO and MIMO
F2F/F2M/M2M communication scattering environments. Liberti et al. [95] proposed a channel model for SISO F2F communication system. In this model, low
elevated transmitter and receiver antennas are supposed to be located at the foci
(boundary) of ellipse and the scatterers are located inside elliptical boundary.
The authors derived the expressions for the statistics of the direction-of-arrival
(DoA), path delay, and power of multipath components. This work has been
extended for F2M communication environment in [96–101], where the authors assumed that MS is surrounded by uniformly distributed scatterers in circular or
elliptical scattering environments. They derived expressions for the PDFs of joint
ToA/AoA, marginal AoA and ToA. Furthermore, for SISO M2M wireless communication channels, Baltizis et al. in [102, 103], considered that the MS are located
at the center of ellipses and uniformly distributed inside ellipses. The authors
derived formulas for the calculation of the angular spread, delay variation and
PDF of AoA. The authors assumed uniform distribution of scatterers around the
transmitter and receiver nodes, located at the center of the ellipses. The above
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proposed 2D elliptical geometrical channel model considered azimuth AoA/AoD
of multipaths only however, in reality high-rise buildings, vegetation and other
infrastructure present along the roadside premises are the sources of multipaths
in the azimuth and elevation planes. After understanding this usefulness of 3Dspace of AoA/AoD, Riaz et al. proposed an ellipsoid geometrical channel model
for SISO M2M environments, where they derived expressions for the PDFs of ToA
and AoA in both azimuth and elevation planes [104, 105]. The authors assumed
the signals are equally likely from all directions of the ellipsoid that contradicts the
realistic propagation environment. Because the probability of AoA of scattered
signals from the sky-top of urban areas is almost zero, Ahmed et al. in [106, 107],
proposed modified geometrical channel model of [104, 105], with top surface open
and derived PDFs for AoA and AoD.
As discussed earlier that the geometrical channel models for F2M and M2M SISO
systems can be used to predict the performance in some of the urban/suburban
areas but can not analyze more appropriately the obtainable data-rates and QoS
in rich scattering environments. Whereas, the elliptical geometrical shape is more
suitable candidate for MIMO systems, as it captures significant geographic areas
that are the rich scattering regions of such propagation environments [108, 109].
The majority multipath components are expected from the roadside scatters regions that provides beneficial situation for the MIMO capacity [110]. The concept
of using elliptical geometry was also utilized in [111, 112], a MIMO M2M communication channel model was proposed and the expression of the correlation functions
among MIMO links were derived. Soltani et al. [113] also explored the impact
of mobile scattering clusters on the Doppler spectrum while assuming the mobile
nodes at the foci of single ellipse.
In the proposed elliptical channel models mentioned in the last paragraph for modeling MIMO M2M communication links, the authors assumed that the transmitter
and the receiver are located at the foci of the single ellipse with SISO or MIMO
antenna structures. Such proposed geometrical channel models can be beneficial
when mobile subscribers reside in one street or canyon but may not be useful for
a situation when MSs reside in different streets, canyons or highways.
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Problem Statement:

In the earlier subsections, various geometrical channel models are discussed for
F2M and M2M communication environments. Out of these models, the two-ring
and the two-disc circular channel models for SISO and MIMO links show potential to become viable foundations for future research in M2M/F2M communication
environments. However, these models may not be appropriate to model scattering environments like streets, highways and canyons that host M2M/F2M links
most of the times. Nevertheless, the realistic approach to model the streets, highways and canyons for M2M communication scenario recommended in the literature
[57, 96, 98, 114] is the elliptical shape based channel modeling. Baltzis et al. developed elliptical models in [102, 103] for SISO M2M communication environments.
These models can be made more efficacious if multiple antenna arrays are introduced at the transmitter and receiver nodes. Although some models [108, 109]
were proposed in the literature for the M2M communication environment using
MIMO links; however, these models lacked in considering the non-isotropic phenomenon that usually emerges when the MSs communicate with each other with
their low-height antennas in streets and canyons. Secondly, these models are based
on single-ellipse geometry; therefore, may be useful only if the MS reside in a single street or canyon, but may not be beneficial when the MSs are in two different
streets, canyons, or highways with different scattering environments. Patzöld et
al. [75, 115] introduced MIMO antenna arrays using two-ring circular channel
model for M2M communication environment, while considering isotopic scattering environment and derived closed-form expressions for correlations among the
MIMO links. The authors, however, suggested von-Mises distribution for the PDF
of AoA without developing any geometry for the case of non-isotropic scattering
environment. This motivates us to propose an eccentricity based MIMO M2M
channel model that fits well with the physical layout of the streets or canyons,
which are non-isotropic scattering environments in nature. To model urban and
suburban scattering environment, where, the scatterers usually lie along roadside
in the elevation plane like high-rise buildings and trees, 3D geometrical channel
models are required for both M2M and F2M communication environments that
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can accommodate the effect of these scattering objects. Moreover, fast moving
mobile subscribers in F2M macrocellular environments of cellular communication
are more demanding candidates for high-data rate and frequent handoff services.
A well designed umbrella-cell is useful for such fast moving mobile subscribers
while they are on call. This umbrella-cell helps the cellular communication network to reduce the frequency of handoff and also assist in the traffic management
and channel assignment in the system [45, 116]. In addition to it, umbrella-cell
serves the mobile subscribers who are on the move in the shadowed regions of
the microcells by improving their signal-to-noise ratios so that they may remain
connected with the cellular network. The umbrella-cell also increases the radio
coverage as well as provides more number of channels in the desired cellular region. Keeping in view the shape of the region covered by the umbrella cell, of
umbrella-cell, a feasible 3D elliptical-based channel model is required that can be
used predict the quality and performance of the MIMO communication link in
case of high data-rates, and can be utilized in designing better MIMO systems for
highways bounded by high-rise buildings. In other words an F2M channel model
is used that can serve the fast-moving subscribers on highways by reducing the
frequency of handoff, which in turn decreases burden on the MSC.

2.2

Research Methodology and Thesis Contribution:

In order to address the issue of non-isotropic M2M communication scenario that
mostly develops in streets and canyon of a large metropolitan city. A 2D eccentricitybased geometrical channel model is proposed and mathematical expression is derived for the PDF of AoA/AoD, which is further verified through simulation results. Moreover, marginal correlation functions at transmitter and receiver antennas for M2M communication channel are derived, which are then used to develop
joint transmit-receive correlation functions. As noted in the literature survey, the
high rise elevated scattering objects have significant impact on the angle of arrival
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of the multipath signals at the mobile and thus on the capacity of communication
links. To accommodate this fact, the proposed MIMO M2M 2D-elliptical geometrical channel model is extended to a 3D elliptical-based cylindrical geometry.
In this proposed 3D channel model, eccentricity is used to model the physical
dimensions the propagation medium in azimuth plane while the height of the elliptical cylinders are utilized to model scattering objects alonf the elevation plane.
Using this 3D proposed channel model, expressions for the joint and marginal
cross correlation functions (CCFs) are derived for non-isotropic scattering environments. The derived expressions are plotted using various parameters to observe
their effect with varying antenna spacing. The obtained correlation plot is then
compared with measured data, which shows a close agreement of the plot with
the trend of the measured data. Moreover, by changing various parameters of
the proposed channel model, some existing 2D and 3D channel models are deduced. Furthermore, in order to address the second issue of channel modeling for
fast-moving subscribers on highways, a 3D geometrical channel model is proposed
for umbrella cells in F2M macrocellular environments. This system incorporates
the novel idea of modeling scattering environments around fast-moving vehicles
on highways equipped with smart antenna systems. In this case, It is assumed
that the fast moving subscriber is located at the center of elliptical cylinder and
is equipped with low elevated multiple-antenna array whereas, the base-station is
located on the top of a high-rise structure elevated with multiple antenna array.
Using the proposed model, expressions for the joint and marginal of space-time
correlation function are derived among the MIMO antenna elements. These correlation functions are helpful to design and develop MIMO systems for high-speed
mobile subscribers with high data rate applications.

Literature Review

2.3

26

Strengths and Limitations of the Proposed
Work:

In mobile communication environments, the fast moving subscribers usually reside
in streets, canyons or on highways while they are on the call or using any realtime data-hungry applications. The capacity of the communication link in such
propagation environments depends largely on scattering objects that are located
on the road side regions. The proposed GBSCMs address the issue of propagation
in M2M environment where the mobile subscribers being in two different streets or
highway are communication with each other. The proposed GBSCMs exploit the
advantage of the fact that the physical layout of such propagation environments
has close resemblance with the shape of ellipses because its boundary capture
most of the roadside objects, which can be assumed to be the dominant sources
for the multipaths. For this purpose minor and major axes of the ellipse are set
to model the width and length of the roads, while the height of the ellipticalcylinder is adjusted according to the elevations of roadside scattering objects.
Therefore, for a specific urban or suburban regions, the elliptical-based GBSCMs
proposed in this dissertation can estimate the statistics of the MIMO M2M/F2M
propagation channels more appropriately than the existing circular-based channel
models. Moreover, the geometries of the proposed eccentricity-based GBSCMs
are flexible in all dimensions. Consequently, various published GBSCMs can be
obtained by adjusting the eccentricity and the height of elliptical-cylinders of the
proposed models. Nevertheless, like many theoretical models, the proposed MIMO
channel models for M2M and F2M umbrella-cell communication scenarios have
a few limitations, due to the assumptions made in its architecture for the ease
of mathematical derivations of correlation functions among the MIMO antenna
elements, these assumptions are listed below:

1. Each multipath component of the propagating signal undergoes two bounces
in M2M and single bounce in F2M communication environments.
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2. Infinite number of scatterers are uniformly distributed on the proposed 2D
and 3D geometries.
3. Power is equally reflected from all the scatterers.
4. Each scatterer behaves as an isotropic antenna.
5. The scatterers are fixed and MSs are quasi-stationary for a short period of
time.
Certain assumptions may not be valid in some of the real-life propagation scenarios, therefore, the results obtained by the GBSCMs must be validated through
measurement campaigns before its use for a particular propagation scenario. Moreover, the model proposed for M2M MIMO communication envelopment may not
be suitable for those scenarios where two mobiles reside closer to each other having a strong LoS link. Similarly the model proposed for F2M umbrella-cell based
communication system may not work satisfactorily for flat-rural open areas where
the highways are not bounded by scatterers.

2.4

Conclusion:

This chapter provides comprehensive and comparative study of various channel
modeling approaches proposed in the literature. It is deduced from the comparative study that GBSCM approach is more flexible and appropriate to model the
mobile communication propagation environments. In this regard, various geometrical channel models have been proposed in the literature for SISO/MIMO
M2M/F2M communication environments. Out of these models, elliptical-based
geometry is considered to be the more demanding candidate for modeling of radio
fading channels in the streets, canyons or highways environments. Because the fast
moving mobile subscribes are more frequently on the call in the streets, canyons
and highways in metropolitan regions. Furthermore, these mobile subscribers are
also demanding candidates for high date rates and QoS communications. Hence,
MIMO structured communication is the most feasible solution for these situations.
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Therefore, a well designed MIMO M2M elliptical based GBSCM can be very useful
for the performance, analysis and design of the communication systems in such
propagation envelopments.

Chapter 3
Modeling and Characterization of
MIMO Mobile-to-Mobile
Communication Channels Using
Elliptical Scattering Geometry
This chapter presents a geometrically based 2D elliptical channel model for MIMO
M2M communication scattering environment and starts with Section 3.1 that provides introduction and importance of GBSCM. Section 3.2 describes the detail of
proposed spatial channel model. Section 3.3 and Section 3.4 provides mathematical derivation of the PDF of AoA expression and space-time correlation functions,
respectively. Section 3.5 describes theoretical results of the obtained closed-form
expressions of the space-time correlation functions. Finally, a descriptive conclusion is given in Section 3.6.

3.1

Introduction

Continuous demands for high data rates in all aspect of wireless communication
systems are becoming a constant driving force in today’s research arena. Situations
29
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become even more demanding for M2M communication networks where both ends
of the link are surrounded by huge number scattering objects. Such rich scattering
environments are unfriendly to conventional communication systems, however, a
MIMO system takes the benefits of multipath environments and offer a significant increase in data rate, provided antenna array elements have low correlations
among each other [23, 32, 35]. Therefore, understanding of spatial characteristics
of radio fading channel and correlations among various elements of the multiple
antennas is extremely important for the efficient design of a MIMO system. In
this regard various channels models have been reported in the literature exploiting empirical, deterministic and GBSCMs [57, 58]. In regular-shape GBSCMs,
elliptical-based channel modeling technique provides a feasible platform to model
the streets, canyons and highways where, mostly the fast moving subscribers reside
while they are on call or using real-time data-hungry applications. Therefore, for
the design and performance analysis of MIMO M2M communication systems for
such particular scenarios, an eccentricity-based channel model is proposed in this
chapter. An empirical formula has been derived for AoA distribution emerged as
the result of non-isotropic arriving signals. Utilizing the AoA and the proposed
geometrical model with some assumptions, a closed-form expression for the joint
transmit-receive correlation function has been derived.

3.2

System Model

In this section, the system architecture of the proposed geometrically-based twoelliptical channel model for MIMO M2M communication environment is presented
as shown in Fig. 3.1. Each of the transmitting and receiving MSs is denoted by Mi ,
where the subscript i = t or r to denote MSt and MSr , respectively. The MSs are
located at the centers of the ellipses having major axes at and ar and minor axes
bt and br with eccentricities t and r , respectively. The MSs are separated by a


distance d such that D  (at +ar ) and are surrounded by uniformly distributed
scatterers present on the boundaries of the ellipses. The ellipses are made rotatable
with the directions of motion of the MSs such that their major axes at and ar
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Figure 3.1: Proposed Elliptical Channel Model for MIMO Mobile-to-Mobile
Communication Environment.

make angles γt (or γr ) , respectively, with the x-axis. Both MSs, being at the
same height are equipped with multiple antennas with configuration P × Q, where
P and Q are the number of antennas mounted on MSt and MSr , respectively. For
simplicity, only P = Q = 2 antenna elements are considered. However, the results
can be derived for any configuration. The transmit and receive antenna elements
(p)

are denoted by At

(q)

and Ar

and the separations between antenna elements on

MSt and MSr are denoted by δt and δr , respectively. The description of the other
parameters involved in the proposed geometrical model are narrated in Table 4.1.
Table 3.1: Definitions of the channel parameters used in the system model.
Symbols
D
Rd,t , Rd,r
δt (p, p̃)
δr (q, q̃)
(p)

(q)

θt , θr
vt , vr
γt , γr
(m)

αt

(n)

, αr

Description.
The distance between center to center of elliptical cylinders surrounding
MSt and MSr .
The variable radius of the transmitter and receiver ellipses, respectively.
The spacing between pth and p̃th antenna elements at Tx.
The spacing between q th and q̃ th antenna elements at Tx.
The azimuth angle of pth transmit and q th receive antenna element
(relative to x-axis), respectively.
The velocities of the Tx and Rx, respectively.
The moving directions of the Tx and Rx, respectively.
The azimuth angles of departure (AAoD) and the azimuth angles of
arrival (AAoA), respectively.






(p)

dpm dp̃m dmn dnq
dnq̃

(m)

The distances d At , St
,




(n)
(q)
(n)
(q̃)
d Sr , Ar , and d Sr , Ar

(p̃)

(m)

d At , St

,

(m)

d St

(n)

, Sr

,
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(m)

It is assumed that δt  bt and δr  br . The symbols St

(n)

and Sr

in Fig. 3.1,

denote the mth and nth scattering objects around MSt and MSr , respectively.
Moreover, the MSt and MSr are moving with velocities vt and vr making angles γt
and γr with the x-axis. Angle-of-departure (AoD) and angle-of-arrival (AoA) of
(m)

the mth and nth multipath signals are designated as αt

(n)

and αr , respectively.

The tilt angles of the transmit and receive antennas are denoted by θt and θr . The
proposed two-elliptical model is based on the following general assumptions,

1. Double bounce scattering model is considered between communicating MSs.
2. Infinite number of scatterers are uniformly distributed on the boundaries of
ellipses.
3. Power is equally reflected from all the scatterers.
4. Each scatterer behaves as an isotropic antenna.
5. The scatterers are fixed and MSs are quasi-stationary for a short period of
time.

3.3

Distribution of AoA/AoD

For the ease of derivation, in most of the geometrical channel modeling approaches
uniform distribution of scattering objects is assumed thereby relating the scatterer
distribution with the AoA. A relationship between arc-lengths and the arriving
angles of the multipath signals at the center of the proposed geometry has been
presented in the literature for circular scattering models [96]. However, such relationship between the two parameters does not exist for the elliptical geometry. In
this section, we find a connection between the arc-lengths with the distribution of
AoA of the multipath signals numerically as well as theoretically for the proposed
elliptical geometry where scatterers are located at its boundary. Researchers usually use different scattering distributions like Gaussian, Laplacian, Uniform and
von Mises distributions for the PDF of AoA/AoD in their proposed geometric
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Figure 3.2: Equal distribution of scattering points on the boundary of the
ellipse for a specific dimension.

channel models. The physical scattering environment around the MSs can either
be isotropic or non-isotropic like in circular or elliptical models, respectively. The
von Mises PDF is considered matching well in fitting the measured results of azimuth dispersion in mobile radio channels [117]. Abidi et al. in [118], introduced
von Mises distribution for non-isotropic scattering environments, which is given
as:
p(α) =

1
exp[κ cos(α − µ)],
2πIo (κ)

(3.1)

where Io (.) is the modified Bessel function of first kind of order zero, µ ∈ (−π, π)
represents the mean angle and κ controls the spread of scatters around the mean
µ. Above mathematical expression of the von Mises provided convenience to express closed-form solutions for correlations functions and other coefficients of the
wireless channel. Taking this advantage, authors in [101, 111] derived closed-form
expressions of the correlation function among different MIMO channel coefficients
for non-isotropic scenarios. In order to obtain the distribution of the AoA of the
multipath signals in the proposed scattering model depicted in Fig. 3.1. One
need to concentrate on the non-isotropicity present in the proposed system model.
This requires establishing a relationship of any of the above-mentioned probability distribution models with dimension (shape and size) of the physical scattering
environment that creates non-isotropicity.
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Figure 3.3: Rate of occurrence of the AoA using scatterers present on elliptical
boundary of various eccentricities around MSt and MSr .

For the calculation of AoA distribution, an arbitrary elliptical region around the
MSr shown in Fig. 3.2, is considered. Some N point-objects are created as scattering points on the boundary of the ellipse around either of the MSs of the communication link. The scattering objects are located at points (x1 , y1 ), (x2 , y2 ),
(x3 , y3 ), ..., (xN , yN ) in the Cartesian coordinates system. Equal spacing between
these points is calculated by dividing the perimeter of the ellipse by N number
of scattering points as shown in Fig. 3.2. Knowing the arc-length and using the
coordinates of the scattering points, straight lines are drawn from the center of
the ellipse to the coordinates of the scattering objects. Using cosine laws, angle
between two consecutive lines ( e.g., RD1 and RD2 ) is measured. Using the same
procedure, angle between rest of the pairs of these lines are measured. The resultant angles are then used to draw histogram for different values of the eccentricities
r of the ellipse around MSr , as shown in Fig. 3.3. The figure shows that the PDF
of AoA of multipath signals changes to uniform as the geometry of the scattering
objects changes from an elliptical to a circular shape. The following empirical
formula for the PDF of AoA is also fitted and is validated by the calculated result
as shown in Fig. 3.4.

p(αi ) =

1
2
ei cos 2αi
2
2πIo (i )

(3.2)

MIMO M2M 2D Elliptical Channel Model
14

x 10

35

-3

Simulation
Theoretical
Probability Distribution Function

12

10

8

6

4

2
0

50

100

150
200
Angle-of-Arival [Degrees]

250

300

350

Figure 3.4: Comparison of theoretical results of expression for the PDF of
AoA with the simulation results obtained from data set of the proposed elliptical
geometry

.
where Io (·) is the modified bessel function of zeroth order and i =

p
1 − b2i /a2i is

the eccentricity of the elliptical loci around MSi . The subscript i ∈ (t, r)

3.4

Derivation of the Correlation function

In this section, an expression for CCF using the proposed elliptical channel model
for MIMO M2M communication environment is derived. Let the MSs are located
at certain points (i.e., Xo , Yo ) in the Cartesian coordinates systems. The generalized equation for each ellipse, having semi-major ai and semi-minor bi axes, can
be expressed as,

(xi − Xo ) cos αi + (yi − Yo ) sin αi
a2i

2

− (xi − Xo ) sin αi + (yi − Yo ) cos αi
+
b2i

(3.3)

2
=1

The variable radius, Rd,i , of the ellipse varies from its minimum to maximum
according to the length of minor and major axes of the ellipse, respectively. An
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Figure 3.5: Radius of ellipse with respect to AoA.

expression for this Variable radius is given by,
ai b i
Rd,i = p
2
a2i sin αi + b2i cos2 αi

(3.4)

The variable radius of the ellipse given in (3.4) is plotted against AoA/AoD shown
in Fig. 3.5. This variable radius can be linked with the distribution of the scattering points lying on the boundary of the ellipse. From these results, it can be
concluded that when scatterers are uniformly distributed on the boundary of the
ellipse, of any arbitrary eccentricity, the AoA emerges as shown in Fig. 3.3.
In the proposed geometry depicted in Fig. 3.1, it can be observed that a signal,
(p)

which is transmitted from the transmit antenna element At , first strikes at the
(m)

scatterer St

of the scattering ellipse surrounding the transmitter and then travels
(n)

to the scatterer Sr

of the scattering ellipse surrounding the receiver, and finally
(q)

reaches the receiving antenna element Ar . Mathematically, this propagation
length of the signal can be expressed as,

D = dpm + dmn + dnq

(3.5)

where,
(m)

dpm = distance from transmitter Mt to the scattering point St
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(m)

dmn = distance from scattering point St

(n)

dnq = distance from scattering point Sr

(n)

to the scattering point Sr

to the receiver Mr

As each of the MS is moving with velocity vt (or vr ) causing maximum Doppler
shift ftmax = vt /λ (or frmax = vr /λ), exploiting the proposed geometrical model,
(1)

an expression for the channel of the communication link from At

(1)

to Ar can be

described as in [21, 115],

M,N
X
(m)
(n)
1
fmn ej[2π(ft +fr )t+θr +θmn +θo ]
h11 (t) = lim √
M,N →∞
M N m,n=1

(3.6)

where
fmn = xm yn zpq
(m)

xm = ejπ(δt /λ) cos (αt

(p)

yn = ejπ(δr /λ) cos (αr
2π

−θr )

(m)

zpq = ej λ (Rd,t cos αt

−θt )

(n)

−Rd,r cos αr )

(m)

(m)

= ftmax cos(αt

(n)

= frmax cos(αr − γr )

ft

fr

− γt )

(n)

D
θo = − 2π
λ
θr = − 2π
(Rd,t + Rd,r )
λ

where θr is the constant phase that depends on specific orientations of the ellipses. Similarly, θo is also a constant phase as interspacing between the MSs is
fixed. Due to the constant behavior of these phases, there will be no effect on the
statistics of the proposed model, therefore these phases can be neglected. Using
the proposed geometrical channel model, one can find the other diffused compo

nents i.e., h12 (t), h21 (t) and h22 (t) . Space-time correlation function between
(1)

(1)

(2)

(2)

the transmission links At − Ar and At − Ar can be expressed as in [115],
ρ11,22 (δt , δr , τ ) = E{h11 (t)h∗22 (t + τ )}

(3.7)
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where the operator E{·} is known as the expectation and is applied on all the
(m)

(n)

random phases, AoA and AoD (i.e., αt , αr

and θpq ) in the equation. By

substituting the values of the major axis xm and minor axis yn of the ellipse and
their conjugate transpose in (3.6) then we get the following expression for the
above CCF as,

ρ11,22 (δt , δr , τ ) =

lim

M,N →∞

1
MN

M X
N
X

(
∗
E xm xḿ yn yń zmn zḿń

m=1 n=1

hn 
oi
(m)
(n)
(ḿ)
(ń)
(ḿ)
(ń)
× exp j 2π(ft + fr − ft − fr )t + θmn − θḿń − (ft + fr )τ

)

(3.8)
(m)

Using boundary condition i.e., ft

(n)

+ fr

(ḿ)

= ft

(ń)

+ fr

iff m = ḿ and n = ń, it

follows that (3.8) in reduced form can be written as,

M
N
h
i
1 XX 2 2
(m)
(n)
ρ11,22 (δt , δr , τ ) =
x y exp −j2π(ft + fr )τ
M N m=1 n=1 m n

(m)

In the above equation, xm and ft
(n)

and fr

(3.9)

(m)

are the functions of AoD, αt , while yn

(n)

are the functions of AoA, αr . It has already been assumed that there

are infinite number of scatterers, which reside around the MSs i.e., M, N → ∞.
(m)

In such a case, the discrete random variables αt

(n)

and αr

become continuous

random variables and take the form αt and αr . These continuous random variables
are represented by certain statistical distributions, denoted by p(αt ) and p(αr ),
respectively.
Power received at the receiver through each diffused component corresponding
to differential angles dαt and dαr is proportional to p(αt )p(αr )dαt dαr . As the
AoA, αr , and AoD, αt , are statistically independent random variables, therefore,
the joint transmit-receive space-time correlation function (CCF) in (3.9) can be
decomposed and that can be written in the form of the product of transmit and
receive correlation functions as,
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(3.10)

where the transmit correlation function ρt (δt , τ ) can be expressed as,
Zπ
ρt (δt , τ ) =

x2m (δt , αt ) exp [−j2πft (αt )τ ] p(αt )dαt

(3.11)

−π

Putting the values of xm (δt , αt ) and ft (αt ) from (3.6) and p(αt ) from (3.2) in (3.11),

1
ρt (δt , τ ) =
2πIo (2t )

Zπ
exp[j2π(δt /λ) cos (αt − θt )] exp[−j2π
(3.12)

−π
(m)

×ftmax cos(αt

− γt )τ ] exp[2t cos 2αt ]dαt

Expanding the trigonometric functions in the above equation and rearranging the
terms,

1
ρt (δt , τ ) =
2πIo (2t )

Zπ

h

n
o
i
2
exp 2π j(δt /λ) cos(θt ) − j(Vt /λ)τ cos(γt ) + t cos(αt )

−π
h

n
o
i
× exp 2π j(δt /λ) sin(θt ) − j(Vt /λ)τ sin(γt ) dαt
(3.13)
Substituting,
x1 = 2π {j(δt /λ) cos θt − j(Vt /λ)τ cos γt + 2t } and
x2 = j2π {(δt /λ) sin θt − (Vt /λ)τ sin γt }, (3.13) takes the form,

1
ρt (δt , τ ) =
2πIo (2t )

Zπ
exp [x1 cos αt + x2 sin αt ] dαt

(3.14)

−π

The above equation is integrated by comparing it with eq. (3.338-4) in [119],

 q

1
Jo 2π x21 + x22
ρt (δt , τ ) =
2πIo (2t )

(3.15)
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where Jo (·) is the bessel function of zeroth order. Putting back the values of x1
and x2 , (3.15) can be expressed in simplified form as,

ρt (δt , τ ) =


1
J
2π
4t − (δt /λ)2 − (τ ftmax )2 − 22t τ ftmax cos γt
o
Io (2t )
!
1/2
+j22t δλt cos θt + 2τ δλt ftmax cos (γt − θt )

(3.16)

Similar equation can be derived for the correlation function at the receiver end.
Thus joint correlation function in (3.10) can be expressed as,


1
J
2π
4t − (δt /λ)2 − (τ ftmax )2 − 22t τ ftmax cos γt
o
Io (2t )Io (2r )
!
1/2

δ
δ
t
t
Jo 2π 4r − (δr /λ)2
+j22t cos θt + 2τ ftmax cos (γt − θt )
λ
λ
!
1/2
δ
δ
r
r
−(τ frmax )2 − 22r τ frmax cos γr + j22r cos θr + 2τ frmax cos (γr − θr )
λ
λ
(3.17)

ρ11,22 (δt , δr , τ ) =

which is a generalized expression for the joint correlation function of MIMO M2M
communication links for more realistic channel models that targets environments
like streets and canyons.
The following remarks can be made about (3.17):

• If elliptical geometrical shapes are replaced with circular ones, the eccentricities of the ellipses around transmitter and receiver i.e., t and r , would
approach to zero. In such a case, the scattering environment will become
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isotropic and the expression for the joint correlation function in (3.17) reduces to, which is the result presented in [75, 85, 120, 121]
!
1/2
δ
t
ρ11,22 (δt , δr , τ ) = Jo 2π − (δt /λ)2 − (τ ftmax )2 − 2τ ftmax cos (γt − θt )
λ
!
1/2

δ
r
×Jo 2π − (δr /λ)2 − (τ frmax )2 − 2τ frmax cos (γr − θr )
λ
(3.18)


• For a SISO case, substituting the spacing between antenna element equal to
zero:



 

ρ11,22 (0, 0, τ ) = Jo 2πftmax τ Jo 2πfrmax τ

(3.19)

which is the well known result presented in [74, 122] for SISO M2M communication environment.
• If the transmitting MSt is supposed to be fixed; the maximum Doppler would
occur only due to the motion of the receiving MSr ; then (3.19) reduces to,



ρ(τ ) = Jo 2πfrmax τ

(3.20)

which is the well known CCF of the Jake’s model [123, 124].

3.5

Results and Description

In this section, description of the obtained theoretical results for the derived correlation function is presented. From (3.17), it is clear the correlation function
depends on various parameters like eccentricities of the ellipses, separation between antenna elements, velocities of the MSs and carrier frequency of the arriving signals. It can be observed that the correlation between antenna elements is
maximum at τ = 0 and decays with an increasing value of τ . It implies that the
MIMO capacity will be minimum at the beginning as the correlation is maximum
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Figure 3.6: Correlation function of the non-isotropically arriving signals using
MIMO two-elliptical channel model (at = 50m, bt = 20m, D = 100m, fc =
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.
there and will thus show an increasing trend with decreasing values of correlation.

Since in the proposed elliptical model, the scattering objects are assumed to be
uniformly spaced on the elliptical loci, the AoA distribution at the receiver, MSr
would thus be non-isotropic as shown in Fig. 3.3. For such non-isotropic environment where a non-isotropic AoA distribution emerges from the varying distances
of the scattering points from the MSr , expression for the correlation function is
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Figure 3.8: Comparison of correlation function on the basis of different values
of eccentricity (at = 50m, bt = 20m, D = 100m, fc = 800MHz vt = 100km/hr,
γt = 0o , θt = 90o , c = 3 × 108 m/s).

derived as given in (3.17). Various correlation plots with 3D and 2D views are
generated for the parameters specified in the captions of the figures. The result
presented in Fig. 3.6, shows excellent agreement with the simulation results given
in [115]. This is basically the elliptical geometrical shape that forces the correlation functions, ρt (δt , τ ), to be having this typical trend. However, the causes of
such trend have not be documented in [115]. If the value of the major axis of an
ellipse is fixed and increase its minor from its minimum value to a value equal to its
major axis making eccentricity equal to zero, then the ellipse will be transformed
into a circle. In this case, the correlation function, ρt (δt , τ ), shows an isotropic
behavior of the arriving signals as shown in Fig. 3.7. This result also perfectly
matches the theoretical results of the correlation curves shown in [115].
From the above figures, it is verified that the circular geometrical model is the
special case of our proposed elliptical model. The 2D curves of the correlation
function for different values of eccentricities are shown in Fig. 3.8. It can be seen
that the correlation increases with an increase in eccentricity of the ellipse and
becomes maximally uncorrelated when the ellipse is transformed into a circle.
The effect of spacing between antenna elements, δt , on the correlation function is
shown in Fig. 3.9. The plots are taken for different values of antenna spacing i.e.,

MIMO M2M 2D Elliptical Channel Model

44

1

δt = λ
δt = λ/2

Transmit Correlation

δt = λ/4

0.5

0

−0.5
0

0.5

1

1.5
Time τ [Seconds]

2

2.5

3

Figure 3.9: Effect of spacing between antenna elements on the antenna correlation, (at = 50m, bt = 20m, fc = 300MHz vt = 100km/hr, γt = 0o , θt = 90o ,
c = 3 × 108 m/s).

δt = λ/∆ where, ∆ = 2, 4, 8. The plots conform that the correlation is lesser for
larger values of antenna spacing and vice versa.
It can be seen from the mathematical expressions (3.16) and (3.17) that correlation
between antenna array elements also depends upon velocities of the transmit and
receive MSs. In simulations, the effect of motion of the transmit MS is shown in
Fig. 3.10, for different velocities i.e., vt =100km /hr, 150km/hr, and 200km/hr.
From these correlation curves, it is observed that as the velocity of the transmit MS
is low, the correlation is higher while low correlation is observed as the transmit
MS moves at high speed. Keeping in view, the coherence time (Tcoh ) of the channel
dependents on the Doppler frequency (fdmax ). Therefore, for the design of MIMO
M2M communication systems, the velocities of the MSs should be taken under
consideration.
In order to show the effect of the frequency on the transmit correlation a graph is
depicted as in Fig. 3.11. It is observed from the graph that the correlation curves
drops abruptly at higher frequency while as the correlation curve has a slow trend
of decaying for low frequency. Therefore, a longer time is required to observe the
correlation curves for higher carrier frequency.

MIMO M2M 2D Elliptical Channel Model

45

1
vt = 100km/hr
vt = 150km/hr

Transmit Correlation

vt = 200km/hr

0.5

0

−0.5
0

0.001

0.002

0.003

0.004

0.005
τ [seconds]

0.006

0.007

0.008

0.009

0.01

Figure 3.10: Effect of velocity (vt ) on transmit correlation, (at = 50m, bt =
20m, fc = 900MHz vt = 100km/hr, γt = 0o , θt = 90o , c = 3 × 108 m/s).
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Figure 3.11: Effect of carrier frequency on the transmit correlation, (at =
50m, bt = 20m, γt = 0o , δt = .5λ, θt = 60o , vt = 100km/hr c = 3 × 108 m/s).
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Conclusion

In this chapter, a 2-D elliptical geometrical scattering model for MIMO M2M
communication channel is developed. The elliptical geometrical shape is supposed
to be a more realistic approach than circular geometry to model the streets and
canyons. It is assumed that both MSs are located at the centers of ellipses and surrounded by uniformly distributed scatterers present on the elliptical boundaries.
Due to having elliptical boundaries, the distances of the scattering objects from
the MSs are not equal, which forces the AoA distribution at either of the MSs to be
non-isotropic. An empirical formula is provided for the AoA distribution emerged
as the result of such non-isotropic arriving signals. Obtained results of empirical formula are compared with the numerical curves of the elliptical geometry
that resulted into an acceptable agreement. Utilizing the non-isotropic AoA and
the proposed geometrical model, a closed-form expression for the joint transmitreceive correlation function is derived. Since, the AoA and AoD are statistically
independent, therefore, the joint expression for the correlation function can be expressed as a product of transmit and receive correlation functions. Various plots
have been provided to analyze the correlation functions among the diffused components of the M2M MIMO communication link. It can be seen from the curves
that the correlation depends on spacing between antenna elements, eccentricity of
the ellipses, velocities of the MSs and the frequency of the arriving signals. Furthermore, the correlation curves obtained from the mathematical expression of the
proposed model have been compared with the existing results in the literature. In
order to validate the proposed model, the elliptical geometrical shape has been
transformed into a circular one. The resulting comparative analysis verified that
the circular geometrical models in [75, 85, 120, 121], are the special cases of our
proposed model.

Chapter 4
Characterization of 3D Elliptical
Spatial Channel Model for MIMO
Mobile-to-Mobile Communication
Environment
This chapter begins with Section 4.1 that introduces importance of GBSCM in
mobile communications. Section 4.2 describes the proposed 3D geometric stochastic channel model for MIMO M2M propagation scattering environment. Section
4.3 provides a detailed derivation of the proposed system model. Moreover, mathematical expression for the joint and marginal space-time correlation functions
among MIMO antenna elements is given in Section 4.4. Section 4.5 portrays the
theoretical results with their detailed discussion and finally, Section 4.6 provides
the conclusion of the chapter.

4.1

Introduction

Mobile-to-mobile (M2M) communication technology gives rise to various innovative advancements over a short span of time in vehicular, railway and defence
47
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sectors. These communication scenarios demand audio, data, live video streaming, teleconferencing and other value added services with high data rates and good
QoS [125, 126]. Providing high capacity data links to mobile subscribers with limited resources is a constant driving force in the research arena. This becomes even
more challenging when the mobile subscribers are at high speed in the streets,
canyons and highways with rich scatterers along the road side regions. In rich
scattering environments MIMO is considered to be a promising candidate for high
capacity data links provided that the minimum correlation exists among the antenna elements [127]. Therefore, a suitable channel model is required that can be
used to estimate the performance of the MIMO M2M communication systems in
such propagation environments. In this regard, empirical, stochastic and GBSCM
modeling techniques are being adopted to model the wireless propagation channels.
Out of these models, regular-shaped GSCM’s (RS-GSCM’s) are considered potential candidate to model MIMO M2M propagation channels in such propagation
scenarios. However, the physical layout of the streets, canyons, deep-cut railway
tracks and highways are mostly narrow in width and longer in length that have
close resemblance to the elliptical shape. Therefore, the proposed eccentricitybased cylindrical channel model for MIMO M2M communication environments is
the appropriate solution to model such channels. Where, the height of elliptic
cylinder can model the high-rise buildings, vegetation and other infrastructure
present along the roadside premises are the sources of multipaths in the elevation
planes. In the proposed channel model scatterers are assumed to be uniformly
distributed on the surface of cylinders while as MSs are located at the base center
of the cylinders. Both MSs are holding low-rise multiple antenna arrays and there
is no LoS path between MSs. The expression of space-time correlation function is
formulated, which is simulated for various channel parameters. Finally, for the validation of proposed model, correlation results are compared with the measurement
data, which shows a close agreement.
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System Model

In this section, we present the system architecture of the proposed elliptical-base
cylindrical channel model for MIMO M2M communication environment as shown
in Fig. 4.1. In this proposed channel model, transmitting and receiving MSs are
denoted by MSt and MSr respectively. These MSs are assumed to be located at
the centers bottom surface of the elliptical cylinders, having major axes at and ar
and minor axes bt and br with eccentricities t and r , respectively. The mobile
nodes are moving independently with the velocities of vt and vr making angles αt
and αr with the x-axis. The center to center distance between the two elliptical


cylindrical is represented by D such that D  at + ar and to avoid the channel may not experience the keyhole behavior the distance should not be greater
than 4Rd,t Rd,r Q/(λ(Q − 1)(P − 1)) [128]. The azimuth plane dimension of the
physical propagation channel around the MSs are adjusted in the system model
by eccentricities t and r of the ellipses. Whereas, the surrounding scatter height
around transmitter and receiver are represented by ht and hr respectively. The
scatters present in the close vicinity of mobile nodes are assumed to be uniformly
distributed on the surfaces of elliptical cylinders. Moreover, the elliptical cylinders are rotatable congruous to the directions of motion of the MSs such that
their major axes at and ar make angles αt (or αr ) respectively, with the x-axis.
Mobile nodes are equipped with low height antennas arrays with configuration
P × Q, where P and Q are the number of antennas mounted on MSt and MSr ,
respectively. For simplicity, we take P = Q = 2. However, the results can be derived for any configuration. The transmit and receive antenna array elements are
(p)

denoted by At

(q)

and Ar , and the distance between the antenna array elements

are denoted by δt and δr , which are very small as compared to the minor axes
of the surrounding ellipses respectively. The description of the other parameters
involved in the proposed geometrical model are narrated in Table 4.1.
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Table 4.1: Definitions of the channel parameters used in the system model

.
Symbols

Description.
The distance between center to center of elliptical cylinders surrounding
MSt and MSr .
The variable radius of the transmitter and receiver ellipses, respectively.
The spacing between pth and p̃th antenna elements at Tx.
The spacing between q th and q̃ th antenna elements at Tx.
The azimuth angle of pth transmit and q th receive antenna element
(relative to x-axis), respectively.
The elevation angle of pth transmit and q th receive antenna element
(relative to x-y plane), respectively.
The velocities of the Tx and Rx, respectively.
The moving directions of the Tx and Rx, respectively.
The azimuth angles of departure (AAoD) and the azimuth angles of
arrival (AAoA), respectively.
The elevation angle of departure (EAoD) and the elevation angle of
arrival (EAoA), respectively.







D
Rd,t , Rd,r
δt (p, p̃)
δr (q, q̃)
(p)

(q)

(p)

(q)

θt , θr

ψt , ψr
vt , vr
γt , γr
(m)

, αr

(m)

, βr

αt
βt

(n)

(n)

(p)

dpm dp̃m dmn dnq
dnq̃
dpq
max
dp̃q̃
max

4.3

(m)

The distances d At , St
,




(n)
(q)
(n)
(q̃)
d Sr , Ar , and d Sr , Ar

(p̃)

(m)

d At , St

(m)

,

d St

(n)

, Sr

,

dpm + dmn + dnq .
dp̃m + dmn + dnq̃ .

Derivation of the Reference Model

The derivations of the various characteristic of the MIMO M2M fading channel are
based on the reference model depicted in Fig. 4.1. It can be observed that a signal
z
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Figure 4.1: Proposed 3D Elliptical Channel Model for MIMO
Mobile-to-Mobile Channels with P = Q = 2 antenna elements.
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Figure 4.2: 2D view of proposed elliptical channel model for MIMO M2M
channels.
(p)

that is transmitted from the transmit antenna array element At , first strikes at
(p)

the scatterer St

present on the surface of elliptical cylindrical surrounding the
(q)

transmitter node and then travels towards the scatter Sr

located on the surface

of elliptical cylindrical surrounding the receiver node, and then finally reaches the
(q)

receiving antenna array element Ar . During propagation, the distances covered
(p)

by the wavelets from At

(q)

to Ar

(p̃)

and At

(q̃)

to Ar , are denoted by dpq
max and

dp̃q̃
max , respectively. Therefore, the phase change due to the distance traveled by
p̃q̃
the wavelet can be written as (2π/λ)dpq
max and (2π/λ)dmax , where 2π/λ is called

wavenumber. Moreover, the joint gain and phase shift due to the collision of the
√
(p)
(q)
wavelet with St and St can be expressed as 1/ M N and φmn respectively.
Other sources of phase shift in M2M communication is due to the motion of
(m)

(m)

transmitter and receiver, which can be expressed as 2πfT max cos(αt −γt ) cos βt
(n)

t

(n)

and 2πfRmax cos(αR − γr ) cos βr t. Where, fT max = vt /λ and fRmax = vR /λ
represents the maximum Doppler frequency caused by the motion of mobile nodes.
Moreover, for the ease of derivations of the different expressions of the proposed
channel model, following valid assumptions are considered

1. Each multipath component of the propagating signal undergoes two bounces
while traveling from the transmitter mobile node to the receiver mobile node.
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2. Infinite number of scatterers are uniformly distributed on the elliptical cylindrical surfaces with uniformly distributed phases.
3. Equal distributed power is reflected from all the scatterers.
4. All the waves reaching at the receiver antenna elements are equal in power.
5. The scatterers are fixed and MSs are quasi-stationary for a short period of
time.

Finally, with the help of above assumptions the diffused components of the trans(p)

mission link from At

(q)

to Ar can be expressed as,

M
N
2π
1 XX
hpq (t) = lim √
Gpq e−j λ (dpm +dmn +dnq )+jφmn
M,N →∞
M N m=1 n=1
(m)
(m)
j2πtfT max cos(αt −γt ) cos βt

×e

(4.1)

(n)
(n)
j2πtfRmax cos(αR −γr ) cos βr

×e

The expressions of the distances dpm , dp̃m , dnq and dnq̃ are obtained by solving
the geometry of the proposed model as shown in Fig. 4.1. It is observed that
these distances are the functions of random angles of azimuth and elevation of
transmit antenna arrays, receive antenna arrays and scatter. The 3D polar coordinates of pth transmit and qth receive antenna elements in 3D space are denoted by




(q)
(p)
(p)
(p)
(p)
(p)
(q)
(q)
(p) (p) (p)
dTx , dTy , dTz and dRx , dRy , dRz , where dTx = d(At , Ct ) cos θt cos ψt , dTy =
(p)

(p)

(p)

(p)

(p)

(p)

(q)

(p)

(q)

d(At , Ct ) sin θt cos ψt , dTz = d(At , Ct ) sin ψt , dRx = d(Ar , Cr ) cos θr
(p)

(q)

(q)

(q)

(q)

(p)

(q)

cos ψr ,

(q)

dRy = d(Ar , Cr ) sin θr cos ψr , dRz = d(Ar , Cr ) sin ψr . Similarly, the coordi

(m/m̃) (m/m̃) (m/m̃)
nates of mth and nth scatterer in 3D space are denoted by dAx , dAy , dAz


(n/ñ) (n/ñ) (n/ñ)
(m/m̃)
(m/m̃)
(m/m̃)
(m/m̃)
and dAx , dAy , dAz
, where dAx
= Rd,t cos αt
, d Ay
= Rd,t sin αt
,
(m/m̃)

dAz

(m/m̃)

= Rd,t tan βt
(n/ñ)

Rd,r tan βt

(n/ñ)

, d Ax

(n/ñ)

= d+Rd,r cos αr

(n/ñ)

, d Ay

(n/ñ)

= Rd,r sin αr

(n/ñ)

, d Rz

=

. These polar coordinates depend upon the orientation and configu-

ration of the antenna arrays. The dynamic radii Rd,r and Rd,t of the transmit and
receive ellipses can be written in terms of minor ai and major bi axis as,
p
ai bi / a2i sin2 αi + b2i cos2 αi [129]. Using the distance formula, and binomial app
proximation (1 + x) ≈ 1 + x/2 if (x  1), the approximated distances can be
expressed as,
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(p)

(m)

−d(At , Ct ) sin ψt sin βt
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(p)

(m)

−d(At , Ct ) cos ψt cos βt

(m)

cos(αt

(p)

−θt )
(4.2)

dn,q/q̃ ≈

Rd,r

(q)
(n)
(p)
(q)
(n)
(n)
(q)
−d(A(p)
r , Cr ) sin ψr sin βr −d(Ar , Cr ) cos ψr cos βr cos(αr −θr )
(n)
cos βr

(4.3)
(p)

(q)

The propagation path length, dmn , from St

to St

is greater than max(dpm , dnq )

and contributes significantly in the phase shift to the received signal. It is the
(m)

function of random angles βt

(m)

(n)

, αt , βr

(n)

(q)

(m)

αr , βr , βt

and dynamic radii of the

ellipses and can be obtained by solving the geometry as shown in Fig. 4.2. With
the help of approximations used in (4.2) and (4.3), the simplified form of dmn can
be expressed as,
(n)
(m)
2
2
Rd,r
Rd,t
Rd,r Rd,t cos(αr −αt )
(m)
+
−
− Rd,t cos αt
2d
2d
d
(m) 2
(n)
(n)
(m)
(R tan β
)
(R tan β )2
R tan βt Rd,r tan βr
+ d,t 2d t
+ d,r 2d r
− d,t
.
d

dmn ≈ d +

(n)

(n)

+ Rd,r cos αr

(m)

Rd,r Rd,t cos(αr −αt )
(m)
− Rd,t cos αt + Rd,r
d
(m)
(n)
(m)
(n)
R2 sec2 β
R2 sec2 βr
R tan βt Rd,r tan βr
+ d,t 2d t + d,r 2d
− d,t
.
d

dmn ≈ d −

(4.4)

(n)

cos αr

(4.5)

Substituting values of dpm , dnq and dmn in (4.1), we get,

hpq (t) =

M
N
1 XX
√
ap,m bn,q cp,q ejφmn
M,N →∞
M N m=1 n=1

lim

×e

(m)
(m)
j2π[fT max cos(αt −γt ) cos βt +fRmax

(4.6)
(n)
(n)
cos(αR −γr ) cos βr ]t

.

where,
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−jπ
λ
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+
2

(m)

j 2π
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λ T

e

z
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−jπ
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(n)

z


2π
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λ T

e

x

(m)
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(n)
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(p)
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The proposed geometrical can be also extended for P ×Q antenna arrays structure.
(p/q)

(p/q)

(p/q)

The polar coordinates of antenna elements is denoted by (dTx /Rx , dTx /Rx , dTx /Rx )

(p/q)
(p/q)
(p/q)
(p/q)
where, dTx /Rx = δ(t/r) 0.5A(t/r) − .5 − p(q) cos θt/r cos ψt/r , dTx /Rx = δ(t/r)


(p/q)
(p/q)
(p/q)
(p/q)
0.5A(t/r) −.5−p(q) sin θt/r cos ψt/r , dTx /Rx = δ(t/r) 0.5A(t/r) −.5−p(q) sin ψt/r .
The parameter p, p̃ ∈ {1, .....P } and q, q̃ takes values from {1, .....Q}. The coordinates for p̃ element and q̃ element can be obtained by replacing δ(t/r) with −δ(t/r) .
Where, δ(t/r) is the spacing between two adjacent elements of transmitter (receiver)
antenna arrays.

4.4

Derivation of Space-time correlation function of the proposed model

The normalized space-time correlation function between diffused channel coefficients hpq (t) and hp̃q̃ (t) for the proposed 3D model can be found using the following
relation,
ρpq,p̃q̃ [τ ] = p

E[hpq (t)h∗p̃q̃ (t + τ )]
E[|hpq (t)|]2 E[|hp̃q̃ (t)|]2

(4.7)

where, E[·] is the statistical expectation operator and can be applied only to all
random variables and (·)∗ symbolizes as the complex conjugate operation. Using
(4.6) and (4.7), the space-time correlation function can be formulated as,
M
N
1 XX h
E ap,m bn,q cp,q a∗p̃,m b∗n,q̃ c∗p̃q̃
ρpq,p̃q̃ [τ ] = lim
M,N →∞ M N
m=1 n=1
i
(m)
(m)
(n)
(n)
−2jπτ fT max cos(αt −γt ) cos βt +fRmax cos(αR −γr ) cos βr
,
×e

(4.8)

It is assumed that infinite number of scattering objects reside around each MS,
which implies that the scattering distributions may be transformed from discrete to
(m)

continuous that in turn forces to change the discrete random variables (e.g., αt ,
(m)

βt

) into continuous random variables (αt , βt ). Furthermore, we assume that

azimuth and elevation angles are independent of each other, therefore, f (αt , βt )
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and f (αR , βr ) can be written in product form as f (αt )f (βt ) and f (αR )f (βr ), respectively. Hence, for the continuous time random variables, the above equation
can be written in integration form as,

Z
ρpq,p̃q̃ (τ ) ≈
×e

j2π
λ

βRm

βTm

Z

Z

πZ π

e−2jπτ (fT max cos(αt −γt ) cos βt )
−βRm −βTm −π −π
 j2π (p,p̃)
(R
sec βt )2
(p,p̃)
(p,p̃)
d
sin αt cos βt
dTx cos αt cos βt +dT z sin βt + d,t 2d
e λ Ty

×e−2jπτ (fRmax cos(αR −γr ) cos βr ) e
×e

j2π (p,p̃)
d Rx
λ

sin αr cos βr

j2π
λ

(p,p̃)

dTy

(q,q̃)

sin αt cos βt +dRz

sin βr +

(Rd,r sec βr )2
2d

(4.9)


f (αt )f (βt )f (αR )f (βr )dαt dβt dαR dβr

where, βm,R , βm,T represents the maximum elevation angles of the scatters present
(p,p̃)

(p)

(p̃)

(p,p̃)

around transmit and receiver mobile nodes and dT x = dT x − dT x , dTy
(p̃)

(p,p̃)

dTy , dTz

(p)

(p̃)

(q,q̃)

= dTz − dTz , dRx

(q)

(q̃)

(q,q̃)

= dRx − dRx , dRy

(q)

(q,q̃)

(q̃)

= dRy − dRy , dRz

(p)

= dTy −
(q)

= dR z −

(q̃)

dRz . Furthermore, different scattering distribution have been proposed in the
literature for isotropic and non-isotropic environments [6]. In urban areas streets,
canyons and highways are more likely non-isotropic environments. So, in the
proposed research work, eccentricity-based (i.e., i ) modified von Mises distribution
for azimuth AoA/AoD is used [130]. The PDF of azimuth AoA/AoD at each MS
p
2
can be written as, p(αi ) = 2πI01(2 ) ei cos αi , i = t, r , where, i = 1 − b2i /a2i , the
i

azimuth angle αi ∈ [−π, π) and I0 (·) is the zeroth-order modified Bessel function
of the first kind. Similarly, It has been observed from the experiments that the
elevation AoA of incoming signals ranges from 0o to 20o [131] and the distance
between two MSs is much larger than each of their antenna heights; therefore,
using the small angle approximation sin βi ≈ βi , cos βi ≈ 1, sec2i β = 1 + βi /2 and

substituting PDF of elevation AoA(AoD), i.e., f (βi ) = 4βπi cos π2 ββi i as proposed
m

m

in [132], where, the absolute values of elevation angles (βim , i ∈ T, R ) lies in the
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range 00 ≤ βim ≤ 200 , in equation (5.9) we get,
1
ρpq,p̃q̃ [τ ] ≈ 2
2
2
Z 4π Io (t )πIo (r )

Z

π

exp [ct cos αt + dt sin αt ]dαt
−π

π

exp [cr cos αr + dr sin αr ]dαr
−π

Z

β Rm

Z

βTm

×e
−βRm

j2π
λ

(p,p̃)

dT z +

2
Rd,t
4d



βt

×e

j2π
λ

(q,q̃)

dRz +

2
Rd,r
4d



(4.10)
βr

−βTm
π
4βT m

cos

πβt  π
2βT m 4βRn

cos

πβr 
2βRn dβt dβr

where,
(p,p̃)

ct =
dt =
cr =
dr =

j2πdTx
λ
(p,p̃)
j2πdTy
λ
(q,q̃)
j2πdRz
λ
(q,q̃)
j2πdRw
λ

− 2jπτ fTmax cos γt + 2t ,
− 2jπτ fTmax sin γt ,
− 2jπτ fRmax cos γr + 2r ,
− 2jπτ fRmax sin γr .

Equation (4.10) can be further simplified by introducing trigonometric transforp
Rπ
mation and the equality −π exp [ci cos αi + di sin αi ]dαi = I0 (2π c2i + d2i ) [133].

p
Z
2 
Rd,t
(p,p̃)
Io (2π c2t + d2t ) βTm π
πβt  j2π
dT z βt + 4d
βt
λ
ρpq,p̃q̃ [τ ] ≈
cos
e
dβt
2πIo (2t )
4β
2β
Tm
Tm
−βTm
p
Z
2 
Rd,r
(q,q̃)
Io (2π c2r + d2r ) βRm π
πβr  j2π
dRz βr + 4d
βr
λ
×
cos
e
dβr
2πIo (2r )
4β
2β
Rn
Rn
−βRm
(4.11)
It is seen that the joint correlation function in (4.11) is the product of transmit
and receive correlation functions, that can be written as,
(4.12)

ρpq,p̃q̃ [τ ] ≈ ρ(φt , βt , δt , τ )ρ(φr , βr , δr , τ )

where,
p
Z
πβt  j2π
2πIo ( c2t + d2t ) βTm π
cos
e λ
ρ(φt , βt , δt , τ ) ≈
2
2πIo (t )
2βT m
−βTm 4βT m

(p,p̃)

dT z βt +

2
Rd,t
4d



βt

dβt

(4.13)
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Integrating (4.13) with respect to βt , and introduce approximations for the complex error function as in [134], the simplified expression can be written as,

p

2πIo
ρ(φt , βt , δt , τ ) ≈

c2t + d2t



2πIo (2t )

Io



ρ(φt , βTm , δt , τ ) ≈

(p,p̃)



2 )β
π(4dT z d+Rd,t
Tm
d λ cos(
)
2dλ


(p,p̃)
2
d2 λ2 − (Rd,t
+ 4dT z d)2 βT2m

2 2






p
2
πβTm Rd,t
(p,p̃)
2π

2π c2t + d2t 

 cos λ βTm dT z + 2dλ

2 

2
(p,
p̃)
2 β
2πIo (t )


Rd,t
4β d
Tm
+ Tmλ T z
1−
dλ

(4.14)

(4.15)

The closed-form expression for the receive space-time correlation function can be
obtained by replacing the index t with index r, and the joint space time correlation
function (4.13) can be written as

ρpq,p̃q̃ [τ ] ≈

 √
  √

Io 2π c2t +d2t Io 2π c2r +d2r
2πIo (2t )

2πIo (2r )


cos




2
(q,q̃) πβRm Rd,r
2π
d
+
β
λ Rm Rz
2dλ

1−


cos




1−

R2 βR
m
d,r
dλ

(q,q̃)
4β
d
+ Rmλ Rz

!

2
(p,p̃) πβTm Rd,t
2π
β d
+
λ Tm T z
2dλ
R 2 βT
m
d,t
dλ




!2

(p,p̃)
4β
d
+ Tmλ T z

!

!2

(4.16)




The existing 3D cylindrical channel model [85] can become the spacial case of
our proposed geometrical channel model. By using the assumption that is the

radii are much smaller than the distance d i.e., max{Rd,r , Rd,t }  d moreover,to
avoid keyhole behavior of the wireless channel the distance d < 4Rd,t Rd,r Q/(λ(P −
1)(Q − 1)). Using this assumption the expression (4.16) can be reduced to space
time correlation function (34) of [85] for isotropic propagation environments.

ρpq,p̃q̃ [τ ] ≈

  √





 √
(q,q̃)
(p,p̃)
β
d
β d
Io 2π c2t +d2t Io 2π c2r +d2r cos 2π
cos 2π
λ Rm Rz
λ Tm T z
!
!
(q,q̃) 2
(p,p̃) 2
2πIo (2r )
2πIo (2t )
4βR d
4βT d
m Rz
m Tz
1−
1−
λ
λ

(4.17)
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When MSs reside on such highways where the low elevated scattering objects are
non isotropically distributed around transmitter and receive. The probability of
elevation plane waves can be negligible. In that case the elevation angles βRm , βTm
can be illuminated in the proposed space time correlation functions (4.16). The
resultant expression is the space time correlation function given by Wani et al. in
[130], which is the special case of the proposed channel model.

ρpq,p̃q̃ [τ ] ≈

 √

  √
Io 2π c2t +d2t Io 2π c2r +d2r
2πIo (2t )

2πIo (2r )

(4.18)

The expression (4.18) can be further explored for the space time correlation functions in isotropic scattering environments that is proposed by Pätzold et al. [135]
by keeping eccentricity r , t = 1.

4.5

Results and Description

In this section, The theoretical results obtained from the derived correlation functions (4.15) are described and its impact on the MIMO channel capacity. It can be
observed that the derived joint correlation expressions (4.16) is the function of various parameters that are linked with physical MIMO system and the propagation
channel environment. For the ease of discussion our focus is mainly on the receive correlation function (4.14), the transmit correlation can be directly obtained
by replacing subscript index r with t. In all simulations, a normalized sampling
period fRmax Ts = .01, is used (where fRmax , fTmax are the maximum Doppler frequencies and Ts is the sampling period). Furthermore, the orientation angle of the
antenna arrays, elevation angle of scatterers and other parameters are mentioned
on the respective plots for each simulation. Different 2D and 3D plots of the
correlations among MIMO channel coefficients are obtained for observation and
discussion. The simulation plots of space-time correlation among receive antenna
array elements is shown in Fig. 4.3, and 4.4. It is observed from the graph that
the correlation decays rapidly in both space and temporal domains by increasing
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distance (δr ) between antenna array elements and normalized time delay. The
temporal correlation is dependent on the velocity vr , AoA/AoD of multipaths,
carrier frequency fc and the speed of light c. Therefore, for the design of MIMO
M2M communication system in the rich scattering environment, antenna spacing,
and velocity of the MSs are the constraints that have significant impact on the
system performance.

1

[ Correlation ]

0.8
0.6
0.4
0.2
0
0
1

τ fRmax

2
3

0

2

8

6

4

σr / λ

Figure 4.3: 3D space time correlation function ρr (δr , τ ) of 2 × 2 MIMO M2M
channel, (βr = 20o , αr = 60o , ψr = 30o , θr = 60o , ar = 100m, br = 50m)
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Figure 4.4:
Effect of spacing between antenna elements on correlation function.
The curves are obtained using the parameter
βr = 20o , αr = 60o , ψr = 30o , θr = 60o , ar = 100m, br = 50m.
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Similarly, the correlations among receive antenna elements are obtained by varying
the eccentricity (r ) of the receiver ellipse as shown in Fig. 4.5. It is observed
from the graph that the correlation has a decreasing trend as of eccentricity is
decreased from 0.9 (elliptical channel model) to 0 (circle model). This indicates
that the capacity is degraded when the mobile units resides in the narrow streets
or canyons, similar findings were observed by Abouda et al. in [136]. Therefore,
for the design and implementation of MIMO M2M communication system for such
propagation environments, the simulation results based on elliptical channel model
are more appropriate than circular channel model. Correlation among antenna

Figure 4.5: 3D space time correlation function with respect to eccentricity,
δr = 0.5λ, βr = 20o , αr = 60o , ψr = 30o , θr = 60o .

elements is also evaluated for different relative velocities of the mobile nodes. It is
discerned from the simulation results as shown in Fig. 4.6, that the correlation has
a decreasing trend with the increasing relative velocity of the mobile nodes. Similar
observations were reported in [137, 138]; however, increasing velocity leads to other
severe constraints in the wireless channel that degrade the system throughput.
The proposed 3D channel model is transformed into existing 2D elliptical geometrical channel model [130] and circular geometrical channel model [135] by replacing
the elevation angle βi = 0o and ai = bi where, i = r, t. In mobile communication
environments the subscribers are predominantly on the move in the streets and
canyons of urban or suburban areas. The elliptical geometry is appropriate shape,
which correlates more closely the layout of such propagation environments than
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Figure 4.6: 2D space-time correlation function for different velocities,
(δr = 0.5λ, βr = 20o , αr = 60o , ψr = 30o , θr = 60o , ar = 100m, br = 50m)

the circular shape. Therefore, the simulation results obtained using elliptical-based
geometrical models can provide better understanding of the propagation channel.
In MIMO communication systems the capacity of the MIMO system is dependent
on the correlations among MIMO links, that in turn depend on the transmit and
receiver correlations. Hence, capacity analysis of the MIMO system can be also
done on the correlation graph.
1
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Figure 4.7: Comparison of transmit correlation function of circularbased channel model with the elliptical based channel model, δr = 0.5λ, αr
= 60o , fc = 3M Hz, ψr = 30o , θr = 60o , βr = 20o
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The simulation results of correlation functions of the deduced 2D geometrical
channel model at low carrier frequency is depicted in Fig. 4.7. It is observed
from the graph that the transmit correlation using circular-based channel model
is lower as compared to elliptical-based channel model. Since, the streets and
canyons can be modeled more appropriately using elliptical shape as discussed
earlier. Therefore, the simulation results based on the elliptical geometry can
predict more appropriately the achievable capacity of MIMO M2M communication
systems in streets and canyons.
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Figure 4.8: Comparison of transmit correlation function of circularbased channel model with the elliptical based channel model, δr = 0.5λ, αr
= 60o , fc = 900M Hz, ψr = 30o , θr = 60o , βr = 20o

Fig. 4.8, shows the effect of high carrier frequency on the transmit correlation
among antenna elements. It is clear from the figure that high carrier frequency
shows no effect on the transmit correlation, no matter whether elliptical or circular
shape is considered. This implies that geometrical shape does not have prominent
effect on the correlation curves at high carrier frequency. Similarly, the similar
results are observed for the correlations among the receive antenna elements.
By adjusting the parameters of the proposed model the correlation curves are
validated by comparing with the measurement results obtained from experimental
campaigns carried out for COST2100 channel model in the outdoor communication
environment [1]. It is observed from Fig. 4.9, that the proposed model is in close
agreement with the measurement data.
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Figure 4.9: Comparison of space time correlation function of the proposed
model with the measurement results in [1],

Furthermore, the proposed model is more dynamic in nature, i.e. various other existing geometrical channel models can become the special cases of it. By adjusting
the appropriate values for ai , bi , ψi , βi , δi , (i = t, r) parameters in equation (4.16)
of the proposed geometrical channel model. Following 2D and 3D regular shape
geometrical channel models can be deduced from the proposed channel model.
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Table 4.2: Comparison of the proposed model with the existing 2D and 3D
channel models.
Scattering
Model

Proposed

Communication
Scenarios

MIMO M2M

Corresponding
Substitutions

Respective
Scattering
Models

-

3D
Elliptical-based
Cylindrical
Model
3D
Circular-based
Cylindrical
Model

Zajić et
al. [85]

MIMO M2M

ar = br , at = bt

Pätzold
et
al.
[135],
Stüber et
al. [139]
and Zajić
et
al.
[140]

MIMO M2M

at = bt , ar = br , βt =
βr = 0o

2D Circular
Model

Wani et
al. [130]

MIMO M2M

at =
6 bt , ar 6= br , βt =
βr = 0o

2D Elliptical
Model

Baltzis et
al. [103]

SISO M2M

at =
6 bt , ar 6= br , βt =
βr = 0o , δr = δt = 0

2D Elliptical
Model

Paul, et
al. [141]

SISO M2M

at = bt , ar = br , δt =
δr = βt = βr = 0o

2D Circular
Model

Baltzis et
al. [99]

SISO F2M

ar = br , at = bt = 0,
β t = βr = δ t = δ r =
fTmax = 0o

2D Model

Abidi et
al. [97]

F2M MIMO

at = bt , ar = br = 0,
βt = βr = 0o

2D Circular
Model
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Regions
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Conclusion

Geometrical modeling of the mobile communication fading channels has been remained a hot topic in the research arena since the last few decades. Various 2D
and 3D geometrical channel models have been proposed in the literature for MIMO
M2M communication environments. However, to provide better understanding for
the design and performance investigation of the future communication systems,
a well designed channel model is required that can provide a deep knowledge of
the multipath fading channel statistics. Models available in the literature may be
suitable for some specific communication scenarios, but may not be desirable for
the fast moving subscribers while they are on a call. Because, these fast moving
mobile subscribers predominatingly resides in the streets, canyons and highways
of the urban and suburban areas. To model such metropolitan areas, elliptical geometry is better appropriate that provides close statistical analysis of the MIMO
M2M communication channel.
In this chapter, an eccentricity based 3D cylindrical geometrical model for MIMO
M2M communication scenario is proposed. The geometry of the proposed model
is rotatable above x-y plane and its dimensions are adjustable in all axes corresponds to the physical propagation scenario. Based on the proposed model, the
expressions of joint and marginal correlation functions among transmitter and receiver antenna array elements are formulated. The resultant correlation function
is converted into space-time correlation function of circular-based cylindrical channel model and 2D elliptical based channel models. The expression of correlation
function is simulated by changing various parameters and obtained correlation results are meticulously described. Moreover, for the validation of proposed model,
correlation results are compared with the measurement data, which shows a close
agreement. Furthermore, different existing 2D and 3D geometrical channel models
can be obtained by varying few of the channel parameters.

Chapter 5
Geometrical Modeling of
Scattering Environment For
Highways in Umbrella Cell Based
MIMO Communication Systems
This chapter presents a 3D elliptic cylindrical geometrical channel model for scattering environment under the umbrella-cell. Section 5.1 provides brief introduction
and importance of the umbrella cell. Section 5.2 describes the system model of the
proposed geometrical channel model. The Section 5.3 and Section 5.4 provides the
details of mathematical derivation of the space-time correlation function. Section
5.5 describes theoretical results of the obtained space-time correlation function
and finally, Section 5.6 provides summary of the chapter.
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Introduction

F2M communication systems have been growing tremendously since the last few
decades, because of its potential of facilitating communication links between machines, robots, aircrafts, ships and automobiles, etc. Cellular mobile communication (CMC) system is one of the applications of F2M communication systems.
Where, a fixed base station (BS) is mounted with a high elevated scatterer-free
antenna whereas, MSs are mounted with low elevated antennas and are usually
located in the rich scattering regions [142]. Because of the marvelous applications
of CMC, the number of mobile subscribers has shown exponential increasing trend
in the recent years. Moreover, each mobile subscriber demands discriminate features like multimedia applications, live video streaming, internet access and other
data-hungry applications that forces the system to increase its spectral efficiency
and link performance. In CMC systems, capacity (in terms of number of subscribers) [143] can be increased by sub-dividing larger cells into the smaller ones
like microcells, picocells, or femtocells [5, 144]. On one hand, smaller cell size enhances the system capacity but on the other hand, it increases rate of occurrence
of handoff [42]. In the fast moving communication scenario, these frequent handoff
phenomena increase burden on the MSC and decrease the spectrum efficiency [44].
To overcome this handoff problem, fast moving subscribers are handed over to an
umbrella cell while they are on call. Moreover, multiple antennas on both sides
of the communication link can fulfill the data-rate demands of each mobile subscriber as long as the array elements are spatially uncorrelated [127]. Therefore,
for the beneficial design of an umbrella cell, depth knowledge of the propagation
channel between the BS and MS is extremely important. Various approaches like
deterministic, stochastic and geometrical-based channel modeling approaches have
been published in the literature to analyze the statistics of propagation channel
[145, 146]. As discussed in previous chapters that elliptical geometry has more similarity with the layout of streets, canyons and express ways, where usually mobile
subscribers reside. An elliptical geometrical shape is more suitable to model the
scattering environment along the highways. The high-rise scattering objects along
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the highways like buildings, mountains, and trees are modeled using the ellipticalbased cylindrical shape. The elevated walls of the cylinder represent these elevated
scatterers. Furthermore, higher data rate can be achieved using multiple antenna
array system on each end of the communication link.

5.2

System Model

This section presents a detailed description of the system model of the proposed fixed-to-mobile (F2M) MIMO elliptical-based cylindrical geometrical channel model for umbrella-cell as shown in Fig. 5.1. In this proposed, channel model
the mobile subscriber is supposed to be located at the center of elliptical cylinder holding low elevated antenna array and the base BS is located on the top of
tower of height ht , fixed with multiple antenna array structure. The eccentricity r
models the azimuth dimensions of the elliptical scattering region around the MS ;
whereas, the height hr of the elliptical cylinder models its elevation. The BS and
MS are equipped with P and Q number of antenna array elements respectively, for
the sake of simplicity, we take P = Q = 2, however, the results can be derived for
any configuration. The antenna array elements of BS and MS are symbolized as
(p)

At

(q)

and Ar , and spacings between them are denoted by δt and δr , respectively.

The MS is assumed to be located at (0, 0, 0) and BS (D, 0, 0), at an arbitrary time
instant, in the Cartesian coordinate system, and the azimuth distance between the
center of cylinder to base-station is denoted by D. Moreover it is also assumed
that the MS is moving with the speed of vr in the direction of γr . The description
of other variables used in the proposed geometry are listed in Table 5.1.

5.3

Derivation of Channel Parameters

The derivation of the space-time correlation among MIMO antenna elements is
based on the reference system model depicted in Fig. 5.1. The multipath signals
(p,p̃)

are arrived at At

(q,q̃)

from Ar

(n)

via striking at the scattering point Sr

that is
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Table 5.1: Notations of various channel parameters used in the system model.
Symbols
Rd,r
(p)
(q)
At , Ar
(n)

Sr

δt
δr
(q)

(p)

(q)

(p)

θr , θt

ψr , ψt

vr
γr
(n)
(n)
αr , βr
dpq
max
dp̃q̃
max
ar , br
r

Description.
The variable radius of the receiver ellipses.
Antenna array elements at BS and MS, respectively.
Represents the n-th scatter located on the surface of elliptic cylinder.
The spacing between p-th and p̃-th antenna elements at Tx.
The spacing between q-th and q̃-th antenna elements at Rx.
The azimuth angle of q-th receive and p-th transmit antenna element with respect to x-axis, respectively.
The elevation angle of q-th receive and p-th transmit antenna element with respect to x-y plane, respectively.
Velocities of the MS.
The moving direction of the MS.
AoA of multipath in azimuth and elevation plane respectively.
The distance between p-th antenna element to q-th antenna element, dqn + dnp .
The distance between p̃-th antenna element to q̃-th antenna element, dq̃n + dnp̃ .
Represents the major and minor axes of ellipse respectively.
Represents the eccentricity of the ellipse surrounding the MS.

situated at the surface of elliptical cylinder. The phase change due to the distance
p̃q̃
traveled by the signal can be written as (2π/λ)dpq
max and (2π/λ)dmax , where 2π/λ

is called wavenumber. The signals channel gain and phase shift due to the collision
√
(n)
of the signal with Sr can be written as 1/ N and ωn , respectively. Phase change
(n)

also occur due to the motion of MS and can be expressed as 2πfRmax cos(αr −
(n)

γr ) cos βr t, where, fRmax = vr /λ represents the maximum Doppler frequency
caused by the motion of receiver mobile node. It is also assumed that both antenna
element spacing δt , δr are much smaller than br . The AoA in azimuth plane and
elevation plane are assumed to be random variable and independent of each other
[147]. Moreover, ωn is also supposed to be a random variable that is uniformly
distributed over [−π, π] and is also independent from AoA. Furthermore, for the
ease of derivation of the space-time correlation among MIMO antenna arrays of
the proposed channel model, the following valid assumptions are considered:

1. The proposed eccentricity-based channel model is assumed to be a singlebounced.
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Figure 5.1: The proposed elliptical-based cylindrical channel model for
umbrella cell in macrocellular communication environment.

2. Infinity number of scattering points are uniformly distributed on the surface
of the elliptical cylindrical geometry.
3. Uniform power is reflected from all scatterers.
4. The MS is surrounded by stationary scattering points.
5. Each scatterer behaves as an omni-directional source.

Finally, with the help of above assumptions, the diffused components of the trans(p)

mission link from At

(q)

to Ar can be expressed as,

N
(n)
(n)
1 X −j 2π (dqn +dnp )+jωn
hpq (t) = lim √
e λ
× ej2πtfRmax cos(αR −γr ) cos βr
N →∞
N n=1

(5.1)
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The distances dqn , dq̃n , dnp and dnp̃ are obtained by solving the geometry of the proposed model as shown in Fig. 5.1. The 3D polar coordinates of qth receive antenna


(q)
(q)
(q)
element and pth transmit antenna element are denoted by dRx , dRy , dRz and


(p) (p) (p)
(q)
(q)
(q)
(q)
(q)
(q)
dTx , dTy , dTz , respectively. Where, dRx = δr cos θr cos ψr , dRy = δr sin θr cos ψr ,
(q)

(q)

(p)

(p)

(p)

(p)

(p)

(p)

(p)

(p)

dRz = δr sin ψr , dT x = δt cos θt cos ψt , dT y = δt sin θt cos ψt , dT z = δt sin ψt .
Similarly, the coordinates of nth scatterer in 3D space is denoted by


(n or ñ)
(n or ñ) (n or ñ) (n or ñ)
, dRy(n or
, where dRx(n or ñ) = Rd,r cos αr
, dRz
, dRy
dRx
(n or ñ)

Rd,r sin αr

, dRz(n

(n or ñ)

or ñ)

= Rd,r tan βr

=

ñ)

.

These polar coordinates depend upon the orientation and configuration of the
antenna arrays. Moreover, the variable radios Rd,r of and receive ellipse can be
p
written in terms of minor br and major ar axes as, ar br / a2r sin2 αr + b2r cos2r αr
p
[129]. Using the distance formula, and binomial approximation (1 + x) ≈ 1+x/2
if (x  1), the approximated distances can be expressed as,
dpn ≈

Rd,r

(p)

(n)

(q)

(q)

(n)

(n)

− δr sin ψr sin βr − δr cos θr cos ψr cos αr cos βr

(n)

cos βr

(q)

(q)

(n)

(5.2)

(n)

−δr sin θr cos ψr sin αr cos βr

dnq ≈ D +

δt2
2D

+

h2t
2D

(n)

+

2 sec2 β
Rd,r
r
2D

−

δt Rd,r

tan βr(n) sin ψt
D

(n)

−Rd,r cos αr(n)

(p)

(p)

δt Rd,r cos αr cos θt cos ψt
−
D
(n)

h R sin α
− t d,rD r

(n)

(p)

(p)

(p)

+ δt cos ψt cos θt
(p)

(p)

ht Rd,r sin θt cos ψt
+
D
(p)

δt Rd,r sin αr sin φt cos ψt
−
D

(5.3)

The distances dq̃n and dnp̃ can be also obtained using the same geometry. Furthermore, for the ease of understanding and avoiding complexity, equation (5.1) can
be rewritten as,

N
(n)
(n)
1 X
hpq (t) ≈ lim √
Grt ej2πtfRmax cos(αR −γr ) cos βr
N →∞
N n=1
2π

where, Grt = e−j λ (dpn +dnq ) .

(5.4)
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Derivation of the Correlation function

The normalized space-time correlation function between diffused channel coefficients hpq (t) and hp̃q̃ (t) for the proposed 3D MIMO F2M non-isotropic scattering
propagation environment can be obtained using the following relation given in
[85, 88],

E{hpq (t)h∗p̃q̃ (t + τ )}
ρpq,p̃q̃ (τ ) = p
E{|hpq (t)|}2 E{|hp̃q̃ (t)|}2

(5.5)

where, E{·} is the statistical expectation operator and can be applied to all random
variables, (·)∗ symbolizes the complex conjugate operation and p, p̃ ∈ {1,...,P},
q, q̃ ∈ {1,...,Q}. Using equation 5.5 and 5.4 the expression for the space-time
correlation function can be written as,

N
(n)
(n)
1 X
Grt G∗rt ej2πτ fRmax cos(αR −γr ) cos βr
N →∞ N
n=1

ρpq,p̃q̃ (δr , δt , τ ) = lim

(5.6)

In cellular networks, the fast moving vehicles are usually present in the streets,
canyons and on the highways. The distribution of the AoA in such regions depend on the scattering objects like vegetation, buildings and side-barrier walls,
etc., present along the roadside premises. Consequently, we can assume that infinity high-rise scattering objects are present around the MS, which implies that
the discrete scattering distributions may be transformed to a continuous scattering distributions that in turn forces us to change the discrete random variables
(n)

αr

(n)

and βr

into continuous random variables αr and βr , respectively. Further-

more, we assume that azimuth and elevation angles are independent of each other;
therefore, the joint PDF of AoA at MS f (αr , βr ) can be written in product form
as f (αr )f (βr ), where, f (αr ) and f (βr ) are the PDF of AoA in azimuth plane
and elevation plane respectively. Therefore, the equation (5.6) can be written in
integration form as,
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β Rm

Z

Z

π

e−2jπτ (fT max cos(αr −γr ) cos βr )

ρpq,p̃q̃ (δr , δt , τ ) ≈
−βRm

×e

e

−π

(q,q̃)

j2π
λ

dRx cos αr cos βr +
j2π
λ

73

(p,p̃)
Rd,r d
Tx
D

cos αr

(p,p̃)
Rd,r d
tan βr
(q,q̃)
Tz
dRz sin βr +
D



e

(q,q̃)

j2π
λ

dRy sin αr cos βr +

R2 sec2 βr
+ d,r2D



(p,p̃)
Rd,r d
Ty
D

sin αr



f (αr )f (βr )dαr dβr
(5.7)

(q,q̃)

(q)

(p)

(p̃)

(q̃)

(q,q̃)

(q)

= dRx − dRx , dRy

where, dRx

(p,p̃)

dT x − dT x , dT y

(p)

(p̃)

(q̃)

(q,q̃)

= dRy − dRy , dRz

(p,p̃)

(p)

= dT y − dT y , dT z

(q)

(q̃)

(p,p̃)

= dRz − dRz , dT x

=

(p̃)

= dT z − dT z , and βRm is the maximum

elevation AoA of the scatterers causes at the MS. To describe isotropic and nonisotropic scattering environments, various distributions have been proposed in the
literature for AoA/AoD [6, 88, 148]. In urban or suburban areas the physical
layouts of the streets, canyons and highways in the azimuth plane resemble elliptical shapes. Thus the roadside scatterers can be modeled non-isotropically
distributed. Hence, eccentricity-based modified von Mises distribution proposed
in [130], is more appropriate for such nonisotropic scattering environments to
model azimuth AoA/AoD. The expression of PDF of azimuth AoA/AoD at MS is,
p
2
p(αr ) = 2πI01(2 ) er cos αr , where, r = 1 − b2r /a2r , the azimuth angle αr ∈ [−π, π]
r

and I0 (·) is the zeroth-order modified Bessel function of the first kind. Similarly,
different scattering distributions have been also proposed in the literature for elevation AoA [88, 123]. In addition, Parsons et al. in [132] proposed PDF of

elevation AoA f (βr ) = 4βπr cos π2 ββrr , where, the absolute values of elevation
m

m

angles βrm lie in the range 00 ≤ βrm ≤ 200 [131].

1
ρpq,p̃q̃ (δr , δt , τ ) =
2πI0 (2r )
×e
e

j2π
λ

j2π
λ

Z

βRm

(q,q̃)

(q,q̃)

sin βr +

π



−2jπτ fRmax (cos αr cos γr cos βr +sin αr sin γr cos βr )

e
−βRm

dRx cos αr cos βr +

dRz

Z

Rd,r d

−π

(p,p̃)
Rd,r d
Tx
D

(p,p̃)
tan βr
Tz
D

+

cos αr



e

2 sec2 β
Rd,r
r
2D

j2π
λ



(q,q̃)

dRy sin αr cos βr +
2

er cos αr

(p,p̃)
Rd,r d
Ty
D

sin αr



π
π βr 
cos
dαr dβr
4βRm
2 βRm
(5.8)
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The integration in (5.8) lacks the closed-form solution for the space-time correlation functions among the MIMO antenna elements. Hence, we integrate this equation numerically by using small angle approximation i.e., sin βr ≈ βr , cos βr ≈ 1,
sec2 βr = 1 + βr /2. This assumption of small elevation angles is valid for the
proposed model because the distance between the MS and BS is much larger than
the antenna heights. By incorporating these approximations, we get the following
expression,

1
ρpq,p̃q̃ (δr , δt , τ ) ≈
2πI0 (2r )
×e

j2π
λ

e

Z

βRm

e
−βRm

(q,q̃)

dRx cos αr +

(q,q̃)

j2π
λ

π

Z

d Rz β r +

−2jπτ fT max (cos αr cos γr +sin αr sin γr )



−π

(p,p̃)
Rd,r d
Tx
D

cos αr

(p,p̃)
Rd,r d
βr
Tz
D

+



e

(q,q̃)

j2π
λ

2 β
Rd,r
r



4D

dRy sin αr +

(p,p̃)
Rd,r d
Ty
D

2

er cos αr 4βπR cos
m

sin αr

π βr
2 βRm





dαr dβr
(5.9)

The above integrations for variables αr and βr can be written separately as,
1
ρpq,p̃q̃ (δr , δt , τ ) ≈
2πI0 (2r )
×e

(q,q̃)

j2π
λ

dRx +

Z

π

Z



−2jπτ fRmax (cos αr cos γr +sin αr sin γr )

e
−π

(p,p̃)
Rd,r d
T x +2
r
D

β Rm

e

j2πβr
λ



(q,q̃)

d Rz +

cos αr

e

(q,q̃)

j2π
λ

dRy +

(p,p̃)
2
Rd,r d
Rd,r
Tz
+ 4D
D

−βRm
(p,p̃)

Rd,r dT x
D

(q,q̃)

By substituting, x1 = j2π
dRx +
λ
(p,p̃) 
Rd,r dT y
−2jπτ fRmax sin γr , x3 =
D

j2π
λ



(p,p̃)
Ty
D

Rd,r d



sin αr

dαr

π
π βr 
cos
dβr
4βRm
2 βR m
(5.10)
(q,q̃)

−2jπτ fRmax cos γr +2r , x2 = j2π
dR y +
λ
(p,p̃)
2

Rd,r
Rd,r dTz
(q,q̃)
dRz +
+ 4D
in (5.10), we get the
D


following expression,

1
ρpq,p̃q̃ (δr , δt , τ ) ≈
2πI0 (2r )

Z

π
x1 cos αr +x2 sin αr

e
−π

Z

β Rm

dαr
−βRm

ex3 βr 4βπR cos
m

π βr
2 β Rm



dβr

(5.11)
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Equation (5.11) can be written in simplified form by using Bessel function notations given in [119],

Io
ρpq,p̃q̃ (δr , δt , τ ) ≈

5.5


p
x21 + x22 cos( 2π βRm x3 )
λ


x3 2
I0 (2r )
1 − ( 4βRm
)
λ

(5.12)

Results and Description

In this section, the theoretical results of the space-time correlation function are
presented and elaborate the impact of various channel parameters on the correlations among MIMO antenna elements. It is observed that the derived expression
(5.12) is the function of various model parameters and physical dimensions of the
propagation channel. The values of the parameters used in plotting different curves
of space-time correlations are mentioned in the caption of each plot. A normalized
sampling period (step size) fRmax Ts = .01, is used for plotting the curves. Various
2D and 3D plots of the correlations among MIMO antenna elements are presented
for discussion and observation.
The correlations among MIMO antenna elements shown in Fig. 5.2, 5.3, 5.4,
and 5.5, are plotted against the orientation of antenna arrays in the azimuth and
elevation planes. The plot depicted in Fig. 5.2, shows clearly that the correlation
is maximum when the elevation angles of any antennas is set at 0o or 180o , and
the correlations show a decreasing trend with the increase in elevation angle of
any the antenna from 0o to 90o . Therefore, for the design of an umbrella cell in
cellular mobile communication, antenna orientation has significant impact on the
system performance.
The proposed elliptical cylindrical channel model is generic in nature and can
be reduced to cylindrical model proposed by Liu Feng et al. in [2] by keeping
eccentricity r = 0 and distance D= 5km. The joint correlation graph is plotted
against elevation angles of transmit and receive antenna arrays, shown in Fig. 5.3.
Resultant plot is well matched with the correlation plot given in [2]. This implies
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Figure 5.2: 3D space time correlation function with respect elevation
angles of transmit and receive antenna arrays, (δr = δt = λ/2, βr = 20o ,
αr = π/4, ψr = 30o , θr = θt = 2π/3, ar = 500m, br = 200m)

.

Figure 5.3:
Receive correlation with respect to elevation angles of
transmit and receive antenna arrays [2], δr = δt = λ/2, βr = 20o , αr = π/4, θr
= θt = 2π/3, ar = br = 100m, D = 5km

.
that the channel model given in [2] is the special case of our proposed channel
model.
Similarly, 3D plot shown in Fig. 5.4, of joint space-time correlation function
is taken against azimuth AoA , and its 2D slices are plotted in Fig. 5.5(a), and
5.5(b). It is observed from the plots that the correlation among the MIMO antenna
array elements are dependent on the PDF of AoA (αr ) in azimuth plane of the
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Joint space-time correlation function of azimuth AoA
and normalized time delay (δr = δt = λ/2, βr = 20o , ψr = 30o , θr = θt = 2π/3,
ar = br = 100m).
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Figure 5.5: 2D space time correlation function with respect azimuth AoA, (δr
= δt = λ/2, βr = 20o , ψr = 30o , θr = θt = 2π/3, ar = br = 100m)

nonisotropic scattering environments; a similar observation was reported in [149,
150].
The antenna spacing is another most important system parameter that has significant effect on the correlations among the MIMO antenna elements [32, 40].
The graph shown in Fig. 5.6, demonstrates the effect of antenna spacing on antenna correlations. It is seen as the spacing is increased, the correlation shows a

MIMO F2M 3D Elliptical-based Cylindrical Channel Model

78

0.12

δr = 0.3λ
δr = 0.5 λ

0.1

δr = λ

Receive Correlation

0.08
0.06
0.04
0.02
0
-0.02
-0.04
-0.06
0

0.1

0.2

0.3

0.4
0.5
0.6
Normalized time delay, τ fRmax

0.7

0.8

0.9

1

Figure 5.6: Effect of antenna spacing on space-time correlation function,
βr = 20o , ψr = 30o , θr = θt = 2π/3, ψt = θr = π/2, ar = 500m, br = 100m

decreasing trend and vice versa. Hence, keeping the antenna elements at appropriate spacing, maximum throughput can be achieved from the MIMO systems.
Moreover, the proposed 3D eccentricity based channel model is transformed into
3D circular based geometrical channel model given in [2], by making eccentricity
equal to zero and radius equal 200m. It is observed from the graph that elliptical geometry shows significant increase in correlation as compared to circular
geometry. It thus confirms the statement that elliptical geometry is more appropriate shape to model scattering environments of streets, canyons or highways
in umbrella cellular environment; therefore, the results of our proposed channel
model are more justified than circular ones to design and analyze MIMO M2M
communication links.
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5.6

Conclusion

In this chapter, a single bounce 3D eccentricity-based cylindrical geometrical channel model for MIMO F2M propagation environment has been presented. The proposed elliptic cylindrical geometry is rotatable along the horizontal plane about
vertical axis and its dimensions are adjustable corresponding to the physical propagation environment. Based on the proposed model, expressions of joint and
marginal space-time correlation functions among the transmitter and receiver antenna array elements have been formulated. Various curves are generated using the
obtained theoretical expressions for the joint and marginal correlation functions
for different values of the channel parameters. The resultant correlation plots are
thoroughly elaborated over the system performance. Moreover, 2D and 3D F2M
geometrical channel models in the literature can be extracted from the proposed
geometrical model by changing some of the parameters of its geometry.

Chapter 6
Conclusion and Future Directions
This chapter begins with Section 6.1 that summarizes the developed research work
carried out in this dissertation and Section 6.2 provides future directions and
recommendations.

6.1

Conclusion

In this dissertation, geometrically modeling of MIMO M2M and MIMO F2M radio
fading propagation channels are targeted. Geometrical modeling approach is considered to be sophisticated and is well-suitable for mobile propagation channels. In
mobile communication scenario, majority of the mobile-subscribers usually exist in
streets, canyons, or on highways in urban or suburban areas. Where, the scatterers are usually non-isotropically distributed along the propagation path. Elliptical
geometry has close resemblance with such non-isotropic propagation environments
and has potential to accommodates most of scattering objects that are located at
the road-side areas.
Exploiting the advantages of elliptical shape, initially, a 2D eccentricity-based geometrical channel model for MIMO M2M communications in non-isotropic scattering environments has been developed. It has been assumed that MSs reside at
the center of two different ellipses holding low elevated antenna array structures.
80
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The scattering objects are assumed to be uniformly distributed on the boundary of
ellipses. In addition, it is considered that the ellipses around the MSs are flexible
and rotatable in azimuth plane according to direction of motion of the MSs. Moreover, the ellipses are adjustable in dimensions according to the physical lengths of
scattering regions around the MSs. In the developed eccentricity-based channel
model, mathematical expression for the PDF of AoA/AoD is derived, which is further verified through simulation results. Moreover, with the help of the proposed
geometry, an empirical expression for the PDF of AoA/AoD is formulated that is
utilized for the joint and marginal correlation functions among the MIMO antenna
elements. Furthermore, the proposed 2D eccentricity-based geometry is extended
to 3D elliptic cylindrical geometry to accommodate the high-rise infrastructures,
vegetation and other scattering objects along the roadside premises that have significant impact on the AoA/AoD of the multipath signals in the elevation plane.
In the proposed 3D channel model, the eccentricities are used to model the physical dimensions of the scattering areas around the MSs in azimuth plane whereas
the height of the elliptic-cylinder represents the elevation of roadside objects.
The MSs with low-elevated MIMO antenna arrays are assumed to be located at
the centers of the elliptical cylinders and scatterers are considered to be uniformly
distributed along the surfaces of each cylinder independently. MSs are assumed to
be located in two different streets, canyons or highways having any size and density
of scattering objects. Using the 3D developed channel model, expressions for the
joint and marginal cross-correlation functions (CCFs) are derived. The derived
expressions are plotted using various channel parameters to observe their effect on
the antenna correlations. The result of antenna correlation is then compared with
the measured data that shows a close agreement with it. Moreover, some of the
existing 2D and 3D channel models in the literature are deduced by changing few
of the channel parameters in the proposed channel model.
Furthermore, the fast-moving vehicles on highways in macrocellular environment
create frequent handoffs during the call. The frequent handoffs impose burden
on MSC and generate massive overhead traffic in cellular communication systems.
Hence, these fast-moving subscribers are handed over to high-powered BS of an
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umbrella cell that not only reduces the frequency of handoff but also increases the
link coverage. Therefore, for the design and development of an umbrella cell of
macrocellular communication networks, a 3D elliptical-based geometrical cylindrical channel model is developed. This system incorporates a novel idea of modeling
scattering environments around the fast-moving vehicles on highways equipped
with multiple antenna systems. In this case, it is assumed that the fast-moving
subscriber is located at the center of elliptical cylinder and is equipped with low
elevated multiple-antenna arrays. Whereas, the base-station is located on the top
of a high-rise structure with multiple antenna arrays. Using the proposed model,
expressions for the joint and marginal space-time correlation functions among
MIMO antenna elements are derived. These correlation functions are helpful to
design and develop MIMO systems for the high-speed mobile subscribers in a rich
scattering environments.

6.2

Future Directions

Developing a communication system for data-hungry M2M/F2M communication
systems with QoS is a challenging task in the research arena. Therefore, for the
performance analysis and design of a communication system, various 2D and 3D
geometrical channel models have been proposed in the literature. Like all other existing channel models available in the literature, the proposed model are also based
on some assumptions that are more or less valid in a specific propagation scenarios.
Hence, these proposed channel models can provide an appropriate framework to
develop statistics of wireless channel parameters in a particular propagation environments considering both isotropic and non-isotropic scattering environments.
The geometry of the proposed models have close resemblance with the layout of
metropolitan regions, where the fast moving subscribers mostly reside while they
are either on the call or using real-time data applications. However, for ease
of derivations of the proposed channel models, single-bounce or double-bounce
reflected multipaths are only taken in to consideration. In multipath propagation environments such channel models may not provide the statistics of channel
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parameters accurately. Hence, the issues and challenges like multi-bounce scattering, Doppler effect and time variation of the propagation channel, etc., may be
addressed collectively in future in a single channel model.
Therefore, to provide a GBSCM that can exactly assess the performance of a
radio communication link on the basis of statistics of channel parameters is still
undoubtedly a challenging problem in the literature.
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[86] A. G. Zajić and G. L. Stuber, “Three-dimensional modeling and simulation of wideband MIMO mobile-to-mobile channels,” IEEE Trans. Wireless
Commun., vol. 8, no. 3, pp. 1260–1275, 2009.
[87] N. Avazov and M. Pätzold, “A novel wideband MIMO car-to-car channel
model based on a geometrical semi-circular tunnel scattering model,” IEEE
Trans. Veh. Technol., vol. 65, no. 3, pp. 1070–1082, 2016.
[88] A. Abdi and M. Kaveh, “A space-time correlation model for multielement
antenna systems in mobile fading channels,” IEEE J. Sel. Areas Commun.,
vol. 20, no. 3, pp. 550–560, 2002.
[89] M. Pätzold and B. O. Hogstad, “A space-time channel simulator for MIMO
channels based on the geometrical one-ring scattering model,” Wireless Communications and Mobile Computing, vol. 4, no. 7, pp. 727–737, 2004.
[90] M. Zhang, P. J. Smith, and M. Shafi, “An extended one-ring MIMO channel
model,” IEEE Trans. Commun., vol. 6, no. 8, pp. 2759–2764, 2007.
[91] X. Cheng, C.-X. Wang, and D. I. Laurenson, “A generic space-timefrequency correlation model and its corresponding simulation model for
narrowband MIMO channels,” in Proc. European Conference on Antennas
Propag. IET, 2007, pp. 1–6.
[92] A. Ghazal, C.-X. Wang, B. Ai, D. Yuan, and H. Haas, “A nonstationary
wideband MIMO channel model for high-mobility intelligent transportation
systems,” IEEE Trans. Intell. Transp. Syst., vol. 16, no. 2, pp. 885–897,
2015.

Bibliography

94

[93] H. Jiang, V. C. Leung, C. Gao, and T. Tang, “MIMO-assisted handoff
scheme for communication-based train control systems,” IEEE Trans. Veh.
Technol., vol. 64, no. 4, pp. 1578–1590, 2015.
[94] A. Y. Olenko, K. T. Wong, and E. Hui-On Ng, “Analytically derived uplink/downlink ToA and 2D-DoA distributions with scatterers in a 3D hemispheroid surrounding the mobile,” IEEE Trans. Antennas Propag., vol. 54,
no. 9, pp. 2446–2454, Sep. 2006.
[95] J. C. Liberti and T. S. Rappaport, “A geometrically based model for line-ofsight multipath radio channels,” in Proc. IEEE Veh. Technol. Conf., vol. 2,
1996, pp. 844–848.
[96] R. B. Ertel and J. H. Reed, “Angle and time of arrival statistics for circular
and elliptical scattering models,” IEEE J. Sel. Areas Commun., vol. 17,
no. 11, pp. 1829–1840, 1999.
[97] P. Petrus, J. H. Reed, and T. S. Rappaport, “Geometrical-based statistical
macrocell channel model for mobile environments,” IEEE Trans. Commun.,
vol. 50, no. 3, pp. 495–502, 2002.
[98] N. M. Khan, M. T. Simsim, and R. Ramer, “Modeling spatial aspects of
mobile channel for macrocells using Gaussian scattering distribution,” in
Proc. IEEE International Symposium on Wireless Communication Systems
(ISWCS’06.). IEEE, 2006, pp. 616–620.
[99] K. Baltzis, “On the geometric modeling of the uplink channel in a cellular
system.” Journal of Engineering Science & Technology Review, vol. 1, no. 1,
2008.
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