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ABSTRACT

In order to meet the increasing demands of capacity in land mobile radio cellular
communication systems, the use of directional antennas has become an integral
part of future communication systems. With purpose to gauge the capabilities
of systems with directional antennas, it is essential to have a precise knowledge
of angular and temporal representation of the dispersion of multipath waves in
3-D propagation environments. Such representation of propagating waves can
only be achieved with the use of spatial channel models. Therefore, this thesis
focuses on modeling and characterization of cellular mobile channels for 3-D radio
propagation environments.

The research work in this thesis consists of three parts. Part-I aims at the physical
modeling of cellular mobile channels in 3-D radio propagation environments. Part-
IT characterizes the impact of mobility on the Doppler spectrum; while, part-III
provides a geometrically based performance analysis of handovers in land mobile
radio cellular systems.

The thesis begins with an overview of the basics of spatial channel models in
different cellular environments and then proceeds towards a detailed and compre-
hensive survey of spatial channel models. Further, a generalized 3-D scattering
model is proposed for macro-cellular land mobile radio cellular systems with a
Mobile Station (MS) located at the center of a 3-D scattering semi-spheroid and
a Base Station (BS) employing a directional antenna located outside of the semi-
spheroid. The effect of directional antenna is thoroughly observed on spatial and
temporal characteristics of the proposed model. Closed-form expressions for joint
and marginal Probability Density Functions (PDFs) of Angle of Arrival (AoA) seen
at MS and BS in correspondence with azimuth and elevation angles are derived.
Furthermore, closed-form expressions for propagation path delays and trivariate
joint PDFs of Time of Arrival (ToA) seen at MS and BS in correspondence with
azimuth and elevation angles are derived. Moreover, the theoretical results along
with observations illustrate the effect of directional antenna on the spatio-temporal
statistics of the proposed 3-D spatial model. All the statistics are derived for both
uniform and Gaussian scatter densities.

The proposed 3-D scattering model for the case of uniform scatter density, is shown
to deduce all previously-proposed 2-D and 3-D models that assume uniform distri-
bution of scatters with directional or omnidirectional antennas, found in literature
for macro-cell environment. The theoretical results obtained are compared with
some notable 2-D and 3-D scattering models to validate the generalization of the
proposed model. Obtained theoretical results (for the case of Gaussian scatter
density) for spatial statistics at BS are compared with an empirical set of mea-
sured data (found in literature), which also demonstrates the validity of proposed
model.
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In the second part of thesis, the effect of mobile motion on the statistical character-
istics of Doppler spectrum is presented. An analytical model to quantify the effect
of directivity of the radiated waves from the BS antenna on the Doppler spectrum
in 3-D radio propagation environment is proposed. Closed-form expressions for
trivariate PDF's of propagation path distance, power, and Doppler shift are de-
rived. Furthermore, general expressions for joint and marginal PDF's of elevation
AoA, power, and Doppler shift are established. The obtained theoretical results
along with the observations are presented that illustrate the effect of directivity
of the antenna beam-width and the direction of MS’s motion on the distribution
characteristics of power Doppler spectrum. It is established that for motion of the
MS in all directions, the spread in distribution of the Doppler shift observed is
reduced significantly due to the use of directional antenna at the BS with a nar-
row beam directed towards the desired user. It is also observed that, for a sharp
azimuthal beam of directional antenna, the multipath components corresponding
to the scatterers in elevation plane result in the reduction of Doppler shift with
an increase in their vertical distance from MS.

In part-III, an analysis for the impact of various channel parameters on the per-
formance of handover in mobile radio cellular systems is presented. Using the
proposed analytical model, a mathematical relation for the handover margin with
velocity of MS, direction of mobile motion, and propagation environment is derived
on the basis of path loss propagation model. Relationship for the ratio between
the radius of coverage area and the length of overlapped region between adjacent
cells is derived, which guarantees to satisty the required handover margin. The
impact of velocity and direction of MS’s motion on the handover margin is com-
prehensively analyzed. The impact of propagation environment on the handover
margin is also analyzed, where it has been observed that, the handover margin
decreases significantly with an increase in the path loss exponent. For dense urban
areas with higher propagation path loss exponent, the time margin available to
perform the handover is less; therefore, quicker decision of handover is required to
be made.
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Chapter 1

INTRODUCTION

This chapter starts with a brief history of capacity demands in wireless commu-
nication systems and their respective solutions in the form of various wireless
communication systems in Section 1.1, which provides the motivations to work
in the targeted research area. Then it proceeds towards the significance of the
targeted research area in Section 1.2. A brief summary of research contributions
presented in this thesis is given in Section 1.4. Published research articles related
to the proposed work included in this thesis are listed in Section 1.5. Finally, a

brief layout of the thesis is provided at the end of this chapter.

1.1 History of Capacity Demands in Wireless
Communication Systems

Advancements in the field of communications have allowed people to communicate
without any physical connection since a century ago when Marconi successfully
managed to demonstrate wireless telegraphy. Since the beginning of last decade,
the land mobile radio communication industry has been enjoying its fastest growth
period in the history. In wireless communication systems, capacity enhancement
has always been highly demanded. In this regard, many efforts have been made
by the scientists in literature which exploit various features of wireless signals to
enhance the capacity. Among initial efforts, the problem of shortage of frequency
channels was resolved by making use of high frequency channels available [1] with
the invention of frequency modulation (FM). Land mobile radio communication
systems are often categorized in different generations with respect to their ca-
pacity offerings. As the demands of high capacity began to grow further, the
concept of frequency reuse was evolved and the first generation (1G) of cellular
mobile systems called the Advanced Mobile Phone Services (AMPS) was deployed
in America in 1983 [2,3]. AMPS used frequency division multiple access (FDMA).
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AMPS and all other analog communication technologies of the age are categorized
as 1G of mobile systems. Mobile systems evolved later in the new era of digital
communication systems are classified as the second generation (2G) of mobile sys-
tems. 2G systems that were introduced in early 1990s, used digital technology.
2G digital mobile systems achieved an estimated increase of three times in the
capacity of communication systems over analog systems [4]. This era of mobile
systems included Global System for Mobile Communication (GSM), Digital AMPS
(D-AMPS), 1S-136, and Code Division Multiple Access (CDMA) based systems
(IS-95). These systems mainly offered speech communications. The GSM and
IS-136 mobile systems used Time Division Multiple Access (TDMA) scheme. Var-
ious new features were provided by GSM, viz: encryption, authentication, short
messaging services (SMS), and subscriber identity module (SIM) card. One of
the major factors in the enhancement of capacity was the compression of voice
data before transmission [5]. The IS-95 and GSM with GPRS (General packet
radio services) are some times referred to as 2.5 generation of mobile networks [4],
which provide data communication limited to rather low data rates. Technologies
to provide improved rate of data services with GSM mobile systems are catego-
rized in 2.75G, which are Enhanced Data Rates for GSM Evolution (EDGE) and
Enhanced General Packet Radio Service (EGPRS). EDGE achieved a potential
increase of three times in the communication capacity [2] of GSM/GPRS systems.
Further demands of increased communication capacity have lead to the develop-
ment of third generation (3G) of mobile systems [6]. The 3G mobile systems
include Universal Mobile Telecommunication Systems (UMTS) (i.e., Wideband
CDMA (WCDMA)) and CDMA2000 [7,8].

With increasing demand of high capacity, the available frequency spectrum be-
came highly precious resource. Thus, these days, researchers are inspecting the
possible new ways to enhance the capacity by keeping the frequency band fixed.
Multiple antenna systems are thought to be a solution in this regard. The multiple-

antenna arrays both with diversity enhancing and beamforming abilities changed



the trends by clearly demonstrating that it can boost all the performance pa-
rameters significantly. Therefore, the use of multiple-antenna arrays has become
an integral part of future communication systems. Multiple Input and Multiple
Output (MIMO) systems have been developed with the use of multiple antenna
arrays at both ends of communication link. Apart from the advantage of multiple
antenna systems being used as smart antenna systems, they can also be used for
spatial multiplexing in MIMO. Therefore, MIMO systems can significantly boost
the spectral efficiency by simultaneously transmitting the multiple data streams.
Recently, multiple antenna systems are emerging to achieve the targets of fourth
generation (4G) of mobile systems such as high data rate, high reliability, and
long range communications. The 4G mobile systems are an end-to-end IP solution
where voice, data, and streaming multimedia can be communicated at higher data
speed. The demand of industry for future generation (4G) networks to improve
the speed several times as compared to the speed of existing 3G networks, so that
the bandwidth-intensive applications like streaming media can be facilitated. The
infrastructure of 4G networks aims to implement all the mobile standards from 2G
to 4G networks to provide support for heterogenous environments and for existing
users of previous technologies. The commercially available technologies which are

being considered to lead to 4G are WiMax and Long Term Evolution (LTE) [9,10].

In a typical propagation environment, the signal emitted from the transmitter faces
various physical phenomena (like; reflection, refractions, diffraction, and scatter-
ing), that form multiple copies (attenuated, phase shifted, frequency shifted, and
delayed) of the transmitted radio signal at the receiver antenna. These multiple
copies of the transmitted radio signal are called multipath signal components and
usually lead to interference in the received signal. This phenomenon may dras-
tically affects the performance of a communication system. In contrast to the
disadvantages inherent in these multipath components, research in recent years
has shown several advantages offered by multipath components if utilized appro-

priately. In this regard, spatial filtering of multipath waves has gathered significant



attention in recent years, as discussed above. Thus, in order to enhance the per-
formance of systems with multiple antennas, it became essential to have a precise

knowledge of the radio propagation environment.

1.2 Significance of Research Topic

In recent years, in order to have good understanding of mobile radio channel, more
attention has been paid to its spatio-temporal characteristics. In the literature,
the spatial and temporal characteristics of mobile radio channel are proven to be
useful in performance evaluation of mobile communication systems. The angu-
lar characteristics of cellular and mobile channels are useful in determining their
shape factors (i.e., angular spread, angular constriction, and direction of maximum
fading), which can further be used for second order statistics like level crossing
rate, average fade duration, spatial correlation and coherence distance [11,12]. To
serve this purpose efficiently, it is essential to have reliable understanding of radio
propagation characteristics of the transmission path between Base Station (BS)
and Mobile Station (MS) that leads to the design of effective signal processing
techniques [13]. Geometrically based models are typical and adequate solutions in
this regard. Therefore, a number of 2-D and 3-D propagation models are presented
in the literature [13-26], which describe the nature of spreading of multipath com-

ponents to characterize channel parameters.

To quantify the effects of directional antenna on the characteristics of angular,
temporal, and Doppler spectrum of land mobile radio cellular systems for the
case of 2-D scattering models, a number of scattering models have been proposed
in the literature [26-30]. However, such analysis for the case of 3-D scattering
models is missing in the literature. Although, 2-D models offer low computational
complexity but they fail to provide accurate channel characteristics; whereas, 3-
D propagation models provide more precise and accurate channel characteristics.
The multi-path waves reflected from vertical structures do not often propagate

horizontally, hence the waves are seen to spread wide in vertical plane over the
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angle of 20° [22,24]. Therefore, it is more practical and fairly essential to consider
the elevation plane in such scattering environments for the derivation of accurate

propagation characteristics.

1.3 Research Aims

The main aim of this research is to develop a geometrically based generalized
3-D scattering model, which can be deduced to other 2-D and 3-D scattering
models, found in the literature, with an appropriate choice of a few parameters.
It is considered to be within the scope of this research to analyze the effects of
directional antenna at BS on the angular and temporal statistics of land mobile

radio cellular systems.

This is also regarded as one of the aims of this research to characterize the impact
of mobility on the performance of cellular communication links. Mobility usu-
ally imposes two impacts, viz: the introduction of time-variability in radio fading
channel and performance degradation of the handover procedure, in cellular mo-
bile communication systems. Regarding the first impact, we aim to characterize
the 3-D propagation channels for Doppler power spectrum. Since, the impact of
directional antenna on the distribution characteristics of the Doppler shift in 3-D
propagation environments is not discussed in the literature so far. Therefore, it
is considered appropriate to develop an analytical model encompassing the effects
of directional antennas on the characteristics of Doppler power spectrum for 3-D
mobile radio propagation channel for ongoing research in MIMO communications

in dynamic downtown urban environments.

Regarding the second impact of mobility, the aim of our research is to provide a
geometrically based analysis for the impact of propagation environments on the
performance parameters of handover, so that uninterrupted communication links
can be maintained with minimum delay for mobile users traveling among different

environments. Moreover, the impact of the velocity of MS and direction of MS’s



motion on the performance of handover procedures are also considered to be within

the scope of this research.

1.4 Research Contributions

The research contributions presented in this thesis consists of the following three

major parts:
1.4.1 Physical Modeling of Cellular Mobile Channels in
3-D Radio Propagation Environments

Main research contributions of this part of research can be summarized as follows:

i. A comprehensive comparative analysis of various 2-D and 3-D propagation
models found in the literature with uniform and Gaussian scatter densities is

presented.

ii. A new geometrically based generalized 3-D scattering model is proposed which
can be deduced to any 3-D or 2-D scattering model proposed in the literature

for macro-cell environment with an appropriate choice of a few parameters.

iii. An analysis is presented to measure the effects of directional antenna at BS

on the angular and temporal statistics of land mobile radio cellular systems.

iv. A study to investigate and establish a realistic choice of distribution for the
scattering objects around MS is presented. To serve this purpose, analytical

expressions are derived for both uniform and Gaussian scatter densities.

1.4.2 Characterization of 3-D Propagation Channel for Doppler

Spectrum

In this part of the research, the main contributions are as follows:



i. The effects of directional antenna on statistic distributions of power, Doppler
spectrum, and Angle-of-Arrival (AoA) for 3-D radio propagation environment

is intensively analyzed.

ii. An analytical relationship of joint and marginal Probability Density Function

(PDF) of azimuth and elevation AoA with Doppler shift is derived.

iii. A study to gauge the impact of direction of MS’s motion and velocity of MS
on the characteristics of Doppler shift distribution for uniform and Gaussian

scatter densities is presented.

iv. Comparative analyses of the proposed Doppler characteristics with those pro-
vided in literature for both 2-D and 3-D propagation models with uniform

and Gaussian scatter densities are presented.

1.4.3 Performance Analysis of Handover Procedures in Cel-

lular Environments

The following are the contributions of this part of research thesis:

i. Author provides a geometrically based analysis for the performance of han-

dover procedures in cellular networks.

ii. A study is presented to analyze the effects of propagation environments on

the performance of Handover process.

iii. An analysis is presented to measure the impact of direction and velocity of

MS’s motion on the performance of handover margin in cellular networks.

1.5 Research Publications

The research work contained in this thesis consists of the following publications.



1.5.1 Journal Publications

[JO1] Syed Junaid Nawaz, Bilal Hasan Qureshi, and Noor M. Khan, “A General-
ized 3-D Scattering Model for Macrocell Environment with Directional Antenna at
BS,” IEEE Transactions on Vehicular Technology, vol. 59, no. 7, pp. 3193-3204,
May. 2010.

[J02] Syed Junaid Nawaz, Noor M. Khan, Mohammad N. Patwary, and Mansour
Moniri, “Effect of Directional Antenna on The Doppler Spectrum in 3-D Mobile
Radio Propagation Environment,” IEEE Transactions on Vehicular Technology,

vol. 60, no. 7, pp. 2895 - 2903, Jul. 2011.

1.5.2 Conference Proceedings

[CO01] Syed Junaid Nawaz, Bilal H. Qureshi, Noor M. Khan, and M. Abdel-
Maguid, “Effect of Directional Antenna on the Spatial Characteristics of 3-D
Macrocell Environment”, in Proc. of IEEE, Int. Conf. on future comp. and

commun., vol. 1, May 2010, pp. 552-556.

[C02] Syed Junaid Nawaz, Bilal Hasan Qureshi, and Noor M. Khan, “Angle of
Arrival Statistics for 3-D Macrocell Environment using Directional Antenna at

BS”, in Proc. of IEEE, Int. Multitopic Conf., vol. 1, Dec. 2009, pp. 1-5.

[C03] Syed Junaid Nawaz, M. N. Patwary, Noor M. Khan, and Hongnian Yu, “3-
D Gaussian Scatter Density Propagation Model Employing a Directional Antenna
at BS,” in Proc. of IEEE, 5th Advanced Satellite Multimedia Systems Conf., vol.
1, Sep. 2010, pp. 395-400.

[C04] Saif-Ur-Rehman, Syed Junaid Nawaz, Mohammad N. Patwary, and M.
Abdul Muguid, “Impact of Terrain Variance and Velocity on the Handover Per-
formance of LTE Systems,” in Proc. of IEEE, Int. Conf. on Wireless Commun.

and Signal Processing, vol. 1, Nov. 2010, pp. 1-5.



1.5.3 Additional Contributions

[CO05] Syed Junaid Nawaz, Khawza I. Ahmed, Mohammad N. Patwary, and Noor
M. Khan, “Superimposed Training Based Compressed Sensing of Sparse Multipath

Channels”, to submit in IET Communications.

[C06] A. Kamar, Syed Junaid Nawaz, M. N. Patwary, and M. Abdel-Maguid, “Op-
timized Algorithm for Cellular Network Planning Based on Terrain and Demand
Analysis,” in Proc. of IEEE Int. Conf. on Comp. Technol. and Development,
vol. 1, Nov. 2010, pp.359-364.

[CO7] N. Satti, Syed Junaid Nawaz, M. N. Patwary, and M. Abdul Muguid, “Dy-
namic Subcarriers and Power Allocation Algorithm for OFDMA Cellular Sys-

Y

tems,” in Proc. of IEEE Int. Conf. on Comp. Technol. and Development, vol. 1,

Nov. 2010, pp.359-364.

1.6 Organization of Thesis
The rest of this thesis is organized as follows:

In Chapter 2, basics of multipath propagation phenomena, overview of land mobile
radio cellular environments, and an introduction of geometrically based channel
modeling is presented. Channel models are classified with respect to the targeted
scattering environments. A comprehensive survey of some notable channel models
found in the literature along with the statement of problems is presented, these

problems are addressed later in this thesis.

Chapter 3 presents a generalized 3-D scattering model for macro-cellular land
mobile radio cellular systems, in which MS is assumed to be located at the center
of a 3-D scattering semi-spheroid and a BS employing a directional antenna is
located outside of the semi-spheroid. The proposed model is derived for both

uniform and Gaussian scatter densities.



In Chapter 4, the effects of the directional antenna on the spatial and temporal
characteristics of the channel are thoroughly observed in proposed scattering en-
vironment. Closed-form expressions for joint and marginal PDFs of the AoA seen
at the MS and the BS in correspondence with azimuth and elevation angles are de-
rived. Further, closed-form expressions for propagation path delays and trivariate
joint PDF's of the Time-of-Arrival (ToA) seen at the MS and the BS in correspon-
dence with azimuth and elevation angles are also derived. Moreover, theoretical
results along with observations are shown, that illustrate the effects of the direc-
tional antenna on the spatio-temporal statistics of the channel in proposed 3-D
scattering environment. The proposed 3-D scattering model is shown to deduce
all previously proposed 2-D and 3-D models that assume a uniform distribution
of scatters with directional or omnidirectional antennas found in the literature for
a macro-cell environment. The obtained theoretical results are compared with
some notable 2-D and 3-D scattering models to validate the generalization of the

proposed model.

In Chapter 5, an analytical model is proposed for land mobile radio cellular sys-
tems with a directional antenna at BS to quantify the effects of directivity of the
radiated waves from antennas on the Doppler spectrum in 3-D radio propagation
environment. The impact of antenna beam-width and motion of MS is thoroughly
investigated on the statistical distribution of power Doppler spectrum. Closed-
form expressions for trivariate PDFs of propagation path distance, power, and
Doppler shift are derived. Furthermore, general expressions for joint and marginal
PDFs of elevation AoA, power, and Doppler shift are established. Finally, the
obtained theoretical results along with the observations are presented that illus-
trate the effects of directivity of the antenna beam-width and the direction of MS’s

motion on the distribution characteristics of power Doppler spectrum.

In Chapter 6, an analysis for the impact of various channel parameters on the
performance of handover in mobile radio cellular systems is presented. Using the

proposed analytical model, a mathematical relation for the handover margin with
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velocity of MS, direction of mobile motion, and propagation environment is derived
on the basis of path loss propagation model. Relationship for the ratio between
the radius of coverage area and the overlapped region between adjacent cells is
also derived, which guarantees to satisfy the required handover margin. Moreover,
the impact of velocity and direction of MS’s motion on the handover margin is
comprehensively analyzed. Finally, the impact of propagation environment on the
handover margin is also analyzed and a comprehensive analysis on the basis of

theoretical results is presented.

Finally, Chapter 7 provides a brief summary of the thesis, discusses the future
research work based on the proposed results in the thesis, and presents the con-

cluding remarks.
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Chapter 2

GEOMETRICALLY BASED CHANNEL
MODELS

This chapter discusses a detailed overview of the physical nature of wireless chan-
nels. In section 2.1, basics of multipath phenomena are presented. In section 2.2,
an overview of land mobile radio cellular channels along with a brief introduction
of different types of cellular environments is presented. Section 2.4 provides a de-
tailed overview of geometrically based channel models in literature and indicates

the problems which are addressed later in this thesis.

2.1 Basics of Multipath Propagation

In wireless communication systems, the signal emitted from the transmitter an-
tenna propagates through the radio environment and its multiple copies are re-
ceived at the receiver. This is due to various physical phenomena which occur dur-
ing the interaction of emitted signal with the propagation environment, namely:
reflection, refraction, diffraction, and scattering. Fig. 2.1 depicts a typical outdoor

multipath propagation environment.

2.1.1 Reflection

Reflection is a physical phenomenon of propagating waves, which means throwing
back of incident waves from the surface of an object. It occurs when a propagating
wave incidents on a surface with dimensions larger than the signal’s wavelength.
The signal reflects from a smooth surface with an angle equal to the angle of
its incidence [31]. Whereas, when the surface of object is not smooth, surface

scattering occurs [32], as shown in Fig. 2.1.
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2.1.2 Refraction

Refraction is a physical process which refers to the change in direction of propa-
gating wave caused due to the change in its propagating speed. It usually occurs
when a wave enters from a medium to another medium with different medium

density.

2.1.3 Diffraction

Diffraction is a physical phenomenon which refers to the bending of waves around
the stricken object. It occurs when propagating wave encounters edge of an ob-
stacle. In wireless communications, this phenomenon helps to make the coverage

available in the regions shadowed by big obstacles (buildings).

2.1.4 Scattering

Scattering is a physical phenomenon which refers to lossy and deviated reradiation
of incident wave in all directions from an obstacle with its facing dimension smaller
than the signal’s wavelength [33]. The energy of an incident wave is divided and

reradiated in directions away from the scattering object.
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Cellular En-

. Scattering objects | BS antenna height Cell radius
vironment

>> the height of average
rooftop level
both around BS | < the height of average | few dozen

Macro-cell only around MS kilometers

Micro-cell and MS rooftop level meters
a floor or
Pico-cell both  around B3 = the height of MS antenna | an  entire

and MS

building

TABLE 2.1: Land mobile radio cellular environments

2.2 Land Mobile Radio Cellular Environments

In order to increase the capacity of wireless communication systems, the available
frequency spectrum is spatially reused, which results in the division of geograph-
ical area into small independent cells. These cells are designed based upon the
propagation mechanism and density of users in the coverage area. Depending
upon the propagation mechanism, these cells are categorized into three groups,
viz: macro-, micro-, and pico-cellular land mobile radio systems. A brief summary

of these cellular environments is given in Table 2.1.

2.2.1 Macro-cell Environment

In a typical macro-cell environment, the distance between MS and BS is usually
very large, i.e., in the order of kilometers. The antenna height of BS is more than
the average rooftop level of surrounding environment, consequently, the surround-
ings of BS are free of scattering objects. Hence, the scattering objects are only
present around the MS, which causes to the arrival of multipath signals at MS and
BS. A typical macro-cell environment is shown in Fig. 2.2. The multipath signals
received at MS and BS arrive either from the local scattering objects around MS
or from the dominant distant scattering objects located far from both MS and BS.

The multipath components arriving from local scatters in the vicinity of MS are

14



highly influenced by the mobility of MS resulting in fast time variability of the

channel.

2.2.2 Micro-cell Environment

A typical micro-cell environment in depicted in Fig. 2.3. The antenna height of
BS is usually less than or equal to the average rooftop level of surrounding envi-
ronment. Therefore, the scattering objects around both MS and BS correspond
to the arrival of signals. However, the number of scattering objects around BS are
usually fewer than the scattering objects around MS. The radius of cell is usually

less than a kilometer.

2.2.3 Pico-cell Environment

The pico-cell environment is usually a floor of a building or an entire building.
The pico-cell environment is depicted in Fig. 2.4, where both BS and MS are
surrounded by scatterers. The distance between BS and MS is usually only a
few meters. The antenna heights of both MS and BS are relatively low and are
approximately equal, therefore, the scattering objects are present around both the

ends of a link.

2.3 General Channel Modeling Parameters

2.3.1 Shapes and Dimensions of Scattering Region

The following 2-D and 3-D shapes have been considered in the literature to model

the scattering region in different types of cellular environments:
2.3.1.1 Circular Scattering Region

In a typical macro-cell environment, where the BS side is scattering-free region,
the scattering region around the MS can be modeled as a 2-D circular region. As

it is two-dimensional (2-D) in nature, it assumes that the propagation take place
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only in a horizontal 2-D plane between transmitting and receiving antennas, thus,
reduces the complexity. Various models are available in the literature [13, 15,19,
20,24,26-29,34,35], which assume the 2-D circular scattering region with a certain
scatter density. A circular hollow disc is also considered to model the scattering

region around MS in [18].
2.3.1.2 Spherical Scattering Region

A number of authors [22,23,36-38] have used spherical region to model the scat-
tering objects around MS in a macro-cellular environment. Apart from the compu-
tational simplicity of 2-D model, 3-D models offer more realistic statistics. Spher-
ically shaped scattering region allows the propagation of waves in 3-D planes and

provides not only the azimuth but also the elevation plane spatial characteristics.
2.3.1.3 Cylindrical Scattering Region

Cylindrical shape has also been considered to model the scattering region around

the MS in [39,40].
2.3.1.4 Elliptical and Ellipsoidal Scattering Regions

Elliptical and Ellipsoidal regions are used to model the scattering objects in
micro- and pico-cell environments, where the scattering objects exists around
both the ends of a communication link. The BS and the MS are assumed to
be located at the foci points of ellipse/ellipsoidal. Spatial and temporal charac-
teristics of micro- and pico-cell environments have been derived by a number of
authors [13, 15,19, 25,41, 42] using the elliptical/ellipsoidal shape to model the
scattering region with uniform and/or Gaussian scatter densities. The elliptical
scattering region considers only the propagation to take place in 2-D plane, hence
such modeling of scattering region provide only the azimuthal plane character-
istics. Whereas, ellipsoidal scattering regions offer more realistic statistics as it

allows the propagation of waves in 3-D environment.
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2.3.2 Distribution of Scattering Objects

The following are the notable distribution functions, found in the literature, used

to model the distribution of scattering objects:
2.3.2.1 Uniform Scatter Density

Uniform distribution of scatterers offers simplicity in derivation of the spatial mod-
els, hence a number of authors have assumed uniform distribution of scatterers to
model the scattering region [13,22, 24, 26,42, 43]. Uniformly placed and spaced
scatterers are kept confined within a scattering region of certain shape and dimen-

sions.
2.3.2.2 Gaussian Scatter Density

Gaussian distribution is used to model the distribution of scatterers by a number of
authors [19,27,28,44,45]. In [19], Gaussian distribution is shown as more realistic
consideration to model the scattering objects compared to the uniform distribution
of scatterers. In Gaussian scatter density, high number of scatterers are assumed
in the regions closer to the MS and the number of scatterers reduce as we observe

the regions away from the MS.
2.3.2.3 Hyperbolic Scatter Density

The hyperbolic scatter density is also considered to model the scattering objects
located in the vicinity of MS by a number of authors [16,20,34,35,46]. The angular
statistics for hyperbolic scatter density found in [20,35] are also compared with

experimental data, which validated the choice of hyperbolic distribution.

2.4 Literature Review and Problems Statement

Directional antennas along with multiple antenna arrays have been in use in mod-
ern wireless communication systems since last decade to achieve better perfor-

mance in terms of beamforming and diversity gains. Spatio-temporal statistics of
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a wireless communication channel are required to produce the finer beams at BS
which leads to the reduction of interference caused by undesired multipath sig-
nals. Such statistics are also necessary for avoiding antenna correlations to design
diversity techniques with improved diversity gain in MIMO systems. To evaluate
the capabilities of beam oriented technologies, the angular and temporal repre-
sentation of the dispersion of multipath waves in 3-D propagation environment
is essentially required. Such representation can only be achieved with the use
of spatial channel models. Therefore, a number of different types of geometrical
models are proposed in the literature for the characterization of the spatial and
temporal domain of a radio channel [13-26]. A survey of some notable spatial

channel models found in the literature is given in Table 2.2.

A geometrically-based generalized model for spatial statistics of cellular channels is
presented in [13], where the uniform distribution is considered to model scattering
region. An Eccentric Scattering Model (ESM) is also proposed, along with a thor-
ough comparison with other previous 2-D models for pico-, micro-, and macro-cell
environments. The joint and marginal PDFs of AoA and ToA are derived for 2-D
elliptical and circular scattering models in [14] and [15], respectively. In [17], the
temporal statistics of cellular mobile channel are observed for pico-, micro-, and
macro-cell environments with a generic closed-form formula presented for PDF of
ToA, which can be used to deduct the previous 2-D models. The derived theoret-
ical results have been used to simulate the temporal dispersion of the multipath
signals in a variety of propagation conditions which can help in the design of ef-
ficient equalizers to combat Inter Symbol Interference (ISI) over fading channels.
The geometrical model proposed in [18] considers a hollow-disc centered at the MS
for uplink/downlink PDF of ToA/AoA. The results are shown for varying thick-
ness of hollow disc which lets the spatial density to degenerate to the well-known
uniform-circular or uniform-disc density. In [16], a 2-D Geometrically-Based Hy-

perbolic Distributed Scatterers (GBHDS) model is proposed to investigate the
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temporal and spatial behavior of macro-cell mobile environment. In [19], Gaus-
sian Scatter Density Model (GSDM) is proposed. Angular and temporal statistics
of the cellular mobile channels considering 2-D circular and elliptical scattering
regions with Gaussian distributed scatterers are derived. The obtained theoretical
results are verified with experimental measurements. However, under certain con-
ditions the 2-D GSDM is not suitable for micro- and pico-cell environments [13].
The geometrically-based model proposed in [20] considers hyperbolic distribution
to model the distribution of random scatterers between BS and MS. Expressions
for the hyperbolic AoA PDF, power azimuth spectrum, ToA PDF, and power de-
lay spectrum are derived. Furthermore, the theoretical results are compared with
a set of empirical data and with those obtained for GSDM. In [44], the PDFs of
ToA and Angle-of-Departure (AoD) of downlink are derived for GSDM. In the
literature [13,19,27,28,44,47], Gaussian distribution is proven as an effective con-
sideration to model the scattering region. Whereas, such study for the case of 3-D
propagation environments with Gaussian distributed scatterers is absent from the

literature.

In macro- and micro-cell environments, the signals reflected from rooftop and high
rise buildings raises the importance of the inclusion of elevation plane in a model.
Therefore, modeling the scatterers around MS in 3-D with elevated BS offers more
precise spatial and temporal statistics. In [21], power spectral density and PDF
of AoA for non zero elevation plane using a 3-D scattering model are derived and
the results are compared with field measurements. In [22], a 3-D geometric model
is proposed that considers the angular arrival of multipath waves in both azimuth
and elevation planes to derive the closed-form expressions for the PDF of AoA seen
at MS and BS and the results are further used to find first and second order angular
statistics. In [23], uplink/downlink trivariate distributions of ToA and AoA have
been found using a 3-D hemispheroid scattering model similar to that of [22].
However, this model is not suitable to be considered for macro-cell environment,

as BS and MS are assumed to be resided at the same height and the scatterers
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around MS are assumed to be confined in a spherical region with the same radius
in both azimuth and elevation planes. 3-D macro-cell environment can be modeled
more appropriately by taking an elevated BS and a scattering semi-spheroid with
different lengths of major and minor axes (major axis along horizontal plane and
minor axis along elevation plane). A 3-D macro-cell scattering model is presented
in [24] and spatial domain parameters of uplink radio channel at BS are derived,
where, the obtained theoretical results are also compared with measured data.
This model assumes an elevated BS but the scattering objects are kept confined
in a 2-D non-elevated circular disk. However, a macro-cell environment can be
modeled more precisely by using 3-D distributed scatterers around a MS for spatio-
temporal characteristics [22]. Another 3-D ellipsoid model is proposed in [25]
to demonstrate the joint distribution of angle and time of arrivals assuming the
scatterers are distributed both around the MS and the BS. The model can be
applicable to micro- and pico-cell environments. Nevertheless, there is a need of a
generalized 3-D geometrical scattering model that can deduce to a 3-D or a 2-D
scattering model with an appropriate choice of a few parameters. Therefore, the
first part of this research aims to develop a geometrically based generalized 3-D
scattering model, which can be deduced to other 2-D and 3-D scattering models

found in the literature with an appropriate choice of a few parameters.

A 2-D Geometrically Based Single Bounce Macro-cell model (GBSBM) with di-
rectional antenna at BS is presented in [26] which provides the power distribution
of multipath components along with PDF of angle and ToA. It has been shown
in [26] that the level crossing rate of the fading envelope decreases and the enve-
lope correlation increases significantly if a directional antenna is employed at BS. A
similar kind of work is done in [27] and [28] by using directional antenna at BS for
Gaussian scatter density around MS where PDFs of AoA are found. In [29], direc-
tional antennas are applied at both ends of a communication link and the spatial

characteristics are thoroughly observed. In this regard, the impact of directional
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antennas on the performance of a land mobile radio communication link has prop-
erly been investigated and analyzed for the case of uniform and Gaussian scatter
density in 2-D scattering environments [26-28,47,48]. However, such study and
analysis is absent from the literature for the case of 3-D scattering environments.
As 3-D scattering models are more realistic and accurate to model the behavior
of multipaths in spatial and temporal domains; hence the effects of directional
antennas should also be intensively analyzed, so that more reliable wireless links
can be designed for the future high-rate communications in time-varying mobility
environments. Therefore, it is considered to be within the first part of this research
to analyze the effects of directional antenna at BS on the angular and temporal

statistics of land mobile radio cellular systems.

The second and third parts of the research aims at characterizing the impact of
mobility on the performance of cellular communication links. Mobility usually im-
poses two impacts, viz: the introduction of time-variability in radio fading channel
and performance degradation of the handover procedure, in cellular mobile com-
munication systems. The second part of this thesis aims to characterize the 3-D
propagation channel for Doppler shift spectrum. The study in [42] proposes the
relationship between Doppler spectrum and the distribution of power over angular
arrivals of multipath waves in 2-D space. A uniform scatter density for ellipti-
cal channel model is considered and general expressions for the distributions of
Doppler, power, and AoA are derived, taking the distance-dependent path-loss
into consideration. A similar approach is used in [35] for hyperbolic scatter den-
sity and general expressions for the PDF's of Doppler, power, and the AoA at MS
are derived. Moreover in the literature [26,30, 34, 35,42,47,50], a comprehensive
analysis on the relationship between the PDF's of azimuth AoA and Doppler spec-
trum for directional and omni-directional antennas have been presented. A brief
summary of the channel models found in the literature which provide an analysis

of Doppler spectrum is presented in Table 2.3.
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Scattering Targeted En- Distribution Modeling of Scatter- | Elevated | Directional
. of Scatter- | . .
Models. vironment. ors ing Region. BS antenna.
Ertel et al., ilici_i nd | Uniform 2—D, Circular and N N
(1999), [15]. cro—, a © Elliptical © ©
macro-cell
Jaafar et al., ilici_i nd | Uniform 2—D, Hallow disk N N
(2008), [18]. cro—, a © and Elliptical © ©
macro-cell
Liberti et al., | Pico— and . o
(1996), [14]. micro-cell Uniform 2—D, Elliptical No No
Piechocki 2—D, Elliptical
et al., | Macro-cell Uniform (with  controllable | No No
(1998), [49]. eccentricity),
Mahmoud
et al., | Macro-cell Hyperbolic 221;)21’1 d NFSD bounded No No
(2008), [16].
Khoa et al., . 2—D,  unbounded
(2009), [20]. Macro-cell Hyperbolic arornd MS No No
Kong et al., . .
(2009), [44]. Macro-cell Gaussian 2-D, Circular No No
Pico—, .
Janaswamy, Micro—, and | Gaussian 2._].3’ Circular, El- No No
(2002), [19]. liptical
macro-cell
Khan et al., Pl.coi’ Uniform / 27.D’ Elliptical
micro—, and . (with  controllable | No No
(2008), [13]. Gaussian -
macro-cell eccentricity)
Pico—,
Lotter et al, micro—, and | Gaussian 2—D, Circular No at BS
(1999), [27]. macro-cell
Lopez et al., . .
(2005), [28]. Macro—cell Gaussian 2—D, Circular No at BS
Petrus et al., . .
(2002), [26]. Macro—cell Uniform 2—D, Circular No at BS
Bilal et al.,, | Micro— and . . at MS and
(2009), [29]. Macro—cell Uniform 2-D, Circular No BS
Baltzis et al., . . .
(2009), [24]. Macro—cell Uniform 2—D, Circular Disk | Yes No
Alsehaili et al., . . ..
(2006), [25]. Pico—cell Uniform 3—D, Ellipsoidal No No
3-D, Hemi-
Olenko et al., . . spheroid (same
(2006), [23]. Not specified | Uniform ofer el oo No No
radii)
Janaswam 3—D, Semi-spheroid
ok Macro—cell Uniform (different major and | Yes No
(2002), [22]. . ..
minor radii)
TABLE 2.2: Survey of notable spatial channel models found in the literature.
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It is observed that in the case of an omni-directional antenna at the BS, the an-
gular distribution of multipath components arrived at MS in the azimuth plane is
uniform [22,28,48,51] (i.e., 1/2m, from —7 to m) with a U-shaped Doppler spec-
trum [26, 30,47, 50], no matter what scatter density (uniform or Gaussian) and
dimension of the environment (2-D or 3-D) are assumed. However, the distribu-
tion of the azimuth AoA, observed at MS gets non-uniformly distributed, when a
directional antenna with narrow beam towards the desired user is used at BS. Con-
sequently, the shift in Doppler spectrum decreases [26,28]. In [26], a geometrically
based 2-D propagation model for macro-cell environment is presented and the AoA
statistics of the multipath components along with Doppler spectrum are proposed.
It is observed that, as the beam-width of directional antenna reduces, the PDF of
the azimuth AoA deforms from the uniform distribution. As a result, there is re-
duction in the Doppler spread, which further leads to the slow variations in fading
envelopes. In [47], Gaussian distribution is used to model the scatterers in 2-D
space around MS and general expressions for the distribution of AoA and Doppler
spectrum are derived. It is shown in [47] that the distribution of Doppler spectrum
has significant dependence on the beam pattern of antennas. The Doppler power
spectrum for wireless mobile channels is derived in [30], while considering the di-
rectional antennas at both ends of the communication link with 2-D uniform and
Gaussian scatter densities. Recently, in [52], the distribution of Doppler spectrum
for 3-D scattering environments is presented, where the general expressions for
the relationship between PDF of elevation AoA and the distribution of Doppler
spectrum are presented. The analysis in [52] is conducted on the basis of angular
statistics provided by the propagation models in [22] and [51], which consider the
omni-directional antenna at BS. However, the impact of directional antenna on the
characteristics of Doppler shift distributions in 3-D propagation environments is
not discussed in the literature so far. Therefore, an analytical model encompassing
the effects of directional antennas on the characteristics of Doppler power spec-
trum for 3-D mobile radio propagation channel is required for on going research in

MIMO communication in dynamic downtown urban environment.
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Scattering Targeted En- 315‘5&]{;15;2? Modeling of Scatter- | Elevated | Directional
Models. vironment. ors ing Region. BS. antenna.
Lotter et al Pico—, 2—D, Circular, cen-
(1999), [27]. micro—, and | Gaussian tored at MS No at BS
macro-cell
Lopez et al., . 2—D, Circular, cen-
(2005), [28]. Macro—cell Gaussian tored at MS No at BS
Castrellon .
et al., | Macro-cell Gaussian g_D’d Ctlrﬁlslar, e | No at BS
(2007), [47]. cred
Igbal et al., Macro-cell Uniform / | 2-D, Circular, cen- No at MS and
(2009), [30]. Gaussian tered at MS BS
Petrus et al., . 2—D, Circular, cen-
(2002), [26]. Macro—cell Uniform tered at MS No at BS
2—-D, Elliptical,

](Elr;gé) ?12] al. Micro—cell Uniform BS and MS at foci | No No

’ ’ points
Shouxing Qu
et al., (1999), | Macro-cell Uniform 3-D No No
[21].

. 3—D / 2-D, semi-
(S;S(;)};lnfw]@u’ Macro-cell Uniform spheroid, centered | Yes No

’ ' at MS

TABLE 2.3: Literature survey of land mobile radio cellular systems for Doppler
spectrum.

To fulfill the increasing demands of capacity in future land mobile radio cellular
networks, the spatial reuse of the available frequencies along with MIMO tech-
nologies are suggested to be the promising candidates. Despite the fact of higher
deployment cost increasing the spatial reuse factor of the available frequency spec-
trum will probably force to shrink the coverage area of each radio cell. This further
leads to the need of optimized overlapped region of adjacent cells. Moreover, in
pico-cellular environment, attenuation may also restrict the cell size to only a few
meters [53]. In pico- and micro-cellular environments, user may move with slow
(pedestrian) and fast (vehicle) speeds respectively. In next generation networks,
the handover of communication sessions among different types of cellular tech-
nologies should be transparent, smooth, and uninterrupted. Therefore, a number
of researchers [54-62] have proposed various handover algorithms and presented

the analysis for the effects of different propagation parameters on the performance
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of handover procedures. In [63], analysis for the influence of MS’s velocity on
the handover delay is presented and path-loss model is used to model both com-
munication channels (i.e., MS to serving and target BSs). The analysis is based
on the assumption that MS moves straight towards the target BS, which is not
a realistic consideration. However, there is no study available in the literature
which provides such analysis for the impact of propagation environments on the
performance parameters of handover. Therefore, there is a scope to conduct such
geometrically-based analysis that includes the impact of propagation environment
on the handover procedure, so that uninterrupted communication links can be main-
tained with minimum handover delay. Thus, the third and last part of this research
aims to provide a geometrically based analysis of the impact of the propagation en-
vironment, velocity of MS, and direction of MS’s motion on the performance of

handover procedure.
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Chapter 3

GENERALIZED 3-D SCATTERING MODEL

In this chapter, a generalized 3-D scattering model for macro-cell environment is
presented, which assumes uniform and Gaussian distribution of scattering objects
confined in a semi-spheroid around MS and employees a directional antenna at an
elevated BS. Section 3.1 describes the channel modeling assumptions. In Section
3.2, the proposed 3-D scattering model is presented, which will be used through-
out this thesis. Section 3.3 describes the proposed generalized channel model for
uniform and Gaussian scatter densities. Finally, summary and observations are

presented in Section 3.4

3.1 Common Channel Modeling Assumptions

Derivations of channel model in this thesis is based on the assumptions which are
commonly used in the literature [13,19,22-24,26,28,30,34,35,42,48,52,64]; these

assumptions are listed as under:

i. Multipath signals received at MS from an elevated BS are assumed to arrive

from both horizontal and vertical planes with an equal strength.

ii. The scattering objects around MS are assumed to be uniformly distributed

within a 3-D semi-spheroid centered at MS.

iii. The propagation between MS and BS antennas is assumed to take place via

single scattering object (which is an isotropic obstacle).

iv. Each scatterer is assumed to be an omnidirectional lossless reradiating ele-
ment, which reflects some part of the incident wave directly towards the MS

without any influence from the other scattering objects.

v. All scattering objects are assigned equal scattering coefficients with uniform

random phases.
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1 Region
b

F1GURE 3.1: Proposed 3-D scattering model for macro-cell environment.

3.2 Proposed 3-D Generalized Scattering Model

In this section, we describe the proposed 3-D scattering model for macro-cell en-
vironment which assumes uniform distribution of scattering objects around MS
that are confined in a semi-spheroid and the BS is equipped with a directional
antenna. The proposed 3-D scattering model is depicted in Fig. 3.1, where the
major and minor dimensions of the scattering semi-spheroid are taken a and b
respectively and the BS is employed with a directional antenna of beam-width «
and height h;. The angles made in azimuth and elevation planes with direction
of signal arrivals at BS are symbolized by ¢, & 5, and at MS are symbolized by
Om & B, respectively. The horizontal distance from BS to MS is d, line-of-sight
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[Mluminated Region (/region) consists of R;, R> and R3

Eliminated Region (ERregion) consists of R4 and Rs

FIGURE 3.2: Geometrical Composition of the eliminated and illuminated scat-
tering regions.

(LoS) distance from BS to MS is I1.s, and the distance of scattering objects from

MS and BS is 7, and r, respectively.

The following are the relations for transformations among different coordinates,

X = T COS By COS Py Eq (5.1)

Vi = T COS By SIN @y Eq (3.2)

Zm = T SID B, Eq (3.3)

Xp = Xm +d X}, = T COS [3p COS ¢y Eq (3.4)
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Yb = Ym Yb = Tp €08 3, sin ¢y Eq (3.5)

Zb:Zm—{—ht, Zb:TbSian E(] (36)

We mainly exploit reflection, refraction, and scattering phenomena over the mi-
crowave frequency band for 2G, 3G, and 4G land mobile radio networks, from
0.9 — 10 GHz, i.e., 33cm to 3cm wavelength. At this range of wavelength, the ra-
dio waves do not have any significant variation in their propagation characteristics
except attenuations that increases gradually, and almost all the scattering struc-
tures in the propagation environment appear to be big opaque or quasi-opaque

ellipsoids, which reflect, refract, and scatter the incident radio waves [13].

The elevated BS, equipped with a flat-top directional antenna with unity gain
(which is a common assumption used in the literature [26-28,30,48]), is mounted
at height h;. The directional antenna at BS is assumed as capable of comput-
ing the precise azimuth angle of MS’s location and steer the antenna pattern in
the direction of MS with optimum Signal-to-Noise Ratio (SNR), which can be ac-
complished with a linear antenna array by adaptively applying the phase weights
across the elements of array [65,66]. The beam-width of antenna at BS is con-
trollable in horizontal plane, with its angular beam-width of 2a. Whereas, for a
certain horizontal beam-width «, the vertical beam-width is fixed to illuminate all

the scattering region in vertical plane.

In Fig. 3.1, apax is the maximum beam-width of directional antenna which illu-

minates the whole scattering semi-spheroid and can be expressed as

Olmax = arcsin (%) Eq (3.7)
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The directional antenna at BS results in clipping of scattering region and the
illuminated scattering region seen in its beam is shown by Iregion. Furthermore
the scattering semi-spheroid is composed of sub-regions i.e., Ry, Ry, R3, R4 and
R5, as shown in Fig. 3.2. The beam of directional antenna illuminates only the
scatterers present in region R, Ry and Rj3 (i.e. Ipegion) and does not illuminate

the eliminated scattering region that consists of Ry and Rj, (i.e. ERegion)-

The portions Ry, Ry and R3 of the illuminated region can further be grouped into
two partitions, i.e., Ry alone and the union of R; and R3. The angles ¢, and ¢9
shown in Fig. 3.2 and 3.3 are calculated to separate among the above-mentioned
two partitions for zero elevation plane. Therefore, the angles ¢; and ¢, can be

expressed as,

¢1 = ¢t1 ) ¢2 = ¢t2
B

m=0° ﬁm:OO

which can be obtained as,

# =cos ! (gl sin® o + (cosa a? — (dsin a)2)> Eq (3.8)

2 “ “

The threshold angles ¢;; and ¢ are derived to separate among the said two
partitions for a certain elevation angle 3,,. These threshold angles are found to be
the functions of elevation angle 3,, and the beam-width o which can be expressed

as,
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FiGure 3.3: Threshold angles in azimuth plane

Pn =

¢t2 =

( dsi 2
arccos [ —— 4 20 \/(CL cos )2 — (dsina)?
acos B,  acos Py, Eq (3.9)
i 0< 6, < arccos (d%%)
| (7/2) — ; arccos (£22) < 3, < 7/2
( L2
arccos < dsia _cosa \/(a oS fBn)? — (dsin oz)z)
acos B,  acos By, Eq (3.10)

;0 < B, < arccos (dsi%)

| (7/2) -« ; arccos (129) < 3, < 7/2

The angles ¢;1 and ¢ for elevation angle 3, are plotted in Fig. 3.4 (a). The angle

[ shown

in Fig. 3.3, separates among the said two partitions in elevation plane.
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FIGURE 3.4: Threshold angles. (a) Threshold angles ¢;; and ¢ with respect
to Bm, (b) The threshold angle 5, with respect to ¢p,, (hy = 100m, d = 800m,
a = 100m, b = 50m and o = 2°)

This angle is found to be the function of azimuth angle ¢,, and the beam-width

Q.

The angle ; can be expressed in its simplified form as,

( 1 adcsc (o + ¢p,) sin o
co
by/a? — d2 csc? (a + éy,) sin® a

B = Eq (3.11)

; §b1 S |¢m| S ¢2

0 ;  otherwise

The threshold angle 5, w.r.t. azimuth angle ¢, is plotted in Fig. 3.4 (b).

The

limits for illuminated region (R;, Ry and Rj3) are defined in correspondence with

azimuth and elevation angles. As discussed earlier, the R; and R3 are grouped in

partition P; as

P — Ri&R; — or Eq (5.12)

¢tl S ‘¢m‘ S ¢t2

Furthermore, the limits for partition P, are
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FIGURE 3.5: Radius 7y, max as joint function of ¢y, and Sy, (ht = 100m, d =
800m, a = 100m, b = 50m and o« = 2°)

Bt<ﬁmgz \
2
or
Py= By =9 —dn < ¢ < dn Eq (3.13)
or

G2 < Oy < —p2

/

The distance of MS from the scattering objects at the boundary of scattering
region is 7, max, Which is found as function of angles seen at MS (i.e. ¢, and 3,,),

is written below for both the partitions of Iregion, as

desc(a+ ¢p)sec B sina 5 Py
Tm,nlax(¢m7 Bma a) - \/ a2b? Eq (314)

. 2 ?
b2 cos? f3,, + a?sin” B,

The distance of the scattering object from the MS and the BS is 7, and 1y,
respectively. Hence, the propagation path’s length that the radio signal has to

travel in both uplink and downlink can be expressed as,
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l=ry,+1rn, Eq (3.15)

The distance 7, can be written in simplified form as,

ry = \/T‘?n + 12 g — 2rm(dcos By, cos ¢y, + hysin By,) Eq (5.16)

where, l10s is the length of LoS multipath component (i.e., shortest propagation
path between MS and BS), which is different from the horizontal LoS distance d
between MS and BS.

lLos = \/d? + h2 Eq (5.17)

The longest propagation path between MS and BS is, I = a + /A7 + (d + a)2.
By substituting Eq (3.16) in Eq (3.15), the simplified solution for r,, can be writ-

ten as,

— l2 — ZI%OS
"™ 2(1 — d cos B, €OS Gy — hysin By,

Eq (3.18)

The following limits are very essential in the proposed 3-D model, as they govern

the basic simplification operations.

0<om<2m, 00, <

AV

, 0

IN

&

IN
NS

0 < |¢pu| < arccos (%) , arccos (%) < op| <7

The proposed 3-D scattering environment containing MS, BS and scatterers is
shown in Fig. 3.6. Top view of the same environment is reproduced in Fig. 3.7 to
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FIGURE 3.6: Geometrical composition of illuminated planes of scatterers for
different elevation angles (.

elaborate the geometry of the scattering regions. The distance p, is the projection
of r, on azimuth plane which can be defined as, p, = r,cos 3,. For a particular
direction defined by ¢, and [, the distance from the BS to the intersection points
of semi-spheroid are taken as ry; and . The plane developed by the longitudinal
crossection of conical beam for different values of 3, is varied. If the varying
geometry containing the illuminated plane of scatterers is analyzed, we see that
before it touches the ground, the geometry forms spherical segments of varying
dimensions (see Fig. 3.6). If the process of varying [, is continued after the

illuminated scattering plane touches the ground, the shape of the plane become

some area bounded by the arcs NQN', NO, OO’ and O'N’, as shown in Fig. 3.7.

Arc OO’ increases from its initial value of zero, to its maximum at the far edge of
the scattering semi-spheroid and then reduces gradually to zero at point Q). ¢, is
the half of the angle subtended by the arc OO’, which can be written in simplified

form [22] as
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Fi1GURE 3.7: Top view of the proposed scattering environment.
h? + (d* — a®) tan? 3,
.= FEq (8.19
¢, = arccos ( 2dh, tan B, q ( )

The angle ¢, takes values from zero to ¢, where ¢y is the maximum azimuth

angle for some particular elevation angle 3, [22] as

a? 1 a2 a?
Pmax = arccos _%ht tan (3, + p (d2 —a?+ ﬁhf) (1 o tan? 5b>
Eq (3.20)

The distances p,; and pyo are the projections of r,; and ry on the azimuth plane
respectively. The distance py; follows the arc NQN’ in Fig. 3.7. The distance
oy follows three different arcs NO, OO’, and O’ N’ depending upon two different
limits of ¢,. The distances p;; and pyy can be written in closed-form as in Fq (3.21)

and Fq (3.22), respectively.
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Pl =

1

m (a2ht tan ﬁb + b2d COS (bb
b

—by/(a? — d2)(b% + a2 tan? ;) + a2(2dh; cos ¢y tan B, — h?) + b2d? cos? ¢b>

Eq (3.21)

Pr2 =

r 1

m (CLth tan ﬁb + de COS be
b

+by/(a% — d2)(b% + a2 tan? 3;) + a2(2dh; cos ¢y tan B, — h?) + b2d? cos? gbb)

) ¢C S ¢b S ¢max

hy
tan G, ;o 0< ¢p <. or [ > arctan (ﬂ)

Eq (5.22)

If the azimuth angle ¢, is taken equal to ¢..., the distances py; and pp become
equal. The side views of the proposed 3-D scattering model is shown in Fig. 3.8.
The angles [,in and Bax define the limits for the arrival of multipaths in elevation

plane, which can be expressed as

Eq (3.23)

G aretan (htd — /h2a? ¥ 02 — a2)>

d2 — a2

ht
max l
ﬁ arc t an (

—a

) Eq (3.24)
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F1GURE 3.8: Side view of the proposed 3-D scattering model for ¢, = constant
and varying elevation angle 5.

The angle (y, is the function of azimuthal beam-width «, which operates as a
threshold angle to exert the effects of directional antenna on the geometry ex-

plained in Fig. 3.7 and Fig. 3.8, By, can be expressed in simplified form as

v
V2 a(a? — d?)

/(PR + (17 — 02))(2a% — & + & cos(2ar)) ))

Biim = arctan < (—a\/§ dh; cos

Eq (3.25)

The elevation angle for LoS path is denoted by fros and can be expressed as,

BLos = arctan (%) Eq (3.26)

The angle 3; corresponds to the elevation angle for the longest propagation path

from BS to MS, and can be shown as
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h
py = arctan <d+ta) Eq (3.27)

The angles (35, (3, and 34 are seen when ¢y is set as « as shown in Fig. 3.8. These
angles represent the rotated beam in azimuth plane to touch the boundary of the

illuminated scattering region clipped by «, and can be expressed as,

[y = arctan (d u ) Eq (3.28)

COS &

h
f3 = arctan ‘ Eq (3.29)
dcosa — a2 — d?sin’® «

h
B4 = arctan ‘ Eq (3.30)
dcosa + v/ a2 — d?sin® a

The maximum angle seen in azimuth plane for a fixed elevation angle, 5,, when «

clips the boundary of illuminated scattering region, is other than ¢.,.,, shown by

¢r, as

¢max ; Bmin S ﬁb < Blim
oL = Eq (5.31)
a Blim S Bb S /Bmax

3.3 Distribution of Scatterers

3.3.1 Uniform Scatter Density

The volume of Igegion is V' which can be expressed as

V= ‘/semifspheroid -2 Eq (3 32)
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Where, Vipheroid= 4ma®b/3 is the volume of full spheroid and 2V} is the volume of

ERegion- The volume V' can be expressed as function of the beam-width, «, as

_ 2mbdsina (a* 4+ dsina(a — dsin )

= Eq (3.
V a q (3.33)

If we substitute o = aax in Eg (3.33), the volume V' of Igegion is found to be V' =
2ma*b/3, which is the volume of the whole semi-spheroid (i.e. Vipheroid/2). When
scatterers are uniformly distributed in illuminated region (/gegion) With volume V/,

then the SDF can be written as

1
V ; (Xma Ym;, Zm) S ]Region

fU <Xm7an;Zm> = Eq (334)
0 ; otherwise

3.3.2 Gaussian Scatter Density

The proposed 3-D propagation model is shown in Fig. 3.9. The deviation of
Gaussian distributed scattering region around MS in horizontal and vertical planes
is symbolized by o, and o3, respectively. Hence the deviation can independently
be controlled in horizontal and vertical planes. The deviation of scatterers at every

independent elevation angle can be expressed as,

N 0a0%
0 (Pm, Bm) = \/ 7o o 1 025 B Eq (3.35)
As in Gaussian distribution, the region from —4c to +40 encloses the 99.99%
of energy. Therefore, the virtual boundary of scattering region is shown at 4o
distance from MS. The azimuthal beam-width of directional antenna at BS is
shown by a. Whereas, the maximum beam-width of directional antenna to illu-

minate the 99.99% of scattering region should be at least ay,. = arcsin(4o,/d).
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FIGURE 3.9: Proposed 3-D model with Gaussian distributed scatters around
MS.

Therefore, any beam-width less than ., results in clipping of scattering region,
which further corresponds to the reduced number of multipath signals arrivals.
Hence, the number of Gaussian distributed scatterers corresponding to the arrival

of multipath signals can be found as function of beam-width «a, as
4 d2 102
E(a)= - moy (exp (—M> (d2 — 32072

2
Oq

dsin «
—d? cos(2a) )erfe + 3202
( )> < oaV/2 ) Ua)

Eq (3.56)

where, erfc(.) is the standard complementary error function. By substituting
Q= Qax in Eq (8.56), the equation reduces to F = 1287020, /3, which is the vol-

ume of scattering region with virtual semi-spheroid shaped boundary at 40. The
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FIGURE 3.10: Proposed 3-D model with Gaussian scatter density.

illuminated scattering region seen in the beam of directional antenna is further
divided into two partitions i.e. P; and Ps, as shown in Fig. 3.10. To differentiate
among these two partitions in azimuth plane, the top view of the proposed model
is shown in Fig. 3.11. The azimuth threshold angles ¢;; and ¢y shown in Fig.
3.11 are given in Fq (3.9) and Eq (3.10), which can be obtained for the case of
Gaussian scatter density by substituting a = 40, and b = 4o, in Eq (3.9) and
Eq (5.10).

Similarly, to separate among the said two partitions (i.e. P; and P,) in elevation
plane, the angle /3; given in Eq (3.11) can be used for the case of Gaussian scatter

density by substituting a = 40, and b = 40y,.
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Bu>00"

FiGurE 3.11: Top view of proposed 3-D model demonstrating the azimuth
threshold angles ¢;; and ¢4

In the case of Gaussian scatter density, the majority of scattering objects are
concentrated in the regions near around the MS. The density of scatterers decreases
with the increase in distance from MS by following the Gaussian density function.

Hence, the scatter density function (SDF) can be expressed as,

1

E ; (Xma Ym, Zm) € IRegion
0

fG(XHUynl)ZIH) - Eq (337)

: otherwise

where, F' is the number of Gaussian distributed scatterers illuminated in the beam

of directional antenna at BS.

The distance of MS from the boundary of scattering region is 7., max. The number
of scattering objects (effective strength) at a particular direction can be found

using Gaussian distribution, as

Tm,max 1 2
Nm,max(qsm?ﬁm) - 80/ exp (_I_) dz Eq (338)
0

o\ 2T 202
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The above equation for both the partitions of illuminated scattering region can be

expressed in closed-form as,

1o erf (dcsc (a+¢m)sma) . p,

20 cos By,

Nm,max((bmu Bm) - Eq (339)
40 ; Po

where, — < ¢, < m, 0 < 5, <7/2, and erf(.) is the standard error function.

The Gaussian scatterer density function can be found as,

f Vs - = exp - _ Ym _ Zm_ Ea (3.10
& (Xm, Y Zm) 2 2)3/2 € p( ) q(5.40)

where, Xy, Y, and z,, are given in Eq (A.2), Eq (A.3), and Eq (A.4), respectively.

3.4 Summary

In this chapter, a 3-D scattering model has been proposed, which assumes a di-
rectional antenna with controllable azimuthal beam-width employed at an ele-
vated BS. The scattering objects have been assumed to be confined within a semi-
spheroid shaped region with its base centered at MS. The radius of semi-spheroid
region is independently controllable along with its major and minor axes. Both
uniform and Gaussian distribution functions have been considered to model the

scattering objects.

The directional antenna at BS results in the clipping of scattering region and only
the illuminated scattering objects correspond to the arrival of waves at receiver.
The effects of directional antenna at BS on the geometry of scattering region
has thoroughly been investigated and various threshold angular parameters have
been established to separate among the partitions of illuminated and eliminated

scattering regions.
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Chapter 4

SPATIO-TEMPORAL STATISTICS OF RADIO
COMMUNICATION LINKS

In this Chapter, spatial and temporal statistics of the radio link for the proposed
3-D propagation model are derived. The effects of directional antenna are thor-
oughly observed on spatial and temporal characteristics of the proposed model.
Closed-form expressions for joint and marginal PDFs of AoA seen at MS and BS
in correspondence with azimuth and elevation angles are derived. Furthermore,
closed-form expressions for propagation path delays and trivariate joint PDFs of
ToA seen at MS and BS in correspondence with azimuth and elevation angles
are derived. Moreover, theoretical results along with observations are shown that
illustrate the effects of directional antenna on the spatio-temporal statistics of the
proposed 3-D model. All the characteristics of the communication channel are de-
rived for both ends of the radio link (i.e. observed at MS and BS). Spatio-temporal
statistics of the channel are derived for both uniform and Gaussian scatter densities

in Section 4.1 and Section 4.2, respectively.

4.1 Channel Characteristics For Uniform Scat-

ter Density

4.1.1 Spatial Characteristics of Radio Channel

In this section, we derive the joint and marginal PDFs of AoA seen at MS and BS

in Section 4.1.1.1 and Section 4.1.1.2 respectively.
4.1.1.1 PDF of AoA at MS

The Joint density function as a function of angles seen at MS and radius 7, can

be found as,
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_ fU (vaymvzm)
| J (Xm, Ym, Zm) | X = Ty COS By, COS Oy

p (rm7 ¢m7 5777/)

Eq (4.1)

VYm = T'm COS By, SIN @,y

Zm = T oSin S,

The Jacobian transformation J(Xu, Vm,%nm) given in Eq (4.1) can be expressed

(refer to Section A.1) as

~1
COS By, COS Opy  —Tpy, COS By SIN @y, — T, SIN By, COS Py

J (Xm, Yms Zm) = | €OS B SIN Gy T COS By COS Gy — T SIL By SINL
sin f3,, 0 T COS B
Eq (4.2)
I )= Eq (4.5)
Xm7 m» Zm = 5 5 .
Y r2 cos B 1

Substituting Fq (A.10) and Eq (5.34) in Eq (4.1), the joint density function can

be rewritten as

r2 cos B,

p<rm;¢m;ﬂm) = vV Eq (44)

The closed-form expression for the joint PDF of AoA for azimuth and elevation

angles is then found by integrating Eq (4.4) over r,, for appropriate limits

1 [Tmomax
p(¢m75’m> = V/O T‘?n COs 6m drm EC] (45)
r3 cos P |
ms Pm) = = E 6
P (60 ) = 250 0 (46)
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ﬂm [degrees] ¢m [degrees]

FIGURE 4.1: Joint PDF of AoA observed at MS, (h; = 100m, d = 800m, a =
100m, b = 50m and o = 2°)

The simplified solution can be expressed as,

[ ad® csc? (a + ¢y,) sec? B, sin® a

27b (a? + dsina (a — dsin @)
P (Pms Bm) = 22 >3/2 Eq (4.7)

@ COS (3, CSC «v <

; Py

b2 cos2 Bm~+a? sin? Bm

[ 27bd (a® 4+ dsina (a — dsina))

0 Py

The joint PDF of AoA for both azimuth and elevation planes is plotted in Fig.
4.1. Furthermore, representation of the same joint PDF are shown in Fig. 4.2 and
Fig. 4.3, where, only the azimuth and elevation planes are shown respectively, for
particular elevation and azimuth angles. When beam-width of directional antenna
at BS is set a > ap.y, the angle §; become zero for the entire azimuth plane;
therefore the whole scattering semi-spheroid get illuminated and the PDF of AoA
with azimuth angles is seen uniformly distributed which becomes the case of 3-D
model by Janaswamy in [22]. In Fig. 4.2, the PDF of AoA in azimuth plane gets
uniformly distributed for 3,, > B;, where the PDFs are left non-normalized to

elaborate the effects of directional antenna. Moreover, when [, in the elevation
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FIGURE 4.2: PDF of AoA in azimuth plane for different elevation angles, (hy
= 100m, d = 800m, a = 100m, b = 50m and o = 2°)

0.035 i
— NO
— ¢,=0
0.03 o
................. 4, =16
= 0 ]
0.025+ ¢m 22
" - i
QS 0.02- n -
<F
N— L |
= 0015
0.0]f=====" - -
0.005 4
\N\\\
0 i i i i i i i i,
0 10 20 30 40 50 60 70 80 90

ﬂm [degrees]

FIGURE 4.3: PDF of AoA in elevation plane for different azimuth angles, (hs
= 100m, d = 800m, a = 100m, b = 50m and o = 2°)

plane is substituted as zero, the PDF of AoA in azimuth plane is seen similar to
that proposed by Petrus et al. in [26], shown in Fig. 4.2. The marginal PDF of
azimuth AoA is found by integrating Eq (4.7) over (3, with appropriate limits,

which is expressed as
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FIGURE 4.4: Marginal PDF of AoA in azimuth plane, (h; = 100m, d = 800m,
a = 100m, b = 50m and o = 2°)

max

~
oo
~-
~~o
—_——

~—
-
e~ ——

1
0 10 20 30 40 50 60 70 80 90
,Bm [degrees]

FIGURE 4.5: Marginal PDF of AoA in elevation plane for proposed model, (h;
= 100m, d = 800m, a = 100m and b = 50m)

w/2
Pld/Bm +/ p(qu;ﬁm) Pzdﬂm E'q (48)

t

Bt
P () = / D (6 o)

The above equation can be rewritten in closed-form as
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p(Pm) =
1
27bd (a? + dsina(a — dsin «))

1 2 si
><sin2a—|—a4bcsca{—— v2sin b, }}

{ad3 tan B csc® (o + )

a \/aQ + 0% + (b2 — a?) cos (20;)

, 0< o <21
Eq (4.9)

Similarly, the marginal PDF in elevation is obtained by integrating Fq (4.7) over

¢m With appropriate limits,

¢t2
p(Bu) =2 / D (6 Bin)

do,
Py
on Eq (4.]0)
4 / P (s )

7¢t1

—¢t2
0t [ D60 B don

t2

The above equation can be rewritten in closed-form as,

1 ad® sec? f3,, sin® a
P (Bm) {

h bdr (a? + dsina (a — dsina)) 8

(e 2 (5™)
X — + csc
cos(a+ ¢2) —1 1+ cos(a+ o) 2

+ sec? (a +2¢tQ) +41n <cot <a Z(ﬁﬂ) tan (a —;¢t2))

3/2
+a cos By csca (G + r2) ( ki ) }

b2 cos? f3,, + a2 sin® By,

, 0< B < 7/2
Eq (4.11)
If we substitute zero for the elevation angle and h;, the proposed 3-D model deduces
to the 2-D model in [26]. In Fig. 4.4, the theoretical results of PDF of AoA in
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azimuth plane for the proposed 3-D model are compared with those obtained for
2-D scattering model in [26]. The marginal PDF of AoA in elevation plane is
shown in Fig. 4.5, which illustrates the effects of directional antenna on angular
distribution. It is seen that when the beam-width of directional antenna is set
as Qay, it lluminates the whole scattering semi-spheroid forcing the proposed
model (for the case of uniform scatter density) to deduce to [22]. If, we set the
azimuthal beam-width a > ay,,c and substitute equal values for major and minor
dimensions of the scattering semi-spheroid (i.e. b = a) and h; = 0, the proposed

model deduces to the 3-D model proposed in [23].
4.1.1.2 PDF of AoA at BS

In this section, PDFs of AoA seen at BS are derived for the proposed 3-D macro-
cell environment. The joint density function in correspondence with the angles
seen at BS and the distance 7, can be expressed in a similar way as in Eq (4.1),

as

2 cos B3y

p(rbagbbaﬁb) = Vv o EC] (412)
To = cos By
rb]‘ = Cssblﬂb
Tb2 = costﬁb

The bivariate joint density function in azimuth and elevation angles, can be found

by integrating Eq (4.12) over r, from 741 to 742, which can be expressed as

(¢ B)——pgfpgl Eq (4.13)
PRov P 3V cos? B g {4

Volume of the illuminated scattering region V' is derived earlier in Eq (3.33), which
when substituted in Eq (4.13) gives the simplified solution for the joint PDF of
AoA, as
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FIGURE 4.6: Marginal PDF of AoA in azimuth plane seen at BS, (h; = 100m,
d = 800m, a = 100m, b = 50m, and amax = arcsin(a/d) = 7.18°)
acscasec® By ( piy — piy)
27bd (a2 + dsina (a — dsin «))
p (¢b’ﬁb) - ) —a < ¢b <a and ﬁmin < 517 < Bmax Eq (414)
0 ;  otherwise
\

Marginal PDF of AoA in azimuth plane seen at BS can be obtained by integrating
Eq (4.1}) over [, for appropriate limits. However, the closed-form solution can

also be obtained in a similar way as in [22], as

1
p(¢) = // AL dpy dzy, Eq (4.15)
Ellipse%
d
p(ds) = C?/S i Acy Eq (4.16)
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Where, A, 4, is area of the scattering ellipse seen for a fixed angle ¢,. Finally, the
closed-form expression for the marginal PDF of azimuth AoA seen at BS can be

expressed as

3 cos ¢ csc a(a? — d? sin® )

4(a® 4+ dsina(a — dsina))

; —a< ¢y <«

p(p) = Eq (4.17)

0 ; otherwise

The PDF of AoA seen at BS for azimuth plane is shown in Fig. 4.6 for different
values of beam-width i.e. a = 3%, o = 4°, @ = 5° and a@ > .. The marginal
PDF for elevation AoA seen at BS can be obtained by integrating Fq (4.14) over

¢y for appropriate limits, as

1 oL
p(B) = 3V o2 /—m (Phy — Py )b Eq (4.18)

Substituting the value of V' from FEq (3.33) in Eq (4.18), the PDF of AoA for

elevation plane seen at BS can be written as

a csc asec? 3 / oL

b — Pin)d Eq (4.1
27mbd(a? + dsin a(a — dsin a)) _¢L(Pb2 Py1)d e q (4.19)

p(Bp) =

In Fig. 4.6, it is observed that when the beam-width is set as @ > auax, there
is no clipping of scattering region and the proposed 3-D model provides the same
results for the PDF of azimuth AoA, as those obtained in [22]. In Fig. 4.7, the
PDFs of elevation AoA seen at BS are shown for h; set greater and equal to b,
where it can be observed that if the beam-width « is set as a > ayay, there is no
clipping of the scattering region and the proposed model provides the same results
as those in [22] by Janaswamy. The PDF of azimuth AoA at BS derived in [24] can
be obtained by substituting & > iy and A, 4, = 2/a2 — d2sin® ¢y, in Eq (4.16).
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FIGURE 4.7: Marginal PDF of AoA in elevation plane seen at BS (d = 800m,
a = 100m, and h; = 100m)

No closed-form expression for the PDF of elevation AoA is presented. However,
the PDF of elevation AoA is plotted using numerical integration techniques, which
can easily be obtained by placing o > amax, Ae, = 2/ a? — d? sin? ¢, and a very

small value for the minor axis, b (i.e. b tending towards zero).

4.1.2 Temporal Characteristics of Radio Channel

In this section, the temporal statistics using the proposed model are discussed
and the joint and marginal PDF of ToA/AoA are derived. Let 7 be the prop-
agation delay of a multipath signal reflected from any scatterer, located in the
illuminated 3-D scattering region, which can be expressed in terms of distance of

the propagation path and the velocity of radio wave, as

Eq (4.20)

The delay for LoS path is 7,, and the delay of longest propagation path is 7.x,

which can be expressed as
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- lLos

To . Eq (4.21)
Tmax — ot h%+(d+a)2 E(] (422)

C

Propagation path delay of waves reflected from the scatterers located at the bound-
ary of scattering region for a particular azimuth and elevation angle is symbolized

by Tim, which can be expressed as

T]im(gbm, Bm) _ Tm(QSm: 5m) + Tb(¢m: 5m) Eq (423)

C

The distances 7y, max and r, are found earlier in Eq (3.14) and Eq (5.16) respec-
tively. r, is the distance of a scatterer from BS and can be written in simplified

form as,

Tb(Tm, Qbma ﬂm) =

\/7"72” + 12 . — 27y, (d cos By, €OS ¢y, + hysin )

Eq (4.24)

Substituting Fq (4.24) in Eq (4.20) and solving for r,,, the equation can be rear-

ranged as

2.2 2
Tt =i s

2(et — d cos By, oS ¢y, — hysin B,,)

7’m(Ta (bm;ﬂm) = Eq (425)

Similarly, the distance 7, of the scatterer from BS can be found in correspondence

with angles seen at BS, as

A — ZI2JOS

(et — dcos By cos ¢p — hy sin [By)

(T, Pb, Bp) = 5 Eq (4.26)
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FIGURE 4.8: Propagation paths delay limit in correspondence with azimuth
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FIGURE 4.9: Propagation paths delay limit in correspondence with azimuth
and elevation AoA; with and without the effects of directional antenna at BS,
(ht = 100m, d = 800m, ¢ = 100m and b = 50m )

The scattering objects present at the boundary of the scattering region cause the
maximum propagation path delay for a particular azimuth and elevation angle.
Maximum propagation path delay in azimuth plane is plotted in Fig. 4.9 for

different values of 3, (i.e. B, = 0°,40°,70°) and « (i.e. a > Qe and a = 2°),
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where the effects of directional antenna on propagation path delays can be observed

clearly.

4.1.2.1 PDF of ToA

The joint density function for ToA / AoA can be found [23] as,

p</r.m7 ¢m7 577’1,)

| J(Puns s B | Eq (4.27)

p(T, ¢ma Bm) =

Where 7, is given in Eq (4.25), the Jacobian transformation J(r,,, ¢m, fm) shown
in Fq (4.27), can be found as

-1

o,
N R L L By (4.29)

(12 + 2712 — 2¢7(d cos By, €OS P, + hysin ,,))

Substituting Eq (4.29) and Eq (4.4) in Eq (4.27), the joint density function for

ToA / AoA can be re-written in simplified form as,

p(T7 ¢m; 6m) =

1
8V (d cos By, cos ¢y, — cT + hysin 5y,

) {C (os — *7%)? Eq (4.30)

X (P72 + 1f o — 2¢7(d €08 By, €OS ¢y + hy sin B,,)) cOS Bm}

Similarly, the joint density function in correspondence with the angles seen at BS

can be found as,
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(7, b, ) =

1
2 222
8V (d cos By cos ¢y, — ¢ + hy sin [Fy)* {C oy = ') Eq (4.51)

X (P72 + [} oy — 2¢7(d cos By cos ¢y, + hy sin f3y) ) cos 5{;}

The joint PDF of ToA in azimuth and elevation planes seen at MS can be then

found by integrating Eq (4.30) over elevation and azimuth angles respectively.

™

D7, ) = /0 * (7, s B ) B Bq (4.52)

(7, Bm) = / (7, Oy Bm) A Eq (4.33)

—T

The joint PDF of ToA in azimuth and elevation planes seen at BS can be then

found by integrating Fq (4.31) over elevation and azimuth angles respectively.
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Bmax
p(Ta (bb) = / ' p(Ta (bba 5b)dﬂb Eq (434)
Pmax
p(T7 Bb) = /;d) p(Ta ¢b7ﬁb)d¢bﬁmax Eq (435)

Wherea To < T < Tlim(¢m>ﬁm)a —m < ¢m <, 0< Bm < 71—/27 _¢max < ¢b <

¢max; and Bmin S 5b S ﬁmax-

Thus, the marginal PDF of ToA can be found by integrating any of the equations
Eq (4.32)-Eq (4.35) over corresponding angles, as

p(r) = / /0 * (7, s B) A A Bq (4.96)

The joint statistics of ToA with azimuth angles are shown in Fig. 4.10 and Fig.
4.11 for o > apax and o = 2° respectively by solving the integration in Eq (4.52)

numerically. Similarly, the joint PDF of ToA in correspondence with elevation
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Substitutions
to obtain the

i i tatisti f
Scattering Targeted Elevated Directional Modeling of SLAlIsies ©
Model Environ- | pg T Antemna | g oring Region., | CMCr o4k
odels. ment. . ot BS. cattering Region. from
proposed
model.
3-D semi-spheroid
Macro. (i.e. different
Proposed. cell Yes. Yes. major and minor -
' axes), Centered at
MS.
3-D semi-spheroid
(i.e. different
Janaswamy, Macro- . . a=a
2002, [22] cell Yes. No. major and minor max-
’ ’ ' axes), Centered at
MS.
3—.D hemispherpid O = Qs
Olenko et al., N'ot No. No. (i.e. same major hy = 0, and
2006, [23]. specified. and minor axes), b=a.
Centered at MS.

. . . & = Omax;
Baltzis et al., Maclfo— Yes. No. 2D cn“(:lzllar disc, V = A, and
2009, [24]. cell. Centered at MS. b 0.
Petrus et al., | M 2D circular di .

etrus et al. acro- circular disc
’ . . ’ == 07 d
2002, [26]. cell. No Yes Centered at MS. B _ o
V =A.
Macro. 2D circular disc, & = Quax,
Centered at MS / he =0
Ertel et al, cell/ No No 2D elliptical disc o
1999, [15]. Micro- ' ' » OHPY B = 0, and
with foci at MS V=A
cell. = e
and BS.
Macro- .2D' circu'lar/ 0 = Oy,
o || el G
2008, [13] ‘ ' o | Bmp=0,and
cell/ i.e. circular disc _
V =A.
pico-cell. centered at MS).

TABLE 4.1: Comparison of the proposed model with notable models found in
the literature (for uniform scatter density)
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FIGURE 4.14: Marginal PDF of ToA for uniform SDF, ( h; = 100m, d =
800m, a = 100m and b = 50m )

plane is shown in Fig. 4.12 and Fig. 4.13 for a > apa and a = 2° respectively.
The marginal PDF's of ToA for proposed 3-D scattering environments are shown
in Fig. 4.14 for a > ana. and a = 2° respectively. If we substitute h; = 0 and
a =bin Eq (4.30), the proposed model deduces to the model presented in [23]
and similar temporal statistics can be found. Moreover, if we substitute zero for
both f,, and h; in Eq (4.30), the proposed model deduces to the 2-D model given
in [15] and the joint function for ToA/AoA is found to be the same, as

c(d? — Ar1)2(d? + 212 — 2c7d cos ¢y,
8 A. (dcos ¢y, — cT)*

p (T 6m) = Eq (4.87)

Where, A, is the area of illuminated scattering plane centered at MS in the base
of the scattering semi-spheroid, which can be expressed as a function of azimuthal

beam-width «, as

Aa) = d*(7m + ¢1 — ¢o) + 2dsinaV/ a? — d?sin® « Eq (4.38)
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If we substitute o > apax, the angles ¢; and ¢o become equal and the equation
reduces to A, = wa? (i.e. the area of circle with radius a). If we integrate Eq (4.37)
over azimuth angle for appropriate limits, an expression for the marginal PDF of
ToA can be obtained in closed-form as derived in [15] for the case of 2-D scattering

model.

In order to establish the validity and to demonstrate the generalization of the
proposed model, comparison of the proposed model with some notable models
found in the literature [13,15,22-24,26] is presented in Table 4.1. The theoretical
results for a 3-D macro-cell model in [24], have been validated by comparing with
those obtained in [22] and an empirical set of data in [67-69]. Whereas, these
models [22,24] can be deduced from the proposed model with an appropriate choice
of a few parameters. Furthermore, the statistics for the case of 2-D scattering
model in [13] (case of macro-cell) can also be obtained from the proposed model,
whereas, these statistics have been validated with experimental data provided

in [70].

The proposed theoretical results are useful in designing antenna beam-widths for
a practical 3-D scattering environment. Performance analysis of the advanced
MIMO techniques using planar antenna arrays can be made more and more precise
based upon the azimuthal and vertical angular spreads of the scattering region
in correspondence with the spacing among antenna elements, horizontally and
vertically. Such performance analysis can be further utilized either in enhancing
the data rate of MIMO streams or in sharpening the beam-width of the phased

array by manipulating the correlations among antenna elements.
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4.2 Channel Characteristics For Gaussian Scat-

ter Density

In this section, we derive the angular and temporal characteristics of radio link
for the case of Gaussian scatter density. The spatial and temporal characteris-
tics of radio communication link are derived in Section 4.2.1 and Section 4.2.2,

respectively.

4.2.1 Spatial Characteristics of Radio Channel

In this section, the spatial statistics observed at both the ends of a communication

link are derived for the case of Gaussian scatter density.

For the case of Gaussian scatter density, the majority of scattering objects are
concentrated in the region near to MS. The density of scatterers decreases with
the increase in distance from MS by following the Gaussian density function. Sub-
stituting the scatter density SDF fq(Xm, Ym,Zm) as given in Eq (3.37), the joint

density function given in Eq (4.1) can be rewritten as

2 €OS P

p<7nma¢m75m) = E

Eq (4.39)

where, F adopts the strength of scattering region normalized with Gaussian scatter
density. The closed-form expression for the joint PDF of AoA for azimuth and
elevation angles is then found by integrating Eq (4.59) over r,, for appropriate

limits, as

1 N, max
plombn) =5 [ rhcosd,, Bq (4.40)
0
3 cos B, Nom masx
P (P, Bm) = T3E |, Eq (4.41)
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FIGURE 4.15: Joint PDF of AoA in correspondence with azimuth and elevation
angles seen at MS for Gaussian scatter density, (o, = 50,0, = 15,0 = 2°,d =
800m, and h; = 100m)
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FIGURE 4.16: Marginal PDF of azimuth AoA, seen at MS, (o0, = 50,0, =
15,d = 800m, and h; = 100m)

The closed-form solution can be written as,



0 10 20 30 40 50 60 70 80 90
,Bm [degrees]

FI1GURE 4.17: Marginal PDF of elevation AoA, seen at MS for Gaussian SDF,
(0q = 50,05 = 15,0 = 2°,d = 800m, and h; = 100m)

( 3
. . 2
610503 cos i, orf dsin ay/o? 'cos2 Bm + 02sin” B,
V20,03 sin (@ + ) COS B .
3/2 ) 1
P (bm, Bm) = 3E (af cos? By, + o2 sin’ Bm>
64 2.2 3/2
5 i (o)
| 3 E o; cos? By, + 02 sin” B,

Eq (4.42)

The marginal PDF of AoA in azimuth plane can be obtained by integrating
Eq (4.42) over B, for appropriate limits, as

Bt w/2
pon) = [ p0n 8] @Bt [ pon B 08 Ba(143)

Similarly, the marginal elevation PDF of AoA can be obtained by integrating
Eq (4.42) over ¢y, for appropriate limits, as
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Fig. 4.15 depicts the joint PDF of AoA seen at MS in correspondence with azimuth
and elevation angles for beam-width o = 2°. These statistics for the spreading
of multipath waves in vertical and horizontal axes are useful for designing more
reliable communications links, specially when employing the antenna arrays (either
vertical or planner). The marginal PDFs of AoA for different beam-widths of
directional antenna are plotted in Fig. 4.16 and Fig. 4.17 for azimuth and elevation
planes, respectively. These plots are obtained by using the techniques of numerical
integration. In Fig. 4.16, it can be seen that with an increase in beam-width, the
PDF changes to uniform distribution, which is the case of omnidirectional antenna

as in [19,27].
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At BS, the Marginal PDF of azimuth AoA can be obtained in closed-form in a

similar way as in [48], as

1
o= [ [ Hodndn By (4.45)
ipsey,
d
p(o) = "% A, B (4.46)

Where, A, g4, is the area of the scattering ellipse seen for a fixed angle ¢, and
normalized by its Gaussian strength. Finally, the closed-form expression for the

marginal PDF of azimuth AoA seen at BS can be expressed as,

dQ sin2 be)

2
04

opmd (3202 —d*+ & Cos(2¢b)) exp (—
2 E o,sec oy

ploy) = FatAn

The marginal PDF of azimuth AoA at BS for different values of beam-width « is
plotted in Fig. 4.18, which clearly demonstrates the effects of directional antenna.
Moreover, the obtained theoretical results are compared with the measurements
data provided in [70], where the values of parameters for theoretical results are
chosen to match with those in [70]. This comparison also demonstrates the validity

of the proposed propagation model.

Comparison between the angular statistics obtained for uniform and Gaussian
SDF's observed at MS and BS are shown in Fig. 4.19 and Fig. 4.20, respectively.
The PDF of AoA seen at MS for Unform SDF has sharp edges as compared to
those obtained for Gaussian SDF. Practically measured data found in [70] is also
plotted in Fig. 4.20; where, it can be observed that results obtained for Gaussian
SDF match well with the measurement data. Hence, it can be established that
Gaussian distribution is more realistic choice to model the scatterers around the

MS as compared to the uniform distribution.
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FIGURE 4.19: Comparison between marginal PDF of azimuth AoA seen at MS

for both Gaussian and uniform SDFs, produced for beam-width of directional
antenna o = 2, (0, = 230,05 = 15,d = 1.5km, and hy = 100m)
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FIGURE 4.20: Comparison between marginal PDF's of azimuth AoA seen at BS

for both Gaussian and uniform SDF's, produced for beam-width of directional

antenna o = max, along with measurement values provided in [70], (o0, =
230, 0 = 15,d = 1.5km, and hy = 100m)

4.2.2 Temporal Characteristics of Radio Channel

This section describes the temporal statistics for the proposed propagation model

for the case of Gaussian scatter density. The joint and marginal PDFs of ToA /AoA
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in correspondence with azimuth and elevation angles are derived. The joint density
function for ToA / AoA can be found in the same way as for the case of uniform

scatter density in Fq (4.27), which is

~ p(Tm, s Bm)
p(T’ Qsm’ﬁm) - | J(TmJnaxaCbmaﬁm) | Eq (448)

The Jacobian transformation J(ry,, ®m, Bm) in Eq (4.48) is given in Eq (4.29). By
substituting Eq (4.4) and Eq (4.29) in Eq (4.48), the joint density function for
ToA / AoA can be expressed in simplified form as,

p(T7 ¢m7 Bm) -

C(ll%os - 027—2)2 COS Bm fG(va Ym, Zm)

8 (d oS By, COS ¢, — €T + hy sin Bm)4

(2, + o
Eq (4.49)

—2c7(d cos By, COS ¢y + hy sin 5m)}

The joint PDF of ToA in correspondence with azimuth and elevation planes can

be found by integrating Eq (4.52) over elevation and azimuth angles, respectively.

™

p(T, ¢m) = /02]7(77 Gy B )d B Eq (4.50)

p(r. ) = / (T s )l Eq (4.51)

—T

The limits on propagation path delays, azimuth angles, and elevation angles are
To <7 < Nim (O, Bn), —7 < ¢y < 7, and 0 < (5, < 7/2, respectively. Whereas,
Tim 1S the propagation path delay of waves reflected from the scatterers located at

the boundary of illuminated scattering region (both partitions).

71



R
A T

= \
N

log [Tp(z.4,)]

SR SESNEELLEEER

L UTRRETIRURRER AR AL

o -“\\“\\\‘ “I 1
\\‘\‘\“\\‘ 0

-10

¢m 28 29

] x 107
[degrees] 2.7 7 [sec]

FIGURE 4.21: Joint PDF of ToA / AoA in correspondence with azimuth angles

seen at MS for Gaussian SDF, (o > amax, 0q = 25,0 = 12,d = 800m, and h; =

150)

log, [ p(7.4,)]
o

—
=)

¢

2.9 -
" 2.7 2.8 x 10
[degrees] 7 [ sec]

FIGURE 4.22: Joint PDF of ToA / AoA in correspondence with azimuth angles
seen at MS for Gaussian SDF, (a = 2°,0, = 25,0, = 12,d = 800m, and h; =

150)

The joint PDF of ToA / AoA in correspondence with azimuth angles is shown in
Fig. 4.21 and Fig. 4.22 for beam-width o > ay.x and a = 2°; respectively, where

the effects of directional antenna are observable. Moreover, the PDF of ToA for
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seen at MS for Gaussian SDF, (a = 2°,0, = 25,0, = 12,d = 800m, and h; =
150)

different values of elevation angle (3, is shown in Fig. 4.23 for o = 2°. These
graphs are obtained by numerically integrating the trivariate density function in
Eq (4.52) over appropriate parameters and limits. Due to the symmetry in the
geometry, the joint trivariate ToA / AoA density function at the BS is similar
as found at the MS. However, the scatterers density function and the range of

parameters would be different.

p(Ta ¢b7 51)) =

2
C(ll%os - 627—2) COos Bb fG(me Ym, Zm)

8 (d cos By cos ¢, — T + h; sin ﬁb)4

{2+
Eq (4.52)

—2c7(d cos [y cos ¢y, + hy sin ﬂb)}
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The Gaussian scatter density function, fo(Xm,Ym,2%m), given in Eq (3.40), can be

expressed in simplified form as,

fG(er Ym, Zm) =

1 (_8 . (dips — 7°)° ) Eq (4.53)

—  _ex
(2ma2)3/2 P d cos fB,, cos ¢y, + hysin 3, — 07)2

The provided 3-D spatial statistics are useful for designing vertical and planner
antenna arrays. These theoretical results are useful for designing more precise
antenna beam-widths and the analysis of the advanced MIMO techniques using
antenna arrays. Furthermore, this propagation model analysis can be used as

reference for practical measurement based results.

4.3 Summary

In this chapter, the spatial and temporal statistics of up and down radio com-
munication links have been derived for the proposed 3-D propagation model with
both uniform and Gaussian scatter densities. The effects of directional antenna
has thoroughly been observed on the spatial and temporal statistics in correspon-
dence with the azimuth and elevation angles. Closed-form expressions for the joint
and the marginal PDFs of AoA both in azimuth and elevation planes have been
derived by assuming the uniform as well as Gaussian distribution of scattering ob-
jects. Moreover, to demonstrate the validity of the proposed model, the obtained
theoretical results for spatial statistics at BS assuming Gaussian scatter density

have been compared with a set of practically measured data provided in [70].
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Chapter 5

DOPPLER SPECTRUM IN 3-D MOBILE
RADIO PROPAGATION ENVIRONMENTS

Relative motion either between transmitter and receiver or between scatterers and
receiver causes small scale fading. In this chapter, an analytical model is proposed
for land mobile radio cellular communication systems with directional antennas at
an elevated BS to quantify the effects of directivity on the Doppler spectrum in
a 3-D radio propagation environment. The impacts of antenna beam-width and
motion of MS are thoroughly investigated by considering statistical distribution

of the power Doppler spectrum.

5.1 Statistical Characteristics of Doppler Spec-
trum

In this section, an analytical model along with the derivations of general expres-
sions for joint and marginal distribution functions of power, Doppler spectrum,
propagation path-loss, and AoA in relation with the beam-width of directional

antenna are presented.

5.1.1 Propagation Model

A model with 3-D radio propagation environment is illustrated in Fig. 5.1. In a
typical macro-cell environment (suited for suburban and rural environment), the
antenna height of the BS is more than the average roof-top level of surrounding
environment, therefore it is viable to assume the surroundings of BS as a scattering
free region. The MS is usually located far from the BS and the antenna height
of MS is very low, consequently it is surrounded by scattering objects. Therefore,
the scattering objects are assumed only around the MS, which are kept confined

in a semi-spheroid with its bottom centered at the MS (see Fig. 5.1). This is thus
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Scattering Region

FIGURE 5.1: 3-D propagation environment for land mobile cellular systems,
where the elevated BS is equipped with a directional antenna, and the MS is
moving with an angle ¢, with respect to the LoS component.

due to the large height of the BS compared to the rooftops of suburban buildings,
that the street canyons along with their surroundings can also be modeled as semi-
spheroid. Whereas, considering micro-cell propagation environment, the buildings
aligned parallel along both the sides of the road cause shadowing and hence can

be best modeled with elliptical or ellipsoidal scattering regions [13].

The received signal at MS experiences spread in frequency spectrum due to the
motion of MS. The velocity and direction of motion of the MS with respect to the
LoS component are denoted as v and ¢,, respectively. The angle of the motion of
MS with the arriving multipath signal is denoted by 6,,, which can be obtained
as, 0, = ¢, — ¢p,. The relation between the Doppler shift and multipath arrivals

of sinusoidal signal, can be expressed as

Jos = fm cos by, cos B, Eq (5.1)

whereas, the maximum shift in Doppler spectrum can be expressed as, f,, = % f.,
where f,. is the carrier frequency and c is the velocity of light. The normalized

Doppler spread v = fps/ fm, can be expressed as
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~ = cos 8, cos B, Eq (5.2)

The AoA observed at MS in azimuth plane (i.e., ¢,,,) can be found as function of

Doppler shift, elevation AoA, and direction of movement, which is

G = ¢y — cos! ( i ) Eq (5.3)

cos [,

The horizontal beam-width o,y is such that the beam of the directional antenna
at BS illuminates all the scattering region (i.e. . = sin™'(a/d)). In situations
when the beam-width « is less than ay,.x, directional antenna clips the scattering
region such that only the illuminated scattering region seen within the beam of
directional antenna corresponds to the arrival of multipath waves at the receiver.
Furthermore, the illuminated scattering region is divided into two partitions, as
shown in Fig. 3.2. The threshold angle ; shown in Fig. 3.2, is computed to
separate among the said two partitions of illuminated scattering region [48, 71],
which is given in Fq (3.11). The angles ¢;; and ¢ (see Fig. 3.2) are computed in
Eq (3.9) and Eq (5.10) to separate among the partitions of illuminated scattering
region in azimuth plane. For a particular azimuth and elevation angle, the scatter-
ing objects located at the boundary of illuminated scattering region corresponds
to the longest propagation path. Therefore, the upper bound for propagation path

distance is obtained as a function of «, ¢,,, and 3,,, i.e.,

llim(av (bmv ﬁm) = Tm,max

Eq (5.4)

+\/r$n max T Bos = 27m max(d €08 By, €08 ¢, + hy sin Byy,)

where, 7, max is the distance of MS from the scattering objects located at boundary
of the scattering region, which is obtained as function of «, ¢,,, and (3, as given

in Fq (3.14).
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5.1.2 Derivation of PDF Expressions

The joint density function as function of angles observed at MS and propagation

path distance, can be derived as

_ P(rm; $m, Bm)
PO B) = 7060 b2

The joint density function for ¢,,, 5,,, and r,, can be obtained as for GPM in

[48,71], i.e.,

P Py s Brn) = f (Xins Yoy Zin) T €OS By Eq (5.6)

where, f (Xm, Ym, Zm) is the scatter density function. The Jacobian transformation

J(l, &, Bm) in Eq (5.5), is derived as

J(l7 ¢m7 ﬂm) =
or,, | ! B 2(d cos By, oS ¢y — | + hy sin B, )? Eq (5.7)
ol g+ 12— 21(d cos B, cOS ¢y, + by sin B,
Hence, substituting J(I, ¢, Bm), Eq (5.5) can be rewritten as
p(l, ¢ma /Bm) = {f (Xma Ym, Zm) (Z%OS - l2)2}
Eq (5.8)

(I,s + 12 — 21(d cos By, cos ¢y, + hysin B,,))
8 sec By, (d cos B, cos ¢, — |+ hy sin fB,,)*

The power level p, can be related to multipath propagation path length [, [35,42,
64,71] as,
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przpo( & )_n Eq (5.9)

lLoS

where, 1,5 is the length of the LoS propagation path from BS to MS, p, is the
received power corresponding to the LoS component, n is the path-loss exponent,
and [, is the length of propagation path (from BS to MS) corresponding to a
specific multipath component. By rearranging Eq (5.9) for [,, we get

L = lros (&) ' Eq (5.10)

o

The joint density function for p,, ¢,,, and (3, is derived as

P(lps by Brn)
| Uy, Dins Brn) |

3=

lp=lLos (p'r'/po) B

The Jacobian transformation J(l,, ¢m,, Bm) shown in Eq (5.11), can be derived as

n+1

_1 ntl
= Dl <Iﬁ> Eq (5.12)

B lLoS Do

ol,
Op,

J(lpu ¢mu Bm) = ‘

By substituting Fq (5.12) in Eq (5.11), the joint function to relate the power
level of multipath components with 3-D AoA of multipath components, can be

expressed in simplified form as
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P(Prs O, Bm) =

ILos ((g-) o 1>2 f (Xms Y Zm)

n+1

8np, sec B, (’i) "

Po

(lLoS + lLos (Z—:) . 2 (g—z) o (d cos B, cos ¢y, + hy sin ﬁm))

X

—1/n 4
<d o8 By, €08 Oy — 1o <§—2> + h; sin Bm)

Eq (5.13)
The joint density function for p,, v, and 5, is obtained as
p(Pr, P, Bm)
p(pT'7 e Bm) =
| TP Sy Bn) 1 gy — s —c0s 1/ cos ) Eq (5.14)

The Jacobian transformation J(p,, ¢, Bm) shown in Eq (5.14), is derived as

[
oy

J(Prs G, Bm) = ' = /cos? B, — 72 Eq (5.15)

—1/n
Let £ = (g—;) , the joint density function in Eq (5.14) for power level of mul-

tipath component, elevation AoA, and Doppler spread can be rearranged as

p(Prs Vs Bm) =

52 [ (Bos (€ = 1) €1 (s Yins )
= 8np, /1 —2sec? By,

y ((lLos + lLosE? — 2€(d cos B, cos ¢; + hy sin Bm))> }
(d cos B, cos ¢; — Elios + hysin 5m)4

Eq (5.16)
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where,

by +cos™! (ysecBy,) 3 i=1
¢ = Eq (5.17)

¢y — cos™! (ysecBy) 3 i=2

Since, |cosf,,| < 1, the upper bound for elevation AoA can be obtained from
Eq (5.2), as B < cos™!(|y]). The joint PDF for power and Doppler spectrum
can be derived by integrating Eq (5.16) over (3, for its appropriate range, which

is expressed as:

cos™ ! (|y])

p(pr,7y) = / p(Prs s Bm) dPm Eq (5.18)

The integral for (,, in Eq (5.18) cannot be derived analytically, however, it can
be obtained by using the techniques of numerical integration. The marginal PDF

of Doppler shift is obtained as,

Pu

p(v) = / p(pr,7) dp; Eq (5.19)

Y2

The power spectral density (PSD) is obtained as in [35,42], i.e.,

Pu

S(y) = /pr p(pr,7) dpr Eq (5.20)

pi

where, p, is the power corresponding to the shortest propagation path lp.g (i.e.,
Pu = Do), and p; is the power corresponding to the longest propagation path. For
a particular azimuth and elevation angle, the waves reflected from the scatterers
located at the boundary of scattering region would correspond to the longest prop-

agation path. Furthermore, among all the multipath waves from a certain azimuth
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FIGURE 5.2: The lower bound for power as a function of elevation AoA (8,,)
and Doppler () for different beam-widths («) of directional antenna, (d =
800m, a = 100m, b = 30m, hy = 150m, ¢, = 90°, n = 2, and p, = 1 W)

and elevation angle, the wave with longest path distance would correspond in the
lowest power level. The expression for the longest propagation path’s distance I,
as a function of azimuth and elevation AoA is shown in Fq (5.4). The lower bound
on the power level of multipath waves from a particular direction is shown by py,

which can be expressed as,

lhn -
pzzpo(l ) Eq (5.21)

lLoS

The integral for p, in Eq (5.20) can be obtained in closed form if an integer
value is set for path-loss exponent n. The longest propagation path’s distance
him can be computed as a function of Doppler shift v and elevation AoA f,, by
substituting Eq (5.3) in Eq (5.4). Furthermore, the lower bound of power p; can
also be obtained as a function of Doppler shift v and elevation AoA f,, by setting
the value of ¢,,, as in Eq (5.3). The lower bound of power p; is plotted in Fig. 5.2
for different values of elevation AoA (i.e., 8, = 0°, 35, and 75°) and beam-width of
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directional antenna (i.e., & = 2° and auay). The distance of MS from the boundary
of scattering region reduces in those directions where the sharp-beam directional
antenna eliminates the distant scattering objects (i.e., Partition 1 of illuminated
scattering region, for §,, < (). Consequently, for those regions the lower bound
of power p; is higher for the case of sharp-beam directional antenna (i.e., arbitrary
small value taken as v = 2°) as compared with the case of omnidirectional antenna
(i.e., @ = uax), which can be observed in Fig. 5.2. The joint PDF of normalized

Doppler shift v and elevation AoA f3,, is obtained as,

Pu

(7, Bm) = / p(Prs s B )dpr Eq (5.22)

Y2

The relation for the distribution of elevation AoA and Doppler shift without the
consideration of distance-dependent path-loss, can be achieved by adapting the
approach used in [52]. Let I' = cos 6,, cos (,,, the cumulative distribution function

(CDF) of the normalized Doppler shift can be expressed as,

Fr(v)=p(T <) =

cos” (D p Eq (5.23)
2 / PO, Bm) A0 | A

0 cos~L(y/ cos Bm)

where p(0,,, 5,,) is the joint PDF of AoA observed at MS, which can be obtained in
closed-form by integrating the expression in Fq (5.6) over r,, for its appropriate
range, which can be expressed for both the partitions of illuminated scattering

region as follow:
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P (Om, Brm) =

( .
sd¥sec? By, sin® v csc® (@ — O + &) [ (Xins Y Zim)

;o 0SB <6, Eq (5.2/)

3/2
) f (XITUYITI?ZIH)

a’b?

b2 cos? By, + a2 sin® 3,

1
3 €OS B, (

\ ;  otherwise

by substituting Fq (5.24) in Eq (5.23) and integrating over 6, for its appropriate

range, it can be expressed as

cos™ ! (|y])

Fr(y) = / P(Bmsy)  dBp Eq (5.25)

[en]

The marginal PDF of normalized Doppler shift v and elevation AoA f,,, can be

derived as

) = 20 By (5.96)

The direct relation between PDF of Doppler shift and PDF of elevation AoA can
be obtained by substituting Fq (5.25) in Eq (5.26), which is as follows

cos~1(|7])
0
bo) = 5 / 2(Bry) B By (5.27)

These PDFs are general and any distribution of scatterers can be used to define
the scatter density function f (Xm, Ym,Zm). When the scatterers are uniformly dis-
tributed in illuminated region (Igegion) With volume V', the SDF can be expressed

asin Eq (3.34). The directional antenna employed at the BS results in the clipping
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[lluminated
Scattering Region

FIGURE 5.3: 3-D Gaussian scatter density around MS, illustrating the clipping
caused by directional antenna’s beam-width.

of scattering region. Therefore, the volume of the illuminated scattering region as

a function of beam-width « is obtained in Eq (3.33) [48], which is

V= 27rbdsina(a2+C;Ziﬂ04(a_dsma)) Eq (5.28)

However, when Gaussian density is assumed for the semi-spheroid shaped scatter-
ing region, as shown in Fig. 5.3 with its mean at MS and the virtual boundary
at 4o (as, —4o to +4o encloses the 99.99% of energy, where, o is the deviation of

scatterers), the scatterer density function is given in Eq (3.40), which is

Xm; Ym)Zm) = €x - - -
“ Y (27)3/2020,, P 202 202 20}

Xm = Ty COS By COS Oy

Ym = Tm COS B Sin ¢y

Zm = Ty SIN By

Eq (5.29)

Where, o, and o0}, are the deviations of Gaussian distributed scattering objects in

horizontal and vertical planes.
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The derived expressions can be exploited to obtain the Doppler distribution char-
acteristics for the most commonly used propagation models in [13,22-24,26] with
an appropriate choice of a few predefined parameters. The distribution function
of Doppler shift for a 3-D propagation model in [22] is derived in [52], where an
omnidirectional antenna is considered at the elevated BS. These statistics can be
obtained as a special case from the proposed expressions by substituting o = aax,
as shown in Fig. 5.7. The plot for the PDF of normalized Doppler shift, for the
case of omnidirectional antenna (i.e., @ = auax) in Fig. 5.7 is the same as obtained
in [52], which validates the theoretical results of proposed analytical model. The
power Doppler statistics for the propagation environment in [23] can also be ob-
tained by substituting a = b, hy = 0, and a = .. The proposed analytical
model can provide the power Doppler characteristics for the model in [24] by sub-
stituting & = aypax and b — 0 (i.e., very small value for b). The expressions for the
distribution characteristics of Doppler power spectrum provided in [42] can also
be obtained as a special case from the proposed analytical model by substituting
O = Qpax, by = 0, and S, = 0°. Similarly, the proposed analytical model can also
be deduced to obtain the statistics provided by the 2-D scattering model in [26] by
substituting zero for BS’s antenna height (i.e., h; = 0) and for the elevation AoA
(i.e., B = 0°). Moreover, the statistic distribution of Doppler power spectrum
can be obtained for the 2-D scattering (macro-cell) model in [13] by substituting
Q= Quax, by = 0, and (3, = 0°. The above discussion validates the generalization

of the proposed analytical model for two- and three-dimensional environments.

5.2 Theoretical Results

In this section, theoretical results obtained for the distributions of Doppler spec-
trum from the proposed generalized analytical model in relation with direction
of mobility, elevation AoA, and the beam-width of directional antenna are pre-
sented. The uniform distribution of scatterers is considered to obtain these results.

The theoretical results to demonstrate the effects of elevation AoA f(3,,, azimuthal
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FIGURE 5.4: The distribution of normalized Doppler spread in correspondence
with the elevation AoA, (d = 800m, a = 100m, b = 30m, h; = 150m, ¢, = 90°,
a=2°n=2andp, =1W)

beam-width of directional antenna «, direction of MS’s motion ¢,, and scattering
region’s major-minor ratio a/b on the distribution characteristics of Doppler spec-
trum are shown in Fig. 5.4, Fig. 5.5, Fig. 5.6, and 5.7, respectively. The following

is the detailed discussion on the obtained theoretical results shown in each figure:

5.2.1 Effects of Elevation AoA on Doppler Spectrum

The joint PDF of normalized Doppler shift and elevation AoA is shown in Fig. 5.4
for beam-width o = 2° and direction of MS’s mobility ¢, = 90° with respect to
LoS component. In Fig. 5.4, it can be observed that by increasing the elevation
AoA f,,, the larger values of the PDF of normalized Doppler shift tend to decrease
from their maximum when |y| = 1 towards the central frequency on the axis of
the normalized Doppler shift. This is, because, there is higher probability for the
existence of less scatterers in horizontal plane for the higher values of elevation
angle (,,. Fig. 5.4 also depicts another important effect of the elevation angle on

the Doppler spectrum. It is the gradual absence of clipping for the higher values
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FIGURE 5.5: The PDF of Doppler spread () for different beam-widths (a) of
directional antenna, (d = 800m, a = 100m, b = 30m, h; = 150m, ¢, = 90°, n
=2,and p, =1 W)

of the elevation angles. This is due to the fact that, there is no effect of reducing
the azimuthal beam-width on the PDF of AoA for higher values of elevation angle,
Bm = Bi. Therefore, such geometrical orientation of scatterers forces the PDF of
azimuth AoA to uniform and subsequently the PDF of normalized Doppler shift
to U-shaped.

5.2.2 Effects of Azimuthal Beam-width of Directional An-

tenna at BS on Doppler Spectrum

Effects of decreasing beam-width of the directional antenna on the PDF of the
normalized Doppler shift, obtained for the direction of motion, ¢, = 90, is shown
in Fig. 5.5. It is observed that the spread in the PDF of the normalized Doppler
shift reduces significantly with a decrease in beam-width of the directional antenna.
The reduction in beam-width of the directional antenna from its maximum, o =
Omax O an arbitrary small value (taken as 0.5° in this case) exhibits a converse
behavior in the distribution of the Doppler shift. It means that, with a reduction
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FIGURE 5.6: The distribution of normalized Doppler spread in correspondence
with direction of MS’s motion, (d = 800m, a = 100m, b = 30m, h; = 150m, «
- Oéma)u n = 27 a‘nd pO = 1 W)

in the beam-width of the directional antenna, the value of the PDF decreases at

|7| = 1, and increases at v = 0.

5.2.3 Effects of Direction of MS’s Motion on Doppler Spec-

trum

Effects of the direction of motion on the distribution of normalized Doppler shift
for the case of omnidirectional antenna (i.e., @ = auayx) is shown in Fig. 5.6,
taking ¢, = 5°, 90°, and 175°. It is observed that for ¢, = 90°, the PDF is seen
U-shaped and symmetrical about v = 0. This is because when the MS moves in
perpendicular to the LoS component, the clipped scattering region is geometrically
symmetric and the number of multipath components corresponding to positive and
negative Doppler frequencies are equal. Whereas, for ¢, = 5° and 175° the PDF is

observed as skewed towards the lower and higher frequencies, respectively, resulted
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FIGURE 5.7: The PDF of normalized Doppler spread in correspondence with

the ratio between radii of scattering-region’s major and minor axes (i.e., a/b)

and for the cases of directional and omnidirectional antennas, (d = 800m, a =
100m, b = 30m, hy = 150m, n = 2, p, = 1 W, ¢, = 90°)

from the unbalanced number of illuminated scattering objects, with respect to

mobile’s axis of motion.

5.2.4 Effects of Scattering Region’s Geometry on Doppler

Spectrum

Effects of changing the geometry of the scattering region is very important, as the
high-rise and low height buildings contribute to the Doppler shift differently. Such
effects has been studied in Fig. 5.7, considering the case of omnidirectional (i.e.,
Q' = Qpax) and horizontally sharp-beam (i.e., taking arbitrary small value, a@ =
0.5°) directional antennas. The plots for the case of omnidirectional antenna (i.e.,
Q' = Quay) are the same as those obtained in [52], which validates the generalization
of the proposed analytical model. It is observed that for sharp-beam antenna
(sharp in horizontal plane), by increasing the minor axis b of 3-D scattering region,

the values of PDF of normalized Doppler shift increases around |y| = 0. Which
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means that, for a particular scattering environment, taking all the beam-widths of
directional antenna, the scatterers located vertically high correspond to significant
reduction in Doppler shift. Therefore, it is important to keep the vertical beam-
width of directional antenna such that it illuminates those scattering objects which

are located vertically high.

5.3 Summary

The impact of directional antenna and motion of MS has thoroughly been investi-
gated on the statistic distribution of power and Doppler shift. A relationship for
the distribution of Doppler spectrum and power over multipath waves with the
beam-width of directional antenna has been derived for a 3-D mobile radio prop-
agation environment. Closed-form expressions for trivariate PDFs of propagation
path distance, power, and Doppler shift in correspondence with the beam-width
of the directional antenna have been derived. Moreover, generalized expressions
for the relation of elevation AoA with the power and Doppler shift have been pre-
sented. Further, to demonstrate the effects of directional antenna on the statistic
distribution of Doppler spread, a comprehensive analysis on the basis of obtained

theoretical results have been presented.

It has been observed that for the mobility of MS at all the directions, when a di-
rectional antenna with sharp beam is used at the BS, the spread in Doppler shift
reduces significantly and the higher values of PDF of normalized Doppler shift lie
close around the central frequency. It has been observed that, by increasing the
elevation AoA f,,, the larger values of the PDF of normalized Doppler shift tend
to decrease from their maximum when |y| = 1 towards the central frequency on
the axis of the normalized Doppler shift. This is, because, there is higher proba-
bility for the existence of less scatterers in horizontal plane for the higher values
of elevation angle. Furthermore, it has been established that for all the beam-
widths of directional antenna, the scatterers located vertically high correspond to

significant reduction in Doppler shift.
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Chapter 6

GEOMETRICALLY BASED PERFORMANCE
ANALYSIS OF HANDOVERS

In this chapter, a performance analysis of handover schemes for the land mobile
radio cellular system is carried out by exploiting geometrically based modeling.
Impact of various parameters on handover performance is studied. Section 6.1
provides an introduction to some notable types of handover schemes where clas-
sification of handover schemes based on control as well as channel assignment is
also discussed. In Section 6.2, a performance analysis of handover schemes based
on geometrical modeling is presented. Impact of various land mobile radio cellular
parameters on the performance of handover process is investigated by exploiting

the path loss model.

6.1 Overview of Handover Schemes

The continuous and rapid growth in the telecommunications sector has lead to the
increasing development of wireless technologies which has evolved in heterogenous
access networks. To provide high-speed access to multiple types of devices, the
future generation heterogenous networks are thought to be composed of multi-
ple technologies like, UMTS, WiFi, WiMAX, and LTE. Among many challenges
of such heterogenous environments, one major challenge is to provide seamless
connectivity to mobile terminals. For maintaining an active connection of mov-
ing MS in future generation networks, optimized overlapped wirelessly-connected
regions are highly required. Therefore, a number of researchers have recently
proposed various handover algorithms along with analytical models in the litera-

ture [10,53-61,72,73].
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6.1.1 Classification of Handover Schemes w.r.t. Assistance

and Control

The control of handover process may be centralized and decentralized in vari-
ous handover schemes. The handover schemes from decision point of view are
broadly classified into three categories (MS assisted, MS controlled, and Network

controlled).
6.1.1.1 Mobile Assisted Handover

The selection of the best offering BS among the candidate BSs is very crucial. In
mobile assisted handover algorithms, MS maintains the profile of received power
and quality of signal from serving and candidate BSs. The transfer of call from a
serving BS to a certain BS among the candidates is decided by the network with
assistance of MS. This type of handover scheme is used by second generation of
mobile cellular systems (e.g, circuit-switched GSM). The time to accomplish the
handover process after the decision in a circuit-switched GSM is approximately 1

second [72].
6.1.1.2 MS Controlled Handover

In mobile controlled handover algorithms, the MS solely controls the decision of
handover. The MS tracks the power level from all surrounding BSs and measures
the interference level of all communication channels. The transfer of call from
a serving BS to a certain BS among the candidates is decided and triggered by
the MS. This type of handover schemes is used by Digital European Cordless
Telephone (DECT) cellular system [74]. The reaction time of mobile controlled

handover schemes is very short (on the order of 0.1 second [72]).
6.1.1.3 Network Controlled Handover

In network controlled handover schemes, the network decides and triggers the

transfer of mobile user’s call by coordination with the serving and candidate BSs.
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Network controlled handover is used in first generation of mobile networks (e.g.,

AMPS).

6.1.2 Types of Handover Schemes w.r.t. Channel Assign-

ment

As far as channel assignment after handover is concerned, handover schemes are

broadly classified in to the following two types,
6.1.2.1 Hard Handover

In a hard handover, the communication channel occupied by the MS in a serving
cell is released before occupying a channel from the target cell. Therefore, such
handover schemes are also known as ”break-before-make”. The serving BS han-
dovers the mobile user’s call to another cell under the control of the network and
the MS is linked with only one BS at a time. Hard handover schemes are often
used with OFDM and TDMA, where different ranges of frequency spectrum are

used in adjacent cells.
6.1.2.2 Soft Handover

In a soft handover scheme, after making the decision of handover, the commu-
nication channel in serving cell is maintained for an interval of time in parallel
with the channel in target cell. This interval can be short or long till the end of
communication session depending upon the feasibility of the channel utilization. If
the use of serving channel is not feasible in the target cell, it is released only after
the connection with target cell is established. Therefore, such handover schemes
are also called "make-before-break”. In soft handover schemes, connections with
more than one BS may be maintained in order to combine the signals and produce
a stronger signal. When such scheme is utilized in both up- and down-link, the
handover is termed as softer handover. It is possible only when the involved BSs

are operating in same frequency spectrum.
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Cell boundary

BS;

FIGURE 6.1: The land mobile radio cellular network with a MS at boundary of
a cell.

6.1.3 Types of Handover Schemes w.r.t. the Technological

Composition of Communication Systems

One of the major targets of future heterogenous networks is to provide seamless
connectivity to mobile users. Vertical handover refers to the transfer of communi-
cation link from serving cell with a certain technology to another cell with some
different technology, by maintaining uninterrupted communication session. This
is different from the horizontal handover of communication call between different

BSs, where the technology of serving and candidate cells is the same.

6.2 Performance Analysis of Handovers

In this section an impact of the velocity of MS, direction of MS’s motion, and the

propagation environment on the handover margin is intensively analyzed.
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FIGURE 6.2: Top view of the land mobile Radio cellular Network.

6.2.1 Analytical Handover Model

The handover scenario, when an MS moves from a serving cell to an adjacent cell
is depicted in Fig. 6.1. The MS moving with velocity v is shown at distance dj,
ds, and dz from BS;, BSy, and BSj, respectively. The distance among the BS’s
of adjacent cells is dgs. The top view of the land mobile radio cellular network
with serving and target BSs is shown in Fig. 6.2. Radius of each cell is shown
by r.. The direction of MS’s motion with respect to the line joining BS; to BS,
is 0go. The AoAs of LoS components from mobile received at BS; and BS, are
shown by W, and W,, respectively. dog is the maximum horizontal distance of the
overlapped region between two adjacent cells. The distance d, is the horizontal
distance which MS has to travel between the points of initiating and completing

handover.
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FIGURE 6.3: Handover scope of MS w.r.t. its direction of motion.

We assume that the starting position of the MS is known at the serving BS, BS,
in form of the distance d; and angle W, as shown in Fig. 6.2. The distance of MS
from the BS of adjacent cell (i.e., BSs) is shown by ds, which can be found as

dy = /3 + &% — 2dpsdy cos(T)) Eq (6.1)

Also the azimuthal AoA of LoS component observed at the BSy can be found as,

d
U, = arcsin (d_l sin \Ill) FEq (6.2)
2

The MS handovers the communication session to a certain BS which is within the
scope of MS with respect to its initial position and direction of motion, i.e., the
handover from a serving BS (i.e., BS1) to a candidate BS (i.e., BS2) occurs only
when the angle of MS’s motion w.r.t. the line joining the serving and candidate

BSs is within the the angular limits of 6y, and 6y, as shown in Fig. 6.3. The length
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of the line joining the two intersection points of overlapping cells (i.e., serving and

candidate cells), can be found as,

d 2
hp =2 4/r2 — (%) Eq (6.3)

The angular limits of 01,1 and 65 can be easily derived and simplified as following;

dps — 2d v
f11 = arccos | — 1 cos(¥) Lq (6.4)
21
dps — 2d v
O = arccos [ — 1 cos(Wy) Eq (6.5)
2l
where, the distances I1; and I (Fig. 6.3) can be found as,
I = \/d% + 12 — 2dyr. cos(0, — V) Eq (6.6)
Iy = \/d% + 72 — 2dyr. cos(0. + V) Eq (6.7)

where, the angle, 0., shown in Fig. 6.3 can be found as, 6. = arccos(dgs/2r.). The
position of MS changes due to the mobility of MS; therefore, the new position of
MS can be found as a function of velocity v, direction fyo, and the duration 7 of

MS’s motion, as

dyp = \/d% + (v 7)? = 2d1v T cos(m — Uy — Oyo) Eq (6.8)

dop = \/dg + (v 7)% — 2dsv T cos(¥y — o) Eq (6.9)
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BS: BS;

FIGURE 6.4: Mobility of MS from the serving BS towards the adjacent cell.

Uy, = Uy — arcsin <;}—T sin(m — o — \111)) Eq (6.10)
1,n
. vT .
‘I’Ln = WU, + arcsin (d_ sm(w — Ono — ‘I’z)> Eq (6-11)
2.n

Assuming, the MS starts to move with a certain velocity, v, and angle, #0 within
limits of f; and 6y, from its initial position R at time instant ¢ (see Fig. 6.2)
and reaches the point O (point where handover is triggered) after a time delay of
m/v, and further research point N (point where handover completes) after a total
time delay of, 7 = g/v. Thus, the time margin available to perform handover can

be found as,

1
Tmarg:;<g_m> E(] (612)

where, the distances m and g can be found as,

d
m = sec 0o <§—dlcos\111> Eq (6.13)
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FIGURE 6.5: The handover margin, Tyarg, in correspondence with velocity, v,

of MS for different angles of MS’s motion by using the geometrically based

model, fyo,(dps = 1000m, d; = 100m, Ky = 40dB, ¥; = 40°,and r. = 700m).

(a) Shown on linear scale (along y-axis), (b) shown on logarithmic scale (along
y-axis).

g = —dy cos(Ouo + V1) + \/—d% + 12 + d2 cos?(fuo + V1) Eq (6.14)

The handover margin, Tyar, for different values of velocity v and direction of
mobile motion, fyo, is shown in Fig. 6.5, where the effects of direction of MS

motion can easily be observed.

6.2.2 Performance Analysis of Handover Schemes Using

Pathloss Model
The received power of the mobile at any distance d; from the ' BS can be ex-
pressed in terms of the measured power, p,, at some known distance, d, (usually

termed as the close-in reference distance) from the same BS, and path-loss expo-

nent, n, as
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do

Pri(di) = Do (d—i)n Eq (6.15)

Eq (6.15) can also be expressed in logarithmic scale as,

pri(d;) = K1 — Ko log,o(d;) FEq (6.16)

where, K7 = 10 log,,(p,dy), is constant for each of these BSs with in the network,
assuming all the BSs are transmitting the same power and exploits similar kind
of antennas at transmitter and receiver. Ks; = 10n, is the environment specific

attenuation characteristics [75-77] of the region around i*" BS.

The MS continuously measures the strength of signals from the serving cell’s BS
and from the BSs of adjacent cells. When the MS moves into the overlapped region
between serving cell and candidate adjacent cell, the process of handover starts.
In this case, ideally, the signal strength from the serving BS starts to decrease
and the signal strength from the neighboring cell (in which MS is entering) starts
to increase, hence the process of handover gets triggered. In certain scenarios,
certain problems due to cell dragging may arise. The signals of the previously
serving cell may cause interference with those of new cell and this may lead to
pingpong handovers. Pingpong is the continuously happening handover process
among the currently connected BS and the previous serving cell’s BS. Pingpong is

highly undesired, as it causes wastage of resources and also reduces overall network

GoS.

It is challenging to provide a reliable and seamless handover of radio link between
two neighboring cells. However, as the handover of our interest is network-initiated
and MS-assisted [73,75], it is easy to implement any intermediate processing algo-
rithm at the central network controller (like an MSC in many cases). The process
of handover can be simplified in three main steps, i.e., initialization, preparation
and execution [78]. The MS after certain time period provides the measurements
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to the BS. This is done on the basis of measuring power of the pilot channel
(in GSM also known as broadcast channel) which is transmitted known reference
symbols (RS). Based on the received power (usually known as Received Signal
Strength Indicator (RSSI)) there can be certain predefined handover conditions or
thresholds within the network to trigger a handover procedure. For this purpose,
the MS should track the instantaneous received signal (i.e., the RSSI) and compare

it with the predefined threshold.

Let’s assume the received power at MS from the serving BS is denoted as p, i,
the distance between the MS and serving BS is d; and the predefined handover
threshold in terms of expected minimum usable received power is py,. The received
power profile matrix is defined as the matrix containing the received power vectors

of the serving and candidate BSs, i.e.,

P, = [pr,l(dQ)a pr,2(d2)7 cee 7pr,M(dM)] Eq (617)

where, subscript ¢+ = 1,2, ..., M shows the M base-stations that take part in the
handover procedure. Out of these M base-stations, BS1 (denoted with subscript
1) is the serving BS and other M — 1 base-stations (refereed with subscript i =
2,3, ..., M) are the candidate BSs.

The handover procedure is required to be triggered if the following condition is

satisfied, i.e.,

pra(di) < py, < max (P,) Eq (6.18)

However, merging towards this condition is not unique in every cell, as it is de-
pendent upon the structure of terrain within a certain cell. Most of the time,
variability of terrain as well as dense urban structure causes unavailability of

LoS for a very short interval of time. This creates fluctuations in the received
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power profile, which are subsequently used by the MS to initiate a false trigger
for handover. This occurrence is widely known as Pingpong handover between
the serving and the candidate cells. To avoid such scenario, two major solutions
are available, either to use an avoidance timer [79] or to use the hysteresis margin
algorithms [73]. Both methods still have certain failure rates; especially at cell
boundaries and dense urban areas. This problem can be solved by taking sliding
averages of the previous power measurements denoted as P,, whose elements can

be expressed as

1 d
Pai(dw) = — /d | prifa)de Eq (6.19)

where, i € {1,2,...M} and d,, is the averaging interval’s distance. The averaging
window’s time interval thus can be found as w = d,,/v. The derivations in the rest
of this chapter are, thus, based on the above mentioned time-averaged received

power. The average received power matrix P, can be written as

Pa = [pa,lapa,2> '--7pa,M] Eq (620)

In Fig. 6.6, the averaged received power from the serving BS and two candidate

BSs is plotted. The residual power ratio vector q can be expressed as

a=[q2, 3, Q1] Eq (6.21)

where, the residual power ratio of the i** candidate BS is ¢; = (Py1 — Pai), at any
time instant. Handover decision is required to be made to the BS, which provides
max(q). Lets assume the survived BS with the maximum residual power ratio
denoted as ¢; = max (q). The points O and N in Fig. 6.2 show the positions of MS
when the process of handover is triggered and when it is completed, respectively.
The distance traveled by the MS from its initial position R to points O and N
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FIGURE 6.6: The averaged received power at MS from serving and adjacent can-
didate BSs, (K7 = 40dB, K3 = 40dB, dgs = 1000m, d; = 100m, ¥y = 40°, 7, =
700, and 0o = 5°)

are shown by m and ¢ in Eq (6.13) and Eq (6.14), respectively. Point O is the
position of MS where the received power from BS1 and BS2 gets equal (difference

between the received powers is zero), which is

O:Pa,Q_Pa,l Eq (622)

By setting the values of F,; and P, as the power received at point O from BS1
and BS2, and rearranging Eq (6.22) for m, we get

_ —di +d;
N 2(d2 COS(\IJQ — QHO) + d1 COS(\Ill + QHO))

m Eq (6.23)

N is the point (Fig. 6.2) at which the difference between the received power from
BS1 and BS2 gets equal to the predefined residual power ratio, go, which can be

expressed as

QQ:Pa,z—Pa,l Eq (6-24)
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After rearranging Fq (6.24) for g and doing tedious calculations (refer section A.2

in Appendix A), the simplified form can be expressed as

g:
1

T2a/KE — 1 <102q2/K2d2 cos(Wy — o) + dq cos(ag + Opo)

—% < — 4(10%2/%2> — 1) (10%2/%2d3 — df) + 4(10%2/*2dy cos(V5 — bro)

1/2
+d1 COS(\Ifl + eHo) )2 > )
Eq (6.25)

The distance, (g — m), associated with the handover margin, 7y, is dependent
upon the predefined residual power ratio, ¢;. The time available to complete the
handover procedure is the time taken by the MS to travel the distance, (g —m),
with a certain velocity. Therefore, the time margin that is available to perform the
handover procedure is denoted by Tyae and can be obtained from the following

equation,

1
Tmarg = . <g — m> Eq (6.26)

The required horizontal length of overlapped region between adjacent cells cor-
responding to a certain handover margin shown by d, in Fig. 6.2, can be found

as

dr = U Tmarg €08(fno) Eq (6.27)

The maximum horizontal length of overlapped region along the line joining the

BS1 and BS2 is shown by dor in Fig. 6.2, which can be written as,
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d
% = U Tmarg €0S(0no) Eq (6.28)
U1=0° and fyo=0°

The radius of cell, r., can be expressed as a function of distance between the

adjacent BSs, dgg, and horizontal maximum length of overlapped region, dog, as

= dBs + dor ; dor Eq (6.29)
by substituting Eq (6.28) in Eq (6.29), we get
- dpgs + v Tm;rg cos(fuo) Eq (6.30)
¥1=0° and Ogp=0°

The ratio between the length of overlapping region and radius of cell, dro =
dor/T., required to achieve a certain handover margin, can thus be obtained by

using the results in Fq (6.51) and Eq (6.28), as

2 U Tmarg €08(0H0)

FEq (6.51
dps + U Tmarg €0S(fHo0) a( )

dro =

Uy =0° and Opgo=0°

Three base-stations are considered for the simulation setup; as shown in Fig. 6.1.
The measurements of wireless channels for frequency range between 0.5 — 15 GHz
correspond to channel characterizing parameter K as between 15 — 50 dB [53].
We assume a typical urban environment for which the value of Ky can be taken
as 40dB [76]. The distance among adjacent BSs and the radius of each cell are
set as dgs = 1000m and r. = 700m, respectively. The initial position of MS at an
arbitrary time instant ¢ is defined as, d; = 100m and ¥; = 40°. The initial position
of MS along with its direction of motion together set the potential positions of MS
where the handover should be triggered and accomplished. General scenarios for

the motion of MS are considered, where the MS is neither moving in a circular
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path with respect to BS nor along the line joining the two intersection points of

the adjacent cells as shown in Fig. 6.3.

In Fig. 6.7, the effects of various directions of mobile motion on the handover
margin w.r.t. the velocity v of MS are shown on both linear and logarithmic
scales. For higher angles of o the MS moves away from both the BSs with a
different rate, therefore it takes more distance to create the required difference, go,
between the received powers, which further leads to increased handover margin.
Whereas, in contrast to these results, the results shown in Fig. 6.5 have a converse
behavior. In the approach used to obtain the plots of Fig. 6.5, the handover always
accomplishes at the border of the serving cell. This is because, the cross-section
distance of the overlapped region decreases with an increase in fyo; therefore the

handover margin decreases accordingly.

The effects of residual power ratio on the handover margin 7y, for different values
of velocity v are shown in Fig. 6.8, where it is evident that, with an increase in the
predefined residual power ratio, ¢s, the time margin available to perform handover
increases. Furthermore, the effects of K5 (containing the effect of propagation
environment) on handover margin, 7Tyarg, are shown in Fig. 6.9, where it can be
observed that handover margin decreases significantly with an increase in K,. In
other words, for dense urban areas with higher propagation path loss exponent, the
time margin available to perform the handover is less; therefore, quicker decision

of handover is required to be made.

6.3 Summary

A geometrically based analysis has been presented to gauge the performance of
handover schemes. Mathematical relationship of the handover margin with ve-
locity of MS, direction of mobile motion, and propagation environment has been
derived on the basis of both geometrical model and path loss propagation model.

Relationship for the ratio between the radius of coverage area and the length of
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overlapped region between adjacent cells has been derived, which guarantees to
satisfy the required handover margin. The impact of velocity and direction of
MS’s motion on the handover margin has been analyzed. Moreover, the impact of
propagation environment on the handover margin has also been analyzed. Where
it has been observed that, handover margin decreases significantly with an increase
in the path loss exponent. In dense urban areas with higher propagation path loss
exponent, the time margin available to perform the handover is less; therefore,

quicker decision of handover is required to be made.
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Chapter 7

CONCLUSIONS AND FUTURE DIRECTIONS

This chapter presents a brief summary of the thesis in Section 7.1 and discusses

future research directions in Section 7.2 on the basis of achieved results.

7.1 Summary and Conclusions

A generalized 3-D scattering model has been developed, which assumes a direc-
tional antenna with controllable azimuthal beam-width employed at an elevated
BS. The scattering objects have been assumed to be confined within a semi-
spheroid shaped region with its base centered at MS. The radius of semi-spheroid
region is independently controllable along with its major and minor axes. Both
uniform and Gaussian distribution functions have been considered to model the
scattering objects. The directional antenna at BS results in the clipping of scat-
tering region and only the illuminated scattering objects correspond to the arrival
of waves at receiver. The effects of directional antenna at BS on the geometry
of scattering region has thoroughly been investigated and various threshold angu-
lar parameters have been established to distinguished illuminated and eliminated

scattering regions.

The spatial and temporal statistics of up and down radio communication links
have been derived for the proposed 3-D propagation model for both uniform and
Gaussian scatter densities. The effects of directional antenna has thoroughly been
observed on the spatial and temporal statistics in correspondence with the azimuth
and elevation angles. Closed-form expressions for the joint and the marginal PDF's
of AoA both in azimuth and elevation planes have been derived by assuming
the uniform as well as Gaussian distribution of scattering objects. Moreover, to
demonstrate the validity of proposed model, the obtained theoretical results for
spatial statistics at BS assuming Gaussian scatter density have been compared

with measured data provided in the literature.
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The developed 3-D scattering model has been shown to deduce some notable 2-D
and 3-D scattering models that assume uniform distribution of scatterers around

MS for macro-cell environment [13,15,22-24, 26].

Further, the impact of directional antenna and motion of MS has thoroughly been
investigated on the statistic distribution of power and Doppler shift. A relation-
ship for the distribution of Doppler spectrum and power over multipath waves
with the beam-width of directional antenna has been derived for a 3-D mobile
radio propagation environment. Closed-form expressions for trivariate PDFs of
propagation path distance, power, and Doppler shift in correspondence with the
beam-width of the directional antenna have been derived. Moreover, generalized
expressions for the relation of elevation AoA with the power and Doppler shift
have been presented. Further, to demonstrate the effects of directional antenna
on the statistic distribution of Doppler power spectrum, the theoretical results ob-
tained from the proposed analytical model along with the observations have been

presented.

It has been observed that for the mobility of MS at all the directions, when a
directional antenna with sharp beam is used at the BS, the spread in Doppler shift
reduces significantly and the higher values of PDF of normalized Doppler shift lie
close around the central frequency. It has been observed that, by increasing the
elevation AoA [5,,, the larger values of the PDF of normalized Doppler shift tend to
decrease from their maximum when |y| = 1 towards the central frequency on the
axis of the normalized Doppler shift. This is, because, there is higher probability
for the existence of less scatterers in horizontal plane for the higher values of
elevation angle. Furthermore, it has been concluded that for all the beam-widths of
directional antenna, the scatterers located vertically high correspond to significant
reduction in Doppler shift. Therefore, it is essential to consider the propagation of
multipath waves in 3-D space to determine the accurate channel characteristics,

which further leads to the design of more precise and reliable communication links.
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A geometrically based analysis has been presented to gauge the performance of
handover schemes. Mathematical relationship of the handover margin with ve-
locity of MS, direction of mobile motion, and propagation environment has been
derived on the basis of both geometrical model and path loss propagation model.
Relationship for the ratio between radius of coverage and overlapped region be-
tween adjacent cells has been derived, which guarantees to satisfy the required
handover margin. The impact of velocity and direction of MS’s motion on the
handover margin has intensively been analyzed. Moreover, the impact of prop-
agation environment on the handover margin has also been analyzed. Where it
has been observed that, handover margin decreases significantly with an increase
in the path loss exponent. It has been concluded that, in dense urban areas with
higher propagation path loss exponent, the time margin available to perform the

handover is less; therefore, quicker decision of handover is required to be made.

7.2 Future Work

The analytical results for characterization of angular and temporal statistics of
multipath signals presented in this thesis are useful for the performance evaluation
and system design of wireless cellular systems. Such statistics of the multipath
waves in 3-D propagation environment is useful to evaluate the capabilities of beam
oriented technologies. Moreover, these statistics are also necessary for avoiding
antenna correlations in designing diversity techniques with improved diversity gain

in MIMO systems.

The strategy of our future work is composed of the following three plans:

7.2.1 Plan 1: Shape Factors

The derived angular and temporal statistics for 3-D propagation environment can
be used to derive their shape factors (which are, angular Spread, Angular Con-
striction, and direction of maximum fading), which can further be used to derive
the second order statistics, like level crossing rate, average fade duration, spatial
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correlation and coherence distance. Such study for the case of 2-D scattering mod-
els is presented in [1,11,12], howewver, there is a scope to conduct such analysis for

the case of 3-D propagation models.

7.2.2 Plan 2: Accurate Scatter Density Function

Assuming a single bounce 3-D scattering model with spherical symmetric scatter
density, we have derived angular and temporal statistics for both uniform and
Gaussian scatter densities. However, in realistic 3-D propagation environments,
the geometry of scattering region around the MS is not always symmetric. This
plan of future work aims at numerical computation of accurate scatter density
function for given angular (3-D AoA) and temporal (ToA) measurements. A re-
lationship between numerical measurements of ToA or AoA and scatter density
function can be derived. Such effort for the case of 2-D scattering environment
has been made recently in [80]. Since, the use of 3-D propagation models is more
realistic, therefore, our proposed 3-D propagation model may be extended for the
derivation of such relationship between the measurement data of AoA or ToA and

the scatter density function.

7.2.3 Plan 3: Geometrically Based Study of Handovers in

Future Heterogenous Networks

In next generation networks, the handover of communication sessions can possi-
bly be among heterogeneous cellular environments (e.g., from a serving BS with
micro-cell scattering environment to a targeted BS with pico-cell scattering en-
vironment i.e., Wireless Local Area Networks (WLANSs)). Therefore, there is a
scope to conduct a geometrically-based analysis that includes the impact of scatter-

ing environment and system heterogeneity on the handover procedure.
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Appendix A

MATHEMATICAL DERIVATIONS

A.1 Jacobian Transformations

The Jacobian transformation, J (Xm, ym,Zm), given in Eq (4.1) can be found as,

J (Xma Ym, Zm) =

00Xy OXym O Xm
Orm 0 0Om 0By
OYm Oym O¥m
Orm 0 ¢m 0 Bm
8 Zm 3 Zm 8 Zm

Eq (A.1)

The relationships for transformation between different coordinate systems can be

expressed as follow,

Xm = Ty COS By, COS Orpy

Ym = T'm COS Bm sin ¢m

Zm = T Si0 G,

After simplifications Eq (A.1) can be expressed as,
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Eq (A.3)

Eq (A.4)



~1
COS B, COS Opy  —Ty, COS By SIN Gy — Ty, SIN By, COS Oy

J (Xm, Yms Zm) = | €OS B SN Gy Ty COS By COS Gy — T SIL By SINL o

sin f3,, 0 T COS B,
Eq (A.5)

I (P Gy Bm) =
(€08 By €OS Pr) X | (7' COS B €OS Ppy) X (T €OS B
—(0) X (=7, sin B, sin ¢, )]
— (=7, COS B SN Oy ) X [ (€OS B, SIN Py ) X (77, €OS B
—(sin ) X (=7 sin By, sin ¢, )]
(=7 S0 By, €08 Gy ) X [ (08 By sin @y,) X (0)

—(sin f) X (7, €OS By, €OS py)]

-1

Eq (A.6)

J (Xm; Ym, Zm) -
(cOS By €08 Pp) X [ (12, cO8? By, cOS Oy )]
+ (7' €OS By SiN By ) X [ (7'yn €082 By SIN By, ) + (7 SID? By, 5iN gbm)]

(7 SIN By €OS Dy ) X (74 810 By €OS B, €OS Gy )| } o

Eq (A.7)

J (Xm, Y, Zm) =
(12, cos® By, cos? ¢y,) + (12, cos® By, sin? ¢,
-1

+(r2, sin? B,, sin ¢y, cos B, ) + (12, sin? B, cos? ¢,y cos B

FEq (A.8)
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J (X, Yy Zm) =

1
72 co83 B (co8? Gy, + sin? ¢y,) + 12, cos By sin? By (cos? ¢, + sin? ¢m)]
Eq (A.9)

The simplified solution can be expressed as,

1

r2 cos B

J (X Yy Zm) = Eq (A.10)

A.2 Handover Delay

The power level of received signals at MS from serving cell (i.e., BS1) and adjacent

candidate cell (i.e., BS2) are

Pri(din) = Ky — Kalogo(din) FEq (A.11)

Pra(dan) = K1 — Ko logyo(dan) Eq (A.12)

where, dy ,, and ds,, are given in Eq (6.8) and Eq (6.9), respectively. The residual

power ratio of the i*" candidate BS can be found as

4i = Pa,i — Pa,1 Eq (Aff)))

By assuming p,; as, pa; = pri, Eq (A.13) can be rearranged as,
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q2 =

(K1 — Kslogy, <\/d% +g>+2dy g cos(m— ¥ — QHO)) ) Eq (A.1})

— (Kl — Ky logy, (\/dg +g%2+2dy g cos(¥y — 0H0)> )

where, ¢ is the distance traveled by MS with a certain velocity from its initial
position 'R’ to the point ‘N’ where it completes the handover (refer Fig. 6.2).
The transition from p,; to p,; requires an addition of certain time delay T,yq
which depends upon the used averaging scheme. Such delay has been computed

in literature [53]. After simplifications, the above equation can be rearranged as,

g2 =

K.
f(loglo (34 g°+2ds g cos(¥2 —bOyo)) Eq (A.15)
—log, (d% + g2 +2dy g cos(Vy + HHO)) )

By rearranging Fq (A.15) for g, the simplified solution can be expressed as,

g e
1
102a2/K2 _ | (102q2/K2d2 cos(Wy — Oro) + di cos(ay + ho)
1
3 ( — 4(10%/72 — 1) (1072 %2 d5 — dF) + 4(10%=/*2dy cos(W, — Ono)

1/2
+d; cos(¥y 4 Oyo) )2 ) >

FEq (A.16)
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