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Abstract

The well known geometrical scattering channel modeling technique has been suggested to

describe the spatial statistical distribution of the received multipath signals at various types

of wireless communication environments and for different wireless system applications. This

technique is based on the assumption that the scatterers, i.e. objects that give rise to the

multipath signals, are randomly distributed within a specified geometry that may include

the base station and/or the mobile station. The geometrical scattering channel models

can provide convenient and simple statistical functions for some of the important physical

quantities of the received multipath fading signals, such as: angle of arrival, time of arrival,

angular spread, delay spread and the spatial correlation function.

In this thesis, a new three dimensional geometrical scattering channel model has been

developed for outdoor and indoor wireless communication environments. The probability

density functions of the angle of arrival of the received multipath signals are provided in

compact forms. These functions facilitate independent control of the angular spread in both

the azimuth and the elevation angles via the model’s parameters. To establish the model

verification, the developed model has been compared against the results from a site-specific

propagation prediction technique in indoor and outdoor wireless communication environ-

ments.

The developed three dimensional model has been extended to include the temporal statis-

tical distribution of the received multipath signals for uniform and non-uniform distributions

of the scatterer. Several of the probability density functions of the angle of arrival and time



of arrival of the received multipath signals are provided. The probability density functions

of the angle of arrival have been validated by comparing them against the results from real

channel measurements data. In addition, the developed three dimensional geometrical scat-

tering channel model has been extended for multiple input multiple output wireless channel

modeling applications. A three dimensional spatial correlation function has been developed

in terms of some of the physical channel’s parameters, such as: displacements and orienta-

tion of the employed antenna elements. The developed correlation function has been used to

simulate and investigate the performance of wireless multiple input multiple output systems

in different scenarios.
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Chapter 1

Introduction

1.1 Preface

Over the last two decades, wireless communication systems have been developed to provide

sophisticated communication services for anyone, anytime, and anywhere throughout the

world. The mid 1980s saw the beginning of the first generation systems (1G), which was based

on analog technology and was limited to voice communication services. Digital technology

was later introduced into wireless communication systems at the beginning of the 1990s,

starting with the second generation systems (2G) and evolving toward the currently deployed

third generation (3G) and fourth generation (4G) systems. These advanced systems, i.e. 3G

and beyond, promise to provide a multitude of communication services such as voice, data,

and streaming multimedia [1, 2]. However, the increasing demand for higher data rates and

communication link reliability, coupled by the limited radio frequency spectrum, has led to

the need for the development of new techniques that help to overcome these limitations, as

well as, satisfy the increasing demands in future systems. Exploiting the spatial dimension
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at one or both ends of wireless communications link is considered as one of the most vital

technologies that promises to aid in the realization of future demands of wireless services

without the need of additional spectrum resources [1–5].

1.2 Motivation

Typically, radio propagation conditions have an observed influence on the performance of

wireless communication systems, especially systems that utilize the spatial dimension. In

multipath wireless channels, the transmission paths from the transmitter to the receiver

may vary from a simple line of sight (LOS) path to one that is severely obstructed by

objects in the propagation environment. These objects give rise to different propagation

mechanisms, such as: scattering, reflections, diffractions and transmissions of the propagated

signal within the wireless channel medium. In multipath communication environments, the

received signal is comprised of a number of constructively and destructively interfering copies

of the transmitted signal. Since the multipath signals propagate along different paths to reach

their destination and the properties of the transmission environment vary from path to path,

each component experiences differences in properties, such as: power, phase shift, angle of

arrival (AOA), time of arrival (TOA) and polarization. Therefore, multipath propagation

signals are considered to be an undesirable feature of radio channels, as the performance, i.e.

reliability, of a conventional single input single output (SISO) wireless communication system

may be limited by these multipath signals by introducing fading and interferences [1, 3]. In

such cases, multiple element antenna (MEA) systems have been employed at the receiver

in single input multiple output (SIMO) wireless systems, i.e. receive diversity, or at the
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transmitter in multiple input single output (MISO) wireless systems, i.e. transmit diversity,

to mitigate the undesirable effects of multipath signals [1,5–8]. On the other hand, multipath

propagation signals in a rich scattering environment may be considered to be advantageous

because they can be exploited to increase the performance of the wireless communication

systems by employing the MEA system at both the receiver and the transmitter, i.e. spatial

multiplexing, along with appropriate space-time signal processing [9–15]. The use of the

MEA system at both the receiver and the transmitter is known as a multiple input multiple

output (MIMO) wireless system. Therefore, the MEA system can be used at one or both

ends of wireless communication link to realize the utilization of the spatial dimension.

In wireless communication systems which utilize the spatial dimension, the angular sta-

tistical distributions of the received multipath signals are beneficial in determining the per-

formance of the radio link. These distributions can be obtained from real channel measured

data and/or from site specific propagation prediction data. However, normally these data are

unavailable and/or unapplicable [3]. Therefore, having a simple channel model that is capa-

ble of providing both spatial and temporal characteristics of the received multipath signals

is useful in order to evaluate, analyze, and design advanced wireless communication systems.

The well known geometrical scattering channel modeling technique has been developed to

describe the statistical distributions of the received multipath signals in various types of

wireless communication environments and for different wireless system applications.

The geometrical scattering channel models are based on the assumption that the scat-

terers, i.e. objects that cause multipath signals, are randomly distributed within two di-

mensional (2D) or three dimensional (3D) space, i.e. 2D or 3D models, that are limited

by a specified geometry that may include the base station (BS) and/or the mobile station

3



(MS). The geometrical models can lead to convenient, simple statistical distributions for

some important physical quantities, such as AOA, TOA, angular spread, delay spread and

the space-time correlation function of the received multipath fading signals. Fast and easy

implementation of the wireless channel impulse response based on the statistical distribu-

tions of the received multipath signals can be obtained for both SISO and MIMO wireless

communication systems. The 3D statistical distribution information of the received mul-

tipath signals can provide accurate modeling for wireless channel impulse response. This

enables wireless system designers to create wireless communication systems more efficiently

in terms of some wireless channel parameters, such as: receiver signal to noise ratio (SNR),

bit-error-rate (BER) performance, capacity, channel access, co-channel interference cance-

lation, equalization, diversity, modulation performance tradeoffs, and cost. This 3D model

can be used to describe the angular and temporal statistical distribution of the multipath

signals in outdoor and indoor wireless communication environments, such as: downtown

areas, malls, airports, offices and laboratories. This includes modeling wireless channel of

some popular wireless communication technologies that are currently available in the afore-

mentioned areas, such as: wireless local area network (WLAN), wireless fidelity (Wi-Fi) and

worldwide interoperability for microwave access (WiMAX) wireless communication systems.

In this thesis, the development of a 3D geometrical scattering channel model for microcellular

and picocellular outdoor and indoor wireless communication environments is presented..
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1.3 Previous Work

In published literature, several 2D and 3D geometrical scattering channel models are cur-

rently available [16–40]. The 2D geometrical models provide the azimuth angular distribu-

tions, whereas the 3D models are able to describe both the azimuth and elevation angular

distributions. For outdoor macrocellular wireless communication environments, where the

BS antennas are elevated and the scatterers are assumed to be located around only the MS

antennas various 2D [23, 24, 27–29, 31, 37, 38] and 3D [25, 30, 35, 40] geometrical scattering

channel models have been developed. However, for microcellular and picocellular outdoor

and indoor wireless communication environments, only 2D geometrical scattering channel

models have been developed [16,20,22,24,33,36].

Typically, in the later mentioned wireless communication environments, where the heights

of the BS and the MS antennas and the distance between them are both relatively short in

comparison to outdoor macrocellular environments. In such cases, the scatterers such as:

roofs, walls, trees, doors, windows, the ground, etc., can be assumed to be available within a

3D space that includes both the BS and MS antennas. However, all the available geometrical

channel models are 2D models, where the transmitted signal is assumed to propagate on the

horizontal plane, i.e. the elevation angle is assumed to be 90◦. For example, Liberti and

Rappaport, in [16], developed the elliptical geometrical scattering channel model assuming

that the scatterers are uniformly distributed on an ellipse where the BS and MS are located at

it’s foci. The marginal and joint probability density functions (pdfs) of the AOA and TOA

are provided. In [20], Norklit, proposed a geometrical scattering channel model based on

the assumption that the scatterers are distributed along circumferences of elevated ellipses,
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where the TOA variable is related to elevated BS antennas, but the AOA variable is based

on distributing the scatterers on a 2D plane. The pdf of the AOA conditioned on the TOA

variable is provided. Ertel and Reed, in [22], proposed a more general approach in which

the pdfs for both the elliptical [16] and circular [23] geometrical scattering channel models

can be derived using a common approach as seen from both the BS and the MS. In [24],

Janaswamy, developed a Gaussian scatterer density model which assumed that the MS is

surrounded by scatterers in a Gaussian distribution. The Gaussian model can be used in

different wireless communication environments by changing the standard deviation of the

scatterers around the MS. The pdf of the AOA, the pdf of the TOA, the power azimuth

spectrum and the time delay spectrum can be estimated by this model. Jiang and Tan,

in [33], developed a geometrical scattering channel model based on the assumption that the

scatterers are randomly distributed around the BS within a circle that is determined by the

coverage area of the BS antenna. The joint pdf of the AOA and TOA is derived for a general

distribution of scatterers. Finally, Noor et al., in [36], generalized the elliptical channel model

for an arbitrary distribution of scatterers around the MS and/or the BS. The model assumes a

Gaussian scatterers distribution around both the BS and MS, each with a different standard

deviation. The pdf of the AOA is provided with consideration of two different scatterer

distributions, i.e one around the BS and the other around the MS. However, all the pdfs of

the AOA based on the aforementioned geometrical scattering channel models provide only

the azimuth angular statistical distribution of the received multipath signals.

From a physical viewpoint, since the BS and MS antennas are low and the distance

between them is small, then the scatterers are distributed within 3D space around and

between both the BS and MS. Therefore, it is more reasonable to consider that the multipath
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signals propagate within both the azimuth, i.e. horizontal, and the elevation, i.e. vertical,

planes. In addition, several outdoor and indoor channel measurements proved that the

angular spread of the received multipath signals are observed within a relatively wide range

of elevation angle in comparison to the 2D models’ assumptions [41–45]. Consequently, the

development of a 3D geometrical scattering channel model for later wireless communication

environments is required.

1.4 Objectives

In this thesis, the objective is to develop a 3D geometrical scattering channel model for

microcellular and picocellular outdoor and indoor wireless communication environments.

Specifically, the model can be used in wireless communication environments, in which the

most frequent occurrence of the AOA of the received multipath signals takes place around

the relative direction of the BS to the MS in both the azimuth and elevation angles.

1.5 Contributions

The thesis outlines several noteworthy contributions to the area of geometrical scattering

channel modeling techniques. In essence, the thesis’ potential contributions are as follows:

• The development of a novel generalized 3D geometrical scattering channel model for

wireless communication environments, where only 2D models are currently available.

The model incorporates the spatial statistical distributions of the received multipath

signals in both the azimuth and elevation angles [46].
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• The verification of the developed 3D model by comparing its behavior against the

results from a site-specific propagation prediction technique in indoor and outdoor

wireless communication environments [46].

• The extension of the 3D geometrical scattering channel model in order to account for

the TOA variable of the received multipath signals. In this case, both the spatial and

temporal statistical distributions of the received multipath signals are included [47–49].

• The generalization of the extended 3D model for a general distributions of scatterers.

As a case study, the 3D Gaussian scatterers density function is considered [50].

• The comparison of the proposed 3D model and its extended versions with the available

similar geometrical scattering channel models. As special cases, the developed 3D

models can be reduced to these geometrical scattering channel models.

• The development of a spatial correlation function that can be used in simulating and

investigating MIMO wireless communication system performance [51].

1.6 Organization

The thesis is organized as follows. A background and literature review about the related

topics are provided in Chapter 2. In Chapter 3, the new 3D geometrical scattering channel

model’s description, derivation of the pdfs of the AOA and their verification are provided.

The extension of the developed 3D model for the inclusion of the TOA parameters is presented

in Chapter 4, where the scatterers distribution is assumed to be uniform. In Chapter 5, the

3D model’s extension for non-uniform scatterer distribution is provided, where the Gaussian

8



scatterers distribution is assumed. The derivation, comparison and validation of the pdfs

of the AOA and TOA are provided. The extension of the new 3D geometrical scattering

channel for MIMO channel modeling is provided in Chapter 6. Derivation of the spatial

correlation function of the received fading signals, as well as, it’s application in simulating

MIMO wireless performance is also provided. Finally, the conclusions and future work that

can build upon the results of this thesis are given in Chapter 7.
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Chapter 2

Background and Literature Review

2.1 Introduction

Satisfying the increasing demand for wireless communication services necessitates the efficient

usage of the available wireless channel resources. The area of channel propagation resource

utilization has attracted considerable attention in the last three decades. The channel re-

sources which can be utilized include: frequency domain, i.e. frequency division multiple

access (FDMA), time domain, i.e. time division multiple access (TDMA), power domain,

i.e. code division multiple access (CDMA), and space domain, i.e. space division multiple

access (SDMA). The basic concept of these different techniques is to allow for several users to

simultaneously access a single communication channel. Multiple access wireless communica-

tion techniques have been developed for both fixed and mobile wireless service applications.

However, wireless service providers are faced with a number of challenges, such as the lim-

ited availability of the radio frequency spectrum and the complexity time varying wireless

communication channels, in addition to meeting the increasing demand for higher data rates,
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Figure 2.1: Antenna configuration in multiple antenna systems.

higher capacities, greater coverage areas and better quality of service. The use of MEA at the

receiver (Rx) and/or at the transmitter (Tx) in wireless communication systems, which are

commonly known as smart/adaptive antenna systems or space-time wireless communication

systems, is an emerging technology that provides efficient utilization of the space domain.

2.2 Multiple Antenna Elements in Wireless Communi-

cation Systems

Figure 2.1 illustrates various antenna configurations for MEA wireless communication sys-

tems. As shown in Figure 2.1a, the SISO system is the most familiar wireless system and has

only two antenna elements, one for transmitting and one for receiving. In multipath wireless

communication environments, more than one antenna can be used at the transmitter and/or

at the receiver to increase the signal to noise ratio (SNR) in order to improve the performance

of wireless communication systems. For example, Figure 2.1b shows the configuration for

SIMO wireless systems, i.e. receive diversity [1, 5], in such a case, the transmitter has only

one antenna, whereas the receiver has more than one antenna. The received multipath signals

at the receiver have different amplitudes and phases. Therefore, the receiver can coherently
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add the different multipath signals which are received by different antennas to enhance the

quality of the signal. Similarly, in MISO wireless systems, i.e. transmit diversity, [6–8], the

transmitter has more than one antenna, whereas the receiver has only one antenna, as shown

in Figure 2.1c. In MISO systems, the transmitted signal can be sent by more than one an-

tenna element. However, a suitable utilizing for the transmitted signal is required in order for

the receiver to be able to extract the signals from multiple transmitter antennas, i.e. design

of space-time codes. Generally the transmit and receive diversity can be characterized by the

number of fading channels, which is known as diversity order. Figure 2.1d shows the MIMO

system configuration. In such a system, both the transmitter and the receiver employ more

than one antenna in order to utilize both receive and transmit diversity, which is known as

spatial multiplexing. In this case, the diversity order is equal to the product of the number

of transmitting and receiving antennas.

2.3 Multipath Wireless Propagation Environments

Transmitted signals propagate through wireless channels along a number of different paths.

This results in scattering, diffraction and reflection of the transmitted signal by objects

within the wireless medium, as shown in Figure 2.2. Therefore, the different propagation

paths result in different delayed copies of the transmitted signal arriving at the receiver.

These multipath signals can limit the performance of wireless communication systems by

introducing intersymbol interference (ISI) and/or fading. When the difference in delays

between the different multipath signals is large, i.e. large delay spread, the received data

symbols might overlap. This leads to ISI at the receiver which can result in poor signal
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reception even when the signal level is high. Fading of the received signals can happen when

the phases of the multipath signals combine destructively at the receiver even if the delay

spread is low.

Furthermore, the angular spread can affect the quality of the received multipath signals.

For example, it has been illustrated in [19, 52] that a wireless channel can be defined as a

high rank channel, i.e. high capacity, if the delay spread, στ , is equal to or larger than the

inverse of the receiver bandwidth, B, or the angular spread, σΩ, is equal to or larger than

the three decibel (3dB) beamwidth, Ω3dB, of the antenna radiation pattern. Thus,

στ ≥ 1

B
or σΩ ≥ Ω3dB. (2.1)

On the other hand, the channel can be defined as a low rank channel if the delay spread, στ ,

is small compared to the inverse of the receiver bandwidth, B, and the angular spread, σΩ,
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is small compared to the 3dB beamwidth, Ω3dB, of the antenna radiation pattern. Thus,

στ ¿ 1

B
or σΩ ¿ Ω3dB. (2.2)

The angular spread, σΩ, of the received multipath signals depends on both the azimuth

angular spread, σφ, and the elevation angular spread, σθ. Since the spatial and temporal

correlation of the multipath signals can be limiting factors of wireless communication systems,

the efficient exploitation of the angular and temporal dimensions can significantly enhance

the systems performance. In order to exploit these dimensions efficiently, it is important to

have reliable knowledge of the propagation characteristics of the transmission paths between

the BS and MS in different wireless communication environments such as: macrocellular,

microcellular, picocellular and indoor environments.

2.3.1 Macrocellular Environments

In macrocellular environments, i.e. a large cell, the BS covers several kilometers, i.e. the

separation distance between the BS and the MS is several kilometers, and the BS antenna is

usually elevated. In such cases, the height of the BS antenna is greater than the surrounding

objects, therefore, it is reasonable to assume that the scatterers are distributed around only

the MS. Since the distance between the BS and the MS is far greater in comparison to

the difference between the heights of the BS/MS antennas, it is also reasonable to assume

that the signal propagates within the horizontal plane. The macrocellular environments may

include outdoor rural and urban areas.

14



2.3.2 Microcellular Environments

In microcellular environments, i.e. a smaller cell, the BS covers a few hundred meters to

one kilometer and is able to provide increased capacity. In such cases, the typical heights

of the BS and the MS antennas and the distance between them are both relatively short

in comparison to macrocellular wireless environments. Therefore, the scatterers that cause

multipath signals are assumed to be spread around both the BS and MS antennas. However,

under some circumstances, the density of scatterers around the BS is less than the density of

scatterers around the MS. Examples for microcellular environments are outdoor downtown

areas.

2.3.3 Picocellular Environments

In picocellular environments, i.e. a very small cell, the distance between the BS and the

MS is very small, i.e. several meters, and the BS/MS antennas are almost the same height.

Therefore, in such cases, the scatterers can be assumed to be distributed around and between

both the BS and MS antennas. Picocellular environments may include high traffic pedestrian

areas, i.e. outdoor, and offices, i.e. indoor.

Typically, in macrocellular environments, the received signals express moderate values of

angular spread and large values of delay spread, whereas in microcellular and picocellular

environments the angular spread is high and the delay spread is low. Having both the spatial

and temporal statistical information is useful in determining the performance of these wireless

communication systems. It is possible to obtain the information from measured data or from

site-specific propagation-prediction techniques, but this information is not always available
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and/or applicable. Therefore, channel models that are able of predicting the statistical

distributions of received multipath signals are useful in characterizing the multipath wireless

channels in different environments for different applications. Commonly used geometrical

scattering channel models have been developed to obtain both the spatial and temporal

statistical information of the multipath fading signals, as well as, the space-time correlation

functions in various wireless communication environments.

2.4 Geometrical Scattering Channel Modeling Tech-

niques

2.4.1 Definition

To evaluate the performance of a wireless communication system that employs antenna array,

as well as, to investigate the properties of the received fading signals, geometrical scattering

channel models have been developed. These models also known as single bounce scattering

channel models, where the propagation between the transmitting and receiving antennas is

assumed to take place via a single scattering from an intervening object, i.e. scatterer. The

geometrical scattering channel models are based on the assumption that the scatterers that

give rise to the multipath signals are randomly distributed within 2D or 3D space, and that

space is assumed to be enclosed by a specified geometry that may include the BS and/or the

MS antennas.
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2.4.2 Assumptions

The following assumptions are commonly applied in geometrical scattering channel tech-

niques in order to obtain convenient, simple statistical distributions for some of the physical

quantities wireless channels.

• The transmission path from the transmitting antenna to the receiving antenna is as-

sumed to happen via one scattering only, i.e. a single bounce multipath signal. Specifi-

cally, only significant scatterers that contribute to the last scatterering of the multipath

received signals are considered. In other words, only scatterers that give rise to multi-

path signals which arrive at the receiver’s side within a specified time and/or at specified

power threshold values are considered, where these threshold values are determined by

the system designer. The multiple scattering, i.e. multiple-bounce can be modeled in

a further step as a stochastic process [4].

• The scatterers are assumed to be reflecting elements with equal scattering coefficients

and uniform random phases. As mentioned before, the scatterers are assumed to be

distributed within 2D or 3D space that is limited by a specific geometry which includes

the BS and/or MS antennas. Unbounded scattering space can be used, i.e. without

limiting geometry, but geometry has some advantages, such as: i) the ability to relate

the derived statistical distributions to some of the important physical parameters, such

as the distance between the BS and MS, ii) the ability to include only the most sig-

nificant scatterers. The effects of the scatterers distributed outside the geometry can

be ignored in comparison to the effects of the scatterers within the geometry. This

assumption leads to obtain the necessary AOA and TOA pdfs in convenient forms.
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Figure 2.3: MIMO System.

• The employed antenna radiation patterns are isotropic for both the BS and MS. How-

ever, the actual antenna radiation pattern can be incorporated with the derived statis-

tical distribution functions.

2.5 Multiple Input Multiple Output Wireless Systems

In a MIMO system, Multi-Element Antenna (MEA) structures are deployed at both the

transmitter and receiver, as shown in Figure 2.3. From a communication engineering per-

spective, the challenge is to design the signals to be sent by the transmitter array, and the

algorithms for processing those signals at the receiver array, so that the quality of the trans-

mission, i.e. bit error rate, and/or its data rate are improved. These gains can then be used to

provide increased reliability, lower power requirements, i.e. per transmit antenna, or higher

composite data rates, i.e. either higher rates per user or more users per link. The benefits

offered by MIMO technology is that these improvements can be obtained without the need

for additional spectral resources. The MIMO system over a realistic wireless channel has

been developed theoretically [12,14,15] and demonstrated experimentally, [12,13] as long as

the environment provides sufficient scattering, i.e. a rich multipath environment. It has been
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shown that the MIMO capacity can linearly increases with the minimum number of antenna

elements N , where N ≤ min(Nt, Nr), where Nt and Nr are the number of antenna elements

at the transmitter and the receiver, respectively. In general, a MIMO channel represents N

parallel sub-channels, such that the MIMO capacity is the sum of the individual capacities

of the sub-channels. The MIMO system’s capacity has been derived as

C = ln det(INr +
SNR

Nt

HHT ), (2.3)

where INr is Nr × Nr identity matrix, SNR is the average signal-to-noise ratio (SNR), H

is the Nr × Nt complex fading envelopes, (.)T denotes the transpose conjugate, and det(.)

denotes the matrix determinant. The performance of MIMO systems can be maximized when

the channel transfer matrix is full rank. This can be achieved when there is no correlation or

at least the correlation is low between the various transmitted signals, as well as, the various

received signals. In an antenna array system such as MIMO, there are two main sources

of correlation. The first one is a non-rich scattering environment, where the multipath

components arrive at the receiver within a limited direction in space. The other correlation

source is the mutual coupling between the antenna elements employed. Therefore, in order

to understand the behavior of a MIMO system, a better channel model is required for the

purpose of assisting in the design of an efficient MIMO system. This model should take into

account the spatial information of the received multipath signals, as well as, the employed

antenna array properties.
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2.6 Multiple Input Multiple Output Channel Modeling

Typically, wireless channel conditions and the type of antenna array employed at both the

transmitter and the receiver have an influence on the performance of MIMO wireless systems.

Hence, it becomes essential to model a radio channel which includes the effects of the MIMO

radio channel and the antenna that is employed. Since the MIMO performance is limited by

the correlation between the various signals that are received by the different antenna elements,

it is important to model the correlation in order to achieve the maximum performance of the

wireless MIMO system. Therefore, the geometrical scattering channel modeling technique

have been suggested to obtain the spatial correlation function of the received multipath fading

signals, as well as, describe the MIMO wireless transfer function, H. This technique can lead

to obtain a simple correlation function and taking into account some important channel

physical parameters’s. In the last few years, considerable research has been devoted to

modeling the channel and correlations, along with performance analysis of the MIMO wireless

systems based on geometrical scattering channel modeling technique, see for example, [53–58].

2.7 Literature Review

As mentioned before, geometrical scattering channel models have been developed for both

the conventional wireless systems, i.e. SIMO, to describe the AOA and TOA statistical

distribution and MIMO wireless systems to describe the spatial correlation functions. For

example conventional wireless systems several geometrical scattering channel models have

been developed for different types of environments. In macrocellular environments, many

2D [23, 24, 27, 29, 31, 37, 38] and 3D [25, 30, 35, 40] geometrical scattering channel models are
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currently available. The circular geometrical scattering channel model, where the scatterers

are assumed to be uniformly distributed within a circle around the MS, has been suggested

in [3], as shown in Figure 2.4a. The marginal and joint pdfs of the AOA and TOA have been

obtained as seen from the BS and MS. For example, the joint AOA and TOA is given by [3]

f(τ, φm) =
(D2 − τ 2c2)(D2c− 2Dτc2 cos φm + τ 2c3)

4πR2(D cos φm − τc)3
, D2−2τc2 cos φm+τ2 c2

τc−D cos φm
≤ 2 R, (2.4)

where D, R, c, τ , and φm are, respectively, the distance between the BS and the MS, radius

of the circle, speed of light, TOA of the multipath signals, and AOA of the multipath signals

in the azimuth plane. In order to describe the angular spread in both the azimuth and

the elevation angles in macrocellular environments, some 3D geometrical scattering channel

models have been suggested. For example, in [25], Janaswamy developed a 3D spheroid

model. This based on the assumption that the scatterers are uniformly distributed within

the upper half of a spheroid and the MS antenna is located at its center, as shown in

Figure 2.4b. The author provided closed form expressions for the joint and marginal pdfs of

the AOA as seen from the BS and MS. For example, the provided joint pdf of the AOA as

seen from the MS is given by [25]

f(θm, φm) =
a b2 cos θm

2π
(
b2 sin2 θm + a2 cos2 θm

)3/2
, (2.5)

0 < θm ≤ π/2, 0 < φm ≤ 2π,

where a, b, are the spheroid’s semi-lengths on the major axes, i.e. x and y-axes, and minor

axis, i.e. z-axis, respectively and θm and φm are respectively, the AOA of the multipath
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Figure 2.4: Geometrical scattering channel models for macrocellular environments: a) Cir-
cular model and b) Spheroid model.

signals in the elevation and the azimuth angle.

In microcellular and picocellular outdoor environments and indoor wireless communi-

cation environments, several geometrical scattering channel models are currently available

[16, 20, 22, 24, 33, 36]. However, all the available geometrical channel models are 2D mod-

els, where the transmitted signal is assumed to propagate on the horizontal plane, i.e. the

elevation angle is assumed to be 90◦. In other words, the 2D models are capable of predict-

ing only the angular information in the azimuth plane. The first 2D geometrical scattering

channel model that was developed for the previously mentioned environments is the ellip-

tical model [16]. Liberti and Rappaport, developed this model based on assuming that the

scatterers are uniformly distributed inside an ellipse in which the BS and the MS are located

at its foci, as shown in Figure 2.5a. Expressions the marginal, joint, and conditioned pdfs

of the AOA and TOA of the received multipath signals are provided. For example, the joint

pdf of the AOA and TOA is obtained as

f(τ, φm) =
(D2 − τ 2c2)(D2c− 2Dτc2 cos φm + τ 2c3)

4πa b(D cos φm − τc)3
, D

c
< τ < τm. (2.6)

To include the relative difference between the BS and MS antennas, Norklit in [20], proposed
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and indoor environments: a) Elliptical model and b) Circular model .

a geometrical scattering channel model based on the assumption that the scatterers are

distributed along circumferences of several elevated ellipses, where the TOA variable is related

to elevated BS antennas, but the AOA variable is based on distributing the scatterers on a

2D plane, i.e. ellipse surface. The marginal pdf of the AOA conditioned on the TOA variable

is provided and the pdf captures only the azimuthal angular information. In [22], Ertel and

Reed, proposed a more general approach in which the pdfs for both the elliptical [16] and

circular [23] geometrical scattering channel models can be derived as seen from both the BS

and the MS sides. Janaswamy, in [24], developed a Gaussian scatterer density model which

assumes that the MS is surrounded by the scatterers in a Gaussian distribution, which was an

extension of the circular model for a non-uniform scatterers distribution. Janaswamy’s model

can be used in different wireless communication environments by changing the standard

deviation of the scatterers around the MS. Expressions for the marginal pdfs of the AOA and

TOA, the power azimuth spectrum and the time delay spectrum are provided. Expressions

are also provided for some of the quantities of practical interest such as the root mean square

(RMS) angular spread, the RMS delay spread, and the spatial correlation function. The

Gaussian scatterers density model has been validated by comparing the AOA and TOA pdfs
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with the circular [23] and the elliptical geometrical scattering channel models [16], as well

as, with some available channel measured data for outdoor and indoor environments.

Jiang and Tan, in [33], developed a geometrically based statistical channel model with

scatterers that are randomly distributed around the BS within a circle that is determined

by the coverage area of the BS antenna, as shown in Figure 2.5b. The marginal and joint

pdfs of the AOA and TOA are provided for a general distribution of scatterers around

the BS. As special cases, Rayleigh and exponential scatterers distributions are investigated.

Comparison results of Jiang’s model with some of the available measured data show that the

Rayleigh scatterer distribution model can be applied to outdoor microcellular environments,

whereas the exponential scatterer distribution model gives accurate results for an indoor

office/laboratory wireless environment. Finally, Noor et al., in [36], generalized the elliptical

channel model for an arbitrary distribution of scatterers around the MS and/or the BS. The

model is based on assuming a Gaussian scatterers distribution around both the BS and MS,

each with a different standard deviation. The marginal pdf of the AOA is provided, where

two different scatterer distributions are considered, i.e one around the BS and the other

around the MS. Also, the pdf has been compared with some of the available measured data

in both indoor and outdoor environments.

For MIMO case, several geometrical scattering channel models are currently available

[53–58]. Shiu et al. in [53], investigated the effects of fading correlations on the performance

of MIMO communication systems. Their model is based on the assumption that the scatter-

ers are uniformly distributed on a ring around the MS, i.e. one-ring model. An expression

for the spatial correlation function of the received multipath fading signals was obtained and

shows that the fading correlation depends on the physical parameters of MIMO and the char-

24



acteristics of the scatterer. In [54] Abdi et al. generalized the one-ring model to provide the

space-time cross correlation function for mobile frequency nonselective Rican fading MIMO

channels. This model is based on the assumption that the scatterers are distributed accord-

ing to von Mises density function [54]. The model includes various parameters of interest,

such as the angular spread at the BS and MS, the distance between the BS and MS, mean di-

rections of the signal arrivals, array configurations, and Doppler spread. Byers et al., in [55],

extended the one-ring model to include the scatterers around both the BS and the MS. The

model provides the space-time correlation function, where the scatterers are assumed to be

distributed on two rings around the BS and the MS, i.e. two-ring model. Similarly, they

assumed the scatterers were distributed according to the von Mises density function. Chen

et al., in [56], developed two models to obtain the spacetime correlation functions of fading

signals for both frequency-flat and frequency-selective channels in both macrocellular and

microcellular environments. For the macrocellular, the scatterers are assumed to be uni-

formly distributed inside a circular ring around the MS. For the microcellular, the scatterers

are assumed to be distributed inside an elliptical ring enclosing both the BS and the MS.

In the 3D case, the one-ring and the two ring models have been extended, in [57, 58], to

include the elevation angular spread information. In [57], Gong et al., assumed that the

scatterers are uniformly distributed over a sphere, where the MS at is its center. Zajic et al.,

in [58], developed an extension for the two-ring model by assuming that the scatterers are

distributed on the surface of two cylinders around both the BS and the MS. They assumed

that the scatterers are distributed in the azimuth and elevation plane based on the von Mises

density function, and the cosine function, respectively.

In this thesis, a new 3D geometrical scattering channel model has been developed for
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microcellular and picocellular outdoor environments and indoor wireless communication en-

vironments, where only 2D model is currently available in literature. [46–51]. This model

can be used to describe the angular and temporal statistical distributions of the received

multipath signals as seen from both the transmitter and the receiver sides, as well as, the

spatial correlation functions. In [46], the new geometrical model, i.e. the ellipsoidal model,

have been developed and verified. The marginal and joint pdfs of the AOA are provided in

compact forms and facilitate independent control of the angular spread in both the azimuth

and the elevation angles via the model’s parameters. To include the TOA of the multipath

signals, a new 3D geometrical scatterering channel, i.e the spheroid model, model have been

developed for uniform scatterers distributions [47–49]. In this case, several pdfs of the AOA

and TOA are provided, such as: the marginal and joint pdfs of the AOA, the joint pdfs of the

AOA conditioned on the TOA and the marginal pdf of the TOA. The pdfs of the AOA have

been validated by compare them with similar 2D models which available in literature. For

non-uniform scatterers distribution, the 3D spheroid model has been generalized for an arbi-

trary distribution of the scatterers In [46]. The joint pdfs of the AOA and TOA are provided

and validated by comparing them with channel measured data. All the pdfs of the AOA can

be expressed as seen from both the transmitter and the receiver sides. For MIMO channel

modeling applications, a new 3D spatial correlation function has been developed [51]. This

function is based on extending the new 3D ellipsoid model to obtained the correlation coef-

ficients between various transmit and receive fading signals. Several numerical examples for

MIMO systems’ performance have been provided based on the spatial correlation functions.
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Chapter 3

Angle of Arrival Statistics for a Three
Dimensional Geometrical Scattering
Channel Model

3.1 Introduction

In this chapter, a 3D geometrical scattering channel model is introduced. The model is

based on the assumption that the scatterers are uniformly distributed inside an ellipsoid

volume, in which the BS and the MS are placed at the ellipsoid’s foci, i.e. the 3D ellipsoidal

model. The joint pdf of the AOA of the received multipath signals are provided. The derived

pdf facilitates independent control of the angular spread in both the azimuth and elevation

angles via the model’s parameters. The developed 3D ellipsoidal model has been verified by

comparing the derived pdfs against the results from a site-specific propagation prediction

technique applied to indoor and outdoor wireless communication environments.

3.2 Model’s Description

The model’s geometry is shown in Figure 3.1. The ellipsoid is centered at O which is the

origin of the Global Cartesian coordinate system (xg, yg, zg). The MS and BS antennas are
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Figure 3.1: Ellipsoidal model’s geometry.

located on the x-axis at the ellipsoid’s foci (±f, 0, 0) and separated by a distance of D = 2f ,

where f is the ellipsoid’s focal length. The scatterers are uniformly distributed within the

ellipsoid’s volume, but for graphical simplicity, the figure shows only one scatterer denoted

by S. The scatterer’s Cartesian and Spherical coordinates with respect to the MS location are

(xm, ym, zm) and (rm, θm, φm), respectively, while those with respect to the BS locations are

(xb, yb, zb) and (rb, θb, φb). The transformation relationships between these various coordinate

systems are given by:

xg = D/2 + xm = −D/2 + xb, xm = rm sin θm cos φm, xb = rb sin θb cos φb, (3.1)

yg = ym = yb, ym = rm sin θm sin φm, yb = rb sin θb sin φb, (3.2)

zg = zm = zb, zm = rm cos θm, zb = rb cos θb. (3.3)
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Therefore, the ellipsoid can be described by any of the following formulas

xg

a2
+

yg

b2
+

zz

c2
= 1.0, (3.4)

(D/2 + rm sin θm cos φm)2

a2
+

r2
m sin2 θm sin2 φm

b2
+

r2
m cos2 θm

c2
= 1.0, (3.5)

(−D/2 + rb sin θb cos φb)
2

a2
+

r2
b sin2 θb sin2 φb

b2
+

r2
b cos2 θb

c2
= 1.0, (3.6)

where a, b, and c are the ellipsoid’s semi-lengths on the major axis, i.e. x-axis, and minor

axes, i.e. y and z-axis, respectively, and (θm, φm) and (θb, φb) are the AOA of the multipath

signals in the elevation and azimuth angles as seen from both the MS and BS, respectively.

Simplifying (3.5) and (3.6) and solving for rm and rb results in new formulas that are capable

of describing the ellipsoid in the Spherical coordinate system as seen from its foci. This yields

rm =
2b2c(

2a
√

c2 sin2 θm + b2 cos2 θm + cD sin θm cos φm

) , (3.7)

and

rb =
2b2c(

2a
√

c2 sin2 θb + b2 cos2 θb − cD sin θb cos φb

) . (3.8)
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The ellipsoid’s geometrical parameters are related to the BS/MS separation distance, D, as

given by

a =
D

2e1

, (3.9)

b = a
√

1− e2
1, 0 < e1 < 1.0, (3.10)

c = a
√

1− e2
2, 0 < e2 < 1.0, (3.11)

where e1 and e2 are the ellipsoid’s eccentricities in the xy and xz planes respectively.

3.3 Angle of Arrival Probability Density Functions

The objective of this chapter is to derive the AOA pdf of the received multipath signals as

seen from both the MS and the BS sides. Since the scatterers are uniformly distributed inside

the ellipsoid’s volume V , where V = 4 π a b c/3, then the scatterers density function in the

Cartesian coordinate systems with respect to the MS is given by

f(xm, ym, zm) =
3

4 π a b c
. (3.12)

The corresponding scatterers density function in the Spherical coordinate system is obtained

by using the Jacobian transformation. Hence,

f(rm, θm, φm) =
f(xm, ym, zm)

|J(xm, ym, zm)|

∣∣∣∣
xm = rm sin θm cos φm,

ym = rm sin θm sin φm,

zm = rm cos θm,

(3.13)
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where J(xm, ym, zm) is the Jacobian transformation that is given by

J(xm, ym, zm) =

∣∣∣∣∣∣∣∣∣∣∣∣

∂xm

∂rm

∂xm

∂θm

∂xm

∂φm

∂ym

∂rm

∂ym

∂θm

∂ym

∂φm

∂zm

∂rm

∂zm

∂θm

∂zm

∂φm

∣∣∣∣∣∣∣∣∣∣∣∣

−1

=
1

r2
m sin θm

. (3.14)

Therefore, the scatterers density function in the Spherical and the Cartesian coordinate

systems can be related as given

f(rm, θm, φm) = r2
m sin θmf(xm, ym, zm). (3.15)

By integrating (3.15) with respect to rm, and substituting (3.7) and (3.12) into the result,

the AOA joint pdf at the MS can be derived as

f(θm, φm) =
2b5c2 sin θm

πa
(
2a

√
b2 sin2 θm + c2 cos2 θm + cD sin θm cos φm

)3

0 < θm ≤ π , 0 < φm ≤ 2π. (3.16)

The derived AOA joint pdf can be obtained in terms of the ellipsoid’s eccentricities as given

f(θm, φm) =

(1− e2
1)

5/2 (1− e2
2) sin θm

4π
(√

(1− e2
2) sin2 θm + (1− e2

1) cos2 θm + e1

√
1− e2

2 sin θm cos φm

)3

0 < θm ≤ π , 0 < φm ≤ 2π, (3.17)
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where e1 = D/2a =
√

1− (b/a)2 and e2 =
√

1− (c/a)2. The marginal pdf in the azimuth

and the elevation planes may be obtained in convenient forms for numerical evaluation as

f(θm) =

∫ 2π

0

f(θm, φm) dφm , 0 < θm ≤ π. (3.18)

and

f(φm) =

∫ π

0

f(θm, φm) dθm , 0 < φm ≤ 2π. (3.19)

Similarly, the AOA joint pdf at the BS can be obtained by using (3.8) and following the

previous procedures. This gives

f(θb, φb) =
2b5c2 sin θb

πa
(
2a

√
b2 sin2 θb + c2 cos2 θb − cD sin θb cos φb

)3 ,

0 < θb ≤ π , 0 < φb ≤ 2π. (3.20)

3.4 Model’s Comparisons

The proposed 3D geometrical scattering channel model can be used to deduce some previously

proposed 2D and 3D models that assume uniform distribution of scatterers for outdoor and

indoor wireless environments.
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Figure 3.2: Hemispheroid model’s geometry.

3.4.1 Three Dimensional Hemispheroid Model

Janaswamy, in [25], developed the 3D hemispheroid channel model for macrocellular wireless

environments, where the scatterers are uniformly distributed around only the MS within a

hemispheroid volume. The developed 3D ellipsoidal model can be used to extend Janaswamy’s

model to include the scatterers around and between both the BS and the MS by reducing

the ellipsoid geometry to hemispheroid geometry, i.e. 0 < θm ≤ π/2, as shown in Figure 3.2.

The joint pdf of the AOA may obtained as

f(θm, φm) =
4 b5c2 sin θm

πa
(
2a

√
c2 sin2 θm + b2 cos2 θm + cD sin θm cos φm

)3 ,

0 < θm ≤ π/2 , 0 < φm ≤ 2π. (3.21)

As a special case, the AOA joint pdf, in [25], at the MS is obtained by substituting D = 0

and a = b into (3.21), and using the polar angle θm, rather than the author’s assumption

π/2 − θm. In such case, the scatterers are assumed to be distributed within hemispheroid
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around the MS only, i.e. the MS is located at it’s center. This yields

f(θm, φm) =
a c2 sin θm

2π
(
c2 sin2 θm + a2 cos2 θm

)3/2
, (3.22)

0 < θm ≤ π/2, 0 < φm ≤ 2π,

which is exactly the same as equation (9) of [25], where a and b are the spheroid semi-lengths

on the major axes, i.e. x and y-axes and minor axis, i.e. z-axis, respectively.

3.4.2 Three Dimensional Spheroid Model

The 3D spheroid channel model has been developed in [46–48]. The model is based on the

assumption that the scatterers are uniformly distributed within a spheroid volume. The 3D

ellipsoidal model can be used to obtain the spheroid model by assuming that the ellipsoid’s

eccentricities in the xy and xz planes are equal. Therefore, by substituting b = c into (3.16)

or e1 = e2 = e into (3.17), the AOA joint pdf can be obtained as

f(θm, φm) =
2b4 sin θm

πa (2a + D sin θm cos φm)3 , 0 < θm ≤ π , 0 < φm ≤ 2π, (3.23)

or

f(θm, φm) =
(1− e2)2 sin θm

4π(1 + e sin θm cos φm)3
, 0 < θm ≤ π , 0 < φm ≤ 2π, (3.24)

which has been derived based on the spheroid model, as detailed in Chapter 4.
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3.4.3 Two Dimensional Elliptical Model

The well known 2D elliptical scattering channel model has been developed in previous litera-

ture for microcellular and picocellular outdoor wireless environments. The model is based on

the assumption that the scatterers are uniformly distributed within an ellipse, where the BS

and the MS are located at its foci [3, 16, 20,22]. The generalized 3D model can also be used

to obtain the marginal AOA pdf in the azimuth plane, where the propagation is assumed to

take place within the horizontal plane, i.e. θm = 90o. In this case, substituting θm = 90o and

e2 = 0 into (3.7) results in the 2D radial distance that can be used to describe the ellipse

from its foci as given

rm =
a (1− e2)

(1 + e cos φm)
. (3.25)

This formula can be used to obtain the AOA marginal pdf as shown by

f(φm) =
(1− e2)3/2

2π(1 + e cos φm)2
, (3.26)

which is exactly the same as the AOA marginal pdf in the azimuth plane that is given

in [3, 16, 20,22]

3.5 Numerical Results and Model’s Verifications

In order to illustrate and to verify the proposed 3D channel model, several 2D and 3D

numerical plots for the new derived pdfs are provided. Figure 3.3a and Figure 3.3b show the

3D plot of the AOA joint pdfs as seen from the MS, f(θm, φm), and the BS, f(θb, φb), for the

ellipsoid with eccentricities of e1 = 0.75 and e2 = 0.90. As illustrated in the figures, all the
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(a) f(θm, φm) (b) f(θb, φb)

Figure 3.3: The joint pdfs of the AOA as seen from the MS and the BS, for e1 = 0.75 and
e2 =0.90.

curves show that the most frequent occurrences of the signals’ AOA take place around the

relative direction of the MS to the BS in both the azimuth plane, φm = 180o, φb = 0o, and

the elevation plane θm = 90o, θb = 90o.

To verify the derived pdfs, histogram simulations were used. The histogram simulations

were created by distributing 200, 000 scatterers uniformly within an ellipsoid. Then, the

desired AOA for each scatterer was determined as seen from both the MS and the BS.

The simulated AOA data was used to create histograms containing 50 bins, i.e. intervals.

The number of points in each bin was normalized to the total number of points in order

to generate simulated pdfs. Figure 3.4a and Figure 3.4b, respectively, show the plots of

the theoretical and histogram simulations of the AOA pdf in the azimuth angle versus e1

and in the elevation angle versus e2 at a fixed value of e1. Note that the angular spread

in the azimuth angle depends only on the parameter of e1, whereas the angular spread in

the elevation angle depends on both parameters e1 and e2. Clearly, all the plots illustrate
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(a) f(φm) (b) f(θm)

Figure 3.4: Comparison of the theoretical AOA marginal pdf with histogram simulations, at
the MS: a) In the azimuth angle at different values of e1, where e2 = 0.50, and b) In the
elevation angle at different values of e2, where e1 = 0.85.

that the most frequent occurrences of the AOA take place around the relative direction

between the MS to the BS. Also, the larger the ellipsoid’s size, i.e. smaller values of e1 and

e2, the larger the angular spread in the elevation and the azimuth planes. All curves show

good agreement between the theoretical and the histogram simulation results. The azimuth

and elevation AOA marginal pdf plots, as seen from the BS, are shown in Figure 3.5a and

Figure 3.5b, respectively. The plots illustrate a similar behavior for the pdfs as seen from

the MS, which is expected, since the model’s geometry is symmetrical as seen from both

sides and the scatterers are assumed to be distributed uniformly. One advantage of having

a 3D model is the ability to investigate the behavior of the AOA pdf in various planes. For

example, the AOA pdf in the azimuth plane is illustrated in Figure 3.6a for different values

of the elevation angle, θm, while the AOA pdf in the elevation plane for different values of

the azimuth angle, φm, is shown in Figure 3.6b.

To establish a verification of the proposed model, the AOA pdfs have been compared

against simulated results from a site-specific propagation prediction, i.e. ray-tracing, tech-
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(a) f(φb) (b) f(θb)

Figure 3.5: Comparison of the theoretical AOA marginal pdf with histogram simulations,
at the BS: a) In the azimuth angle at different values of e1, where e2 = 0.50, and b) In the
elevation angle at different values of e2, where e1 = 0.85.

(a) f(φm) (b) f(θm)

Figure 3.6: The AOA pdf for different planes, a) The AOA pdf in the azimuth angle f(φm)
for different values of θm, b) The AOA pdf in the elevation angle f(θm) for different values
of φm.

nique. The simulations were performed using the commercially available Wireless InSite

software package [59]. The software has been used to model indoor and outdoor wireless

communication environments, as shown in Figure 3.7 and Figure 3.8, respectively. To gener-

ate sufficient multipath signals, 100 receivers were placed at separate locations. This number
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(a) Floor 4 (b) Floor 4 and 5

(c) Floor 4, 5, Tx and Rx (d) Total Study Area

Figure 3.7: Indoor wireless environment scenario.

of receivers was found to be sufficient to generate the required multipath signals within a

reasonable simulation time. The distance between the transmitter and each receiver was

D = 10 and 30 m for the indoor and outdoor scenarios, respectively. These distances are

typical values used for the separation distance between the receiver and the transmitter in

the indoor and picocellular outdoor wireless communication systems [2]. Therefore, for each

location, the AOA of the received multipath signals were measured in both the azimuth and

the elevation angles within a specified received power range. The transmitted power and the

receiver’s threshold was set to 0 dBW and −100 dBW, respectively. To minimize the effects

of the structural geometries of the study area, the simulations were repeated at different

transmitter locations. In the indoor simulation scenario, the fourth, fifth, and sixth floors

of the Engineering and Information Technology Complex (EITC) at the University of Mani-
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Figure 3.8: Outdoor wireless environment scenario

toba have been modeled to generate an indoor wireless communication environment. All the

modeled building features, including its dimensions and material’s electromagnetic properties

have been defined. For example, brick and concrete for walls, and glass for windows have

been imported from the software’s library. The receivers, i.e. MS, were positioned within the

fifth floor along a ring, while the transmitter, i.e. BS, was placed at the ring’s center. An

omnidirectional antenna was employed at both the transmitter’s and the receiver’s sides at

an operation frequency of 2.4 GHz. To model an outdoor wireless environment, the Rosslyn

city model which is available with the software, has been used, as shown in Figure 3.8. The

simulation setting’s parameters were the same as the indoor scenario setting’s parameters

except the distance between the transmitter and the receiver was set to D = 30 m. The

measured root mean square (RMS) angular spreads, i. e. standard deviation, in the azimuth

and the elevation planes can be used for extracting the model’s physical parameters, i.e.

ellipsoid’s eccentricities, to produce similar results. The theoretical rms angular spread can
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(a) σφm (b) σθm

Figure 3.9: a) RMS angular spread in the azimuth plane, σφm , versus ellipsoid eccentricity,
e1, b) RMS angular spread in the elevation plane, σθm , versus ellipsoid eccentricity,e2, at
different values of e1.

be calculated as

σκm =
√

E[κ2
m]− E[κm]2, (3.27)

where E[κm] and E[κ2
m] are the mean, µκm , and the second moment of the random variable,

κ, respectively. These quantities can be determined from their usual definitions as

E[κm] =

∫
κmf(κm)dκm, (3.28)

E[κ2
m] =

∫
κ2

mf(κm)dκm, (3.29)

where κm can be used to represent the AOA random variables, φm and θm, while f(κm) is

the corresponding pdf. The means of the AOA in the azimuth and the elevation angles from

the Wireless InSite simulated data were obtained as: µφm = 180.48o, µφm = 181.94o and

µθm = 91.79o, µθm = 88.86o in indoor and outdoor simulation scenarios, respectively; where

the theoretical mean values based on the proposed 3D model are: µφm = 180o measured from
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(a) σφm (b) σθm

Figure 3.10: a) RMS angular spread in the azimuth plane, σφm , versus ellipsoid eccentricity,
e1, within a specified range, b) RMS angular spread in the elevation plane, σθm , versus
ellipsoid eccentricity, e2, within a specified range, at two different values of e1.

the x-axis and µθm = 90o measured from the z-axis.

The simulated angular spreads were obtained as: σφm = 79.82o, σφm = 97.32o and σθm =

11.24o, σθm = 8.65o at the indoor and outdoor examples, respectively. Therefore, values of

e1 = 0.3086 and e2 = 0.9891 produced angular spreads of σφm = 79.82o and σθm = 11.24o;

whereas values of e1 = 0.0875 and e2 = 0.9950 produced angular spreads of σφm = 97.32o

and σθm = 8.65o. Then, for the given distances of D = 10 and D = 30 m and based on

equations (3.9-3.11), the ellipsoid’s semi-length can be determined. The measured AOA data

has been used to create histograms containing 50 bins. The number of points in each bin was

normalized to the total number of points to generate simulated pdfs. In order to measure the

similarity between the theoretical and simulated pdfs’ behavior, the cosine distance metric

has been used. This metric has been widely used as a pattern similarity measure [60, 61].

42



The cosine distance sim(p, q) is defined as:

sim(p, q) =

∑m
i=1 piqi√∑m

i=1 p2
i

√∑m
i=1 q2

i

(3.30)

where m is the number of bins, i.e. number of interval, and q and p are corresponding

the output of the two pdfs that need to be compared. Note that sim(p, q) ranges in [0, 1],

with sim(p, q) = 1 indicating that the two pdfs are identical. Therefore, the marginal pdfs

in the azimuth and the elevation angles have been integrated on 50 interval, in order to

convert the continuous pdfs to discrete probability mass functions (pmfs). Figure 3.11a and

Figure 3.11b show the comparisons of theoretical and simulated pmfs in the azimuth and the

elevation angles, respectively, for the indoor scenario, while the comparisons of the outdoor

scenario are shown in Figure 3.12a and Figure 3.12b. As illustrated, comparison results

show good agreement between the proposed and the simulated pmfs in both the azimuth

and the elevation angles. The cosine distance metric shown that the similarity between the

theoretical and simulated pmfs are: 0.9951 i.e. Figure 3.11a, and 0.9300 i.e. Figure 3.11b, in

the azimuth and elevation angle, respectively, at indoor example, while for outdoor example

the results are 0.9979, i.e. Figure 3.12a, and 0.8811 i.e. Figure 3.11b, in the azimuth and the

elevation angles, respectively. The results illustrate one of the advantages of the geometric

scattering channel model in comparison to site-specific propagation prediction software. The

Wireless InSite software spends 3.90 and 1.25 hours to complete simulations of the indoor

and the outdoor scenarios, respectively. The same results can be obtained within a few

seconds by using a matlab code based on the proposed 3D geometrical scattering channel

model. The simulations have been done using a dual core processor computer at 3.00 GHz
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(a) f(φm) (b) f(θm)

Figure 3.11: Comparison of the theoretical and simulated pmfs of the AOA for the indoor
scenario: a) In the azimuth angle, and b) In the elevation angle.

(a) f(φm) (b) f(θm)

Figure 3.12: Comparison of the theoretical and simulated pmfs of the AOA for the outdoor
scenario: a) In the azimuth angle, and b) In the elevation angle.

and 4 GB of RAM.
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Chapter 4

Angle and Time of Arrival Statistics
for a Three Dimensional Geometrical
Scattering Channel Model

4.1 Introduction

In this chapter, a 3D geometrical scattering channel model for wireless propagation envi-

ronments is introduced. This model is based on the assumption that the scatterers are

distributed within a spheroid, in which the BS and MS are located at the spheroid’s foci, i.e.

3D spheroidal model. The model captures both the spatial and temporal statistical distribu-

tions of the received multipath signals. Several angle of arrival and time of arrival probability

density functions of the received multipath signals are provided in compact forms. Numerical

results are presented to illustrate and verify the derived expressions. To validate the model,

it has been compared against some available two dimensional models and measured data.

4.2 Model’s Description

The model’s description is similar to the ellipsoid model’ description that described in Section

3.2. The spheroid’s volume can be limited by the maximum observation time, τmax, and each
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Figure 4.1: Spheroid model’s geometry.

spheroid layer is corresponding to a certain value of the TOA of the multipath signals as

shown in Figure 4.1. This spheroid model is consider as special from the previously developed

ellipsoid model, in which the spheroid’s semi-lengths on the minor axes, i.e. y-axis and z-axis,

are assumed to be equal. Therefore, by substituting b = c into (3.7), result in the radial

distance, rm, that can be used to describe the spheroid as seen from it’s focal point, i.e the

MS location.

rm =
2b2

(2a + D sin θm cos φm)
. (4.1)

Similarly, due to the symmetry in the model’s geometry, the radial distance as seen from the

BS side, rb, can be obtained as

rb =
2b2

(2a−D sin θb cos φb)
. (4.2)
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The total communication path length that results from a scatterer located on the spheroid’s

surface is given by

rb + rm = 2a = cτmax, (4.3)

where c is the speed of light and τmax is the maximum observation time. Thus, the model’s

parameters a and b may be expressed as

a =
c τmax

2
, (4.4)

b =

√
c2τ 2

max −D2

2
. (4.5)

The spheroid’s semi-lengths can be related as b = a
√

1− e2 and the spheroid’s eccentricity

is defined as e = D/2a. Therefore, the radial distances, rm and rb, can be obtained as

rm =
c2τ 2

max −D2

2(cτmax + D sin θm cos φm)
, (4.6)

rb =
c2τ 2

max −D2

2(cτmax −D sin θb cos φb)
, (4.7)

where (θm, φm) and (θb, φb) are the AOA of the received multipath signals in the elevation

and azimuth planes as seen from the MS and BS respectively. The AOA as seen from the

BS can be considered as the angle of departure (AOD) of the transmitted signals.
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4.3 Angle and Time of Arrival Probability Density Func-

tions

The objective of this chapter is to determine the AOA and TOA pdfs of the multipath signals,

where the scatterers are assumed to be distributed uniformly within the spheroid’s volume

and the BS and MS are located at the spheroid’s foci.

4.3.1 Angle of Arrival Joint Probability Density Function

The AOA joint pdf f(θm, φm) of the received multipath signals can be obtained by determin-

ing the probability of the ith signal that arrives at the MS antenna within a certain range

of the AOA, (θm, φm), such that 0 < θi
m ≤ θm and 0 < φi

m ≤ φm. As shown in Figure 4.1,

all scatterers inside the spheroid cause multipath signals to arrive at the MS antenna at a

TOA, τ , such that τo < τ ≤ τmax, where τo and τmax are the TOA of the LOS component

and the maximum observation time, respectively. Typically, τmax is determined according to

available criteria based on desired channel characteristics [3]. The probability is obtained by

normalizing the spheroid’s slice, Vτmax(θm, φm), to the total volume of the spheroid, Vτmax .

These quantities are defined by

Vτmax(θm, φm) =

∫ rm

0

∫ φm

0

∫ θm

0

r2 sin αmdrdαmdβm

=

∫ φm

0

∫ θm

0

(c2τ 2
max −D2)3 sin αm

24(cτ 2
max + D sin αm cos βm)3

dαmdβm, (4.8)

and

Vτmax =
πcτmax(c

2τmax
2 −D2)

6
, (4.9)
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Therefore, the probability of multipath components arriving at the MS within the specified

range is given by

pr(0 < θi
m ≤ θm, 0 < φi

m ≤ φm) = F (θm, φm)

=

∫ φm

0

∫ θm

0

(c2τ 2
max −D2)2 sin αm

4πcτmax(cτmax + D sin αm cos βm)3

dαmdβm, (4.10)

where F (θm, φm) is the AOA joint cumulative distribution function (CDF). Therefore the

AOA joint pdf may be obtained by taking the partial derivative of (4.10) with respect to θm

and φm. This gives

f(θm, φm) =
(c2τ 2

max −D2)2 sin θm

4πcτmax(cτmax + D sin θm cos φm)3
,

0 < θm ≤ π , 0 < φm ≤ 2π. (4.11)

Similarly, due to the symmetry in the model’s geometry, the AOA joint pdf at the BS can

be obtained by using (4.7). This gives

f(θb, φb) =
(c2τ 2

max −D2)2 sin θb

4πcτmax(cτmax −D sin θb cos φb)3
,

0 < θb ≤ π , 0 < φb ≤ 2π. (4.12)

4.3.2 Angle of Arrival Joint Probability Density Function Condi-
tioned on the Time of Arrival

The AOA pdf conditioned on the TOA of the multipath signals, f(θm, φm|τ), is determined

based on the assumption that the scatterers are uniformly distributed within a 3D space
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that is limited by two spheroids corresponding to τ and τ + δτ as shown in Figure 4.1.

The normalization of the difference in volumes of the two spheroids’ slices to the relative

difference in their total volumes provides the probability for the multipath signals’ arrival

within specified AOA and TOA intervals, shown as

p(0 < θi
m ≤ θm , 0 < φi

m ≤ φ|τ < τi ≤ τ + δτ) = F (θm, φm|τ)

=
Vτ+δτ (θm, φm)− Vτ (θm, φm)

Vτ+δτ − Vτ

, (4.13)

where

Vτ (θm, φm) =

∫ φm

0

∫ θm

0

(c2τ 2 −D2)3 sin αm

24(cτ + D sin αm cos βm)3
dαmdαm, (4.14)

Vτ+δτ (θm, φm) =

∫ φm

0

∫ θm

0

(c2(τ + δτ)2 −D2)3 sin αm

24(c(τ + δτ) + D sin αm cos βm)3
dαmdβm, (4.15)

Vτ =
π cτ (c2τ 2 −D2)

6
, (4.16)

Vτ+δτ =
πc(τ + δτ)(c2(τ + δτ)2 −D2)

6
. (4.17)
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Substituting (4.14)-(4.17) into (4.13), dividing both the numerator and denominator by δτ

and taking the limit when δτ goes to zero [3], results in

p(0 < θi
m ≤ θm, 0 < φi

m ≤ φ|τ < τi ≤ τ + δτ) =

lim
δτ→0




(
Vτ+δτ (θm,φm)−Vτ (θm,φm)

δτ

)
(

Vτ+δτ−Vτ

δτ

)

 =

V́τ (θm, φm)

V́τ

, (4.18)

where V́τ (θm, φm) and V́τ are the derivations of (4.14) and (4.16) with respect to τ . Substi-

tuting the derivations of (4.14) and (4.16) into (4.18) and simplifying, results in

p(0 < θi
m ≤ θm , 0 < φi

m ≤ φm|τ < τi ≤ τ + δτ) = F (θm, φm|τ)

=

∫ φm

0

∫ θm

0

f(αm, βm|τ)dαmdβm, (4.19)

where f(θm, φm|τ) is the AOA joint pdf conditioned on the TOA which is given by

f(θm, φm|τ) =

3(c2τ 2 −D2)2(c2τ 2 + 2 cτ D sin θm cos φm + D2) sin θm

4π (3 c2τ 2 −D2)(cτ + D sin θm cos φm)4
. (4.20)

Similarly, the AOA joint pdf conditioned on the TOA as seen from the BS is given as

f(θb, φb|τ) =

3(c2τ 2 −D2)2(c2τ 2 − 2 cτ D sin θb cos φb + D2) sin θb

4π (3 c2τ 2 −D2)(cτ −D sin θb cos φb)4
. (4.21)
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Figure 4.2: Elevated BS model’s geometry.

4.3.3 Angle and Time of Arrival Probability Density Functions for
an Elevated Base Station

In some outdoor and indoor wireless communication scenarios, the BS antennas are elevated

in comparison to the MS antennas. To include the antennas relative difference in heights

of the BS and MS antennas, the spheroid model’s geometry can be inclined as shown in

Figure 4.2, where α is the inclination angle, which is given by

α = tan−1

(
HBS −HMS

D

)
, (4.22)

where HBS and HMS are the heights of the BS and MS antennas, respectively. In such a

case, the radial distance rm can be derived as

rm =
c2τ 2

max −D2

2(cτmax + D(sin θm cos φm cos α− sin θm sin α)
. (4.23)

Therefore, all derived AOA pdfs can be modified to include the difference in heights
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between the BS and MS. For example, the AOA joint pdf at the MS may be given by

f(θm, φm) =
(c2τ 2

max −D2)2 sin θm

4πcτmax(cτmax+D(sin θm cos φm cos α− sin θm sin α))3
.

(4.24)

4.3.4 Time of Arrival Marginal Probability Density Function

The probability that the multipath components arrive with a delay, τ , such that τo < τ ≤

τmax can be obtained by normalizing the Vτ to Vτmax . These quantities, i.e. Vτ and Vτmax , are

given in (4.16) and (4.9). Therefore, normalizing (4.18) to (4.9), results in

pr(τo < τ ≤ τmax) = F (τ)

=
τ (c2τ 2 −D2)

τmax (c2τmax
2 −D2)

, (4.25)

where F (τ) is the TOA marginal CDF. Differentiating (4.25) with respect to τ results in the

TOA marginal pdf

f(τ) =
3 c2τ 2 −D2

τmax (c2τmax
2 −D2)

, τo < τ ≤ τmax. (4.26)

4.4 Numerical Results and Model’s Validations

To illustrate and verify the developed 3D model, several numerical 2D and 3D results are

provided for the AOA and TOA pdfs. Figure 4.3a and Figure 4.3b show the 3D graph of the

AOA joint pdfs at the MS f(θm, φm) and BS f(θb, φb) respectively, for τ = 1.5τo, where τo is
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(a) f(θm, φm) (b) f(θb, φb)

Figure 4.3: The AOA joint pdfs at the MS and BS for τmax = 1.5τo

the TOA of the LOS component. It is clear that the most frequent occurrences of the AOA

take place around the relative direction between the MS and BS in both the elevation angle,

θm = 90o, and azimuth angle, φm = 180o and φb = 0o.

To verify the AOA and TOA expressions, they have been compared with histogram

simulated pdfs. The histograms were created by simulating 200, 000 scatterers uniformly

distributed within the spheroid’s volume, where the spheroid’s semi-lengths were the same

as those used in plotting the theoretical pdfs. As such, for all scatterers the desired AOA

and TOA of the multipath signals were calculated based on the location of the scatterers,

the MS and the BS. A histogram containing 50 bins (intervals) was then created and the

number of points in each bin was normalized to the total number of points.

Figure 4.4a and Figure 4.4b show the plots of the theoretical and simulated AOA pdfs in

the azimuth angle, f(φm), and BS, f(φb), respectively, and the plot of the AOA pdf in the

elevation angle, f(θm), is shown in Fig.4.4c. The pdfs have been illustrated for various values

of maximum observation time, τmax = 1.5τo, 2.0τo, and 3.0τo. These figures illustrate that the
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(a) f(φm) (b) f(φb)

(c) f(θm)

Figure 4.4: The AOA marginal pdfs in the azimuth and elevation angle as seen from the MS
and BS for τmax = 1.5, 2.0, and 3.0τo.

angular spread in the elevation and azimuth planes increases with an increasing maximum

observation time. In other words, the azimuth and elevation angular spread depends on the

maximum observation time at fixed separation distances. Consistent agreement between the

theoretical and simulated graphs is clearly illustrated in all the AOA pdfs.

Figure 4.5a and Figure 4.5b illustrate the 3D plots of the AOA and TOA joint pdfs in the

azimuth angle, f(τ, φm), and elevation angle, f(τ, θm), respectively, for τmax = 5τo. It is clear

that by increasing the maximum observation time, τmax, the AOA distribution in the azimuth

55



(a) f(τ, φm) (b) f(τ, θm)

Figure 4.5: The AOA and TOA joint pdfs at the MS for τmax = 5τo.

angle approaches a uniform distribution, f(φm) = 1/2π, and the AOA distribution in the

elevation angle approaches a sinusoidal distribution, f(θm) = sin(θm). These results agree

with the azimuthal and elevational angular distributions when the scatterers are assumed

to be uniformly distributed within a sphere, since the spheroid geometry can approximate a

sphere for large values of τmax.

Figure 4.6 shows the AOA pdfs for different inclination angles, α = 0o, 10o and 20o, for a

separation distance of D = 30 m, which results in 0, 5.3, and 11 m of difference between the

BS and MS antennas, respectively. Clearly, the most of AOA are around θm = 90o, 80o, and

70o, for α = 0o, 10o and 20o respectively. Figure 4.7 shows the plot of the marginal TOA

pdf as a function of the normalized TOA, τ/τo, for τmax = 3.0τo. As illustrated, the graph

increases with an increase in the TOA.

To validate the developed geometrical scattering channel model, the model has been

compared against similar 2D models. For example, the AOA marginal and conditioned pdfs

as seen from the MS have been proposed based on the 2D elliptical model [16], i.e. θm = 90o,
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Figure 4.6: The AOA pdf f(θm) for α = 0o, 10o and 20o.

Figure 4.7: The TOA pdf, f(τ), in terms of the normalized TOA, τ/τo.
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where the elliptical model is generalized in, [22], to obtain the marginal pdfs as seen from

both the MS and BS. The developed 3D spheroidal model can be reduced to obtain the AOA

pdfs in the azimuth plane that have been derived based on the 2D models, as shown by

f(φm)2D =
f(θm, φm)3D∫ 2π

0
f(θm, φm)3Ddφm

∣∣∣∣∣
θm=90◦,

(4.27)

f(φm/τ)2D =
f(θm, φm|τ)3D∫ 2π

0
f(θm, φm|τ)3Ddφm

∣∣∣∣∣
θm=90◦.

(4.28)

Figure 4.8a Figure 4.8c illustrate the comparisons of the AOA marginal and conditioned

pdfs that have been determined based on the proposed 3D spheroids model and Liberti’s 2D

model [16]. Similarly, the AOA marginal pdf as seen from the BS compared with Ertel’s

2D model [22] is illustrated in Figure 4.8b. All plots illustrate exact agreement between the

proposed 3D model and the similar 2D models. Furthermore, the model has been compared

against the validated 2D geometrical scattering channel models [24,33,36]. These 2D models

have been validated by comparing their AOA pdfs in the azimuth angle with some of the

available measured data [62–64]. The derived AOA joint pdf as seen from the BS can be

obtained by

f(φb)2D =
f(θb, φb)3D∫ 2π

0
f(θb, φb)3Ddφb

∣∣∣∣∣
θb=90◦,

(4.29)

where f(θb, φb) is the AOA joint pdf as seen from the BS, which is given by

f(θb, φb) =
(1− e2)2 sin θb

4π(1− e sin θb cos φb)3
. (4.30)

The measured RMS angular spreads can be used in extracting the model’s physical param-
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(a) f(φm) (b) f(φb)

(c) f(θm)

Figure 4.8: Comparison of AOA pdf in the azimuth angle with Liberti’s [16] and Ertel’s [22]
2D models.

eters, i.e. spheroid’s eccentricity, to produce similar results. The theoretical RMS angu-

lar spread can be obtained based on equations (3.27-3.29). The plot of the RMS angular

spread in the azimuth angle, σφb
, versus the spheroid’s eccentricity, e, is shown in Figure 4.9.

Pedersen et al., in [62], conducted outdoor channel measurements in the urban areas of

Aarhus, Denmark and Stockholm, Sweden. Wideband measurements were conducted at a

carrier frequency of 1.8 GHz and at a sampling time of 122 ns. The measured angular data
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Figure 4.9: RMS angular spread, σφb
, versus spheroid eccentricity, e.

had a standard deviation of 6o. Spencer et al., in [63], conducted indoor channel measure-

ments within office buildings in the Brigham Young University (BYU) campus. The data

was collected at 7 GHz in the angle and time domains, with impulse response measurements

carried out using a narrow-beam dish antenna. The AOA measurements had a standard

deviation in angle of 24.5o. Cramer et al., in [64], collected data in an office/laboratory

building. In the experiment, the location of the transmit antenna was fixed, and rectangular

arrays of measurements were made by moving the receive antenna to 49 points in a 7 × 7

array. They showed that the relative azimuth AOA of the recovered ultra-wideband signals

gave the best fit for a Laplacian distribution, with a standard deviation of 38o. Accordingly,

as shown in Figure 4.9, values of e = 0.99, 0.88 and 0.76 are required to produce standard

deviation of 6o, 24.4o and 38o respectively, where e = D/2a. In literature, three 2D geo-

metrical channel models [24,33,36] have been validated by comparing their pdfs of the AOA
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(a) (b)

(c) (d)

Figure 4.10: Comparison of AOA expressions in the azimuth angle with: a) Janaswamy’s
2D model [24] and measurements [62], b) Janaswamy’s model [4] and measurements [63], c)
Khan’s model [36] and measurements [62] and d) Jiang’s model [33] and measurements [64].

with these measured data. Therefore, in order to validate, the developed 3D models, the pdf

of AOA in the azimuth angle have been compared with both the 2D models and the channel

measured data. Since the channel measured data are unavailable, therefore, both the 2D pdfs

and the measured data have been digitized from their corresponding references [24, 33, 36].

Also, to make comparisons easier, the plots for the AOA pdfs, have been normalized for their

maximum values. As shown in Fig 4.10, the comparisons of the derived AOA pdfs in the
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azimuth angle with the 2D geometrical scatterering channel models and the corresponding

measured channel data are provided. As illustrated, comparison’ results show good agree-

ment between the proposed 3D model and the 2D models, as well as, the measured data.

A log scale has been used in Figure 4.10b and Figure 4.10c to permit easier comparisons as

provided in [24,36].
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Chapter 5

Angle and Time of Arrival Statistics
for a Three Dimensional Gaussian
Scatterers Density Model

5.1 Introduction

In Chapter 4, the ellipsoidal geometrical scattering channel model has been extended to

include the TOA of the received multipath fading signals, where the scatterers are assumed

to be uniformly distributed within the spheroid’s volume. However, it has been observed

that the scatterers density decreases with increasing distance from the MS antenna, because

the scatterers in close proximity to the MS antenna make a greater contribution to signal

scattering than remote scatterers. Therefore, the 2D Gaussian scatterers density model

has been suggested in the literature [24, 36, 41, 65–67] to obtain the AOA and TOA pdfs

of the multipath signals. From a physical viewpoint, it seems reasonable to assume that

the scatterers density gradually taper off with distance from the BS antennas in both the

azimuth and elevation angles. This assumption lead to more accurate predictions in some

of the wireless communication scenarios. Therefore, in this chapter, an extension of the 3D

spheroidal model with a general distribution of scatterers is introduced. For this special case,
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Figure 5.1: 3D Gaussian model’s geometry

the 3D Gaussian scatterers density model has been considered. Expressions for the AOA and

TOA joint pdfs of the multipath fading signals have been obtained as seen from both the

MS and BS.

5.2 Model’s Description.

The 3D model’s geometry is shown in Figure 5.1. The model’s description is similar to

the ellipsoid and spheroid model’s description that has been given in Sections 3.2 and 4.2,

respectively. However, the scatterers density around the MS is assumed to follow a general

scatterers distribution.

5.3 Angle and Time of Arrival Joint Probability Den-

sity Functions

The objective is to determine the joint pdfs of the AOA and TOA of the received multipath

signals, as seen from the MS and the BS, for a given scatterers density function, f(xm, ym, zm),

at the MS, i.e. the MS is assumed to be located at the center of the scatterers and the
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scatterers density may include the BS. The joint pdf of the AOA and TOA, f(τ, θm, φm), can

be obtained by making use of the Jacobian transformation. This gives

f(rm, θm, φm) =
f(xm, ym, zm)

|J(xm, ym, zm)|

∣∣∣∣
xm = rm sin θm cos φm

ym = rm sin θm sin φm

zm = rm cos θm,

(5.1)

where J(xm, ym, zm) is the Jacobian transformation which is given by

J(xm, ym, zm) =

∣∣∣∣∣∣∣∣∣∣∣∣

∂xm

∂rm

∂xm

∂θm

∂xm

∂φm

∂ym

∂rm

∂ym

∂θm

∂ym

∂φm

∂zm

∂rm

∂zm

∂θm

∂zm

∂φm
,

∣∣∣∣∣∣∣∣∣∣∣∣

−1

=
1

r2
m sin θm

. (5.2)

Therefore, the AOA joint pdf is given by

f(rm, θm, φm) = r2
m sin θmf(xm, ym, zm). (5.3)

The TOA variable can be included in order to determine the AOA and TOA joint pdfs,

f(τ, θm, φm), of the multipath signals as seen from the MS by making use of the Jacobian

transformation again. This gives

f(τ, θm, φm) =
r2
m sin θmf(xm, ym, zm)

|J(rm, θm, φm)|

∣∣∣∣
rm=

(c2τ2−D2)
2(cτ+D sin θm cos φm)

,

(5.4)
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where the Jacobian transformation, J(rm, θm, φm), is given by

J(rm, θm, φm) =

∣∣∣∣
∂rm

∂τ

∣∣∣∣
−1

=
2(cτ + D sin θm cos φm)2

c(c2τ 2 + 2cτD sin θm cos φm + D2)
. (5.5)

Substituting (5.5) into (5.3) and simplifying results in an AOA and TOA joint pdf for a given

scatterers density function, f(xm, ym, zm), as given by

f(τ, θm, φm) =

c (c2τ 2 −D2)
2
(c2τ 2 + 2 cτ D sin θm cos φm + D2) sin θm

8 (cτ + D sin θm cos φm)4 ×

f(xm, ym, zm), (5.6)

5.4 Model’s Verifications

The derived joint pdf is applicable to any distribution of scatterers around the MS. For

example, as shown in Figure 4.1, the scatterers are assumed to be distributed uniformly

within the spheroid’s volume, where the spheroid’s volume is limited by τmax. In this case,

the scatterers density function, f(xm, ym, zm), is given by 1/Vτmax . Therefore, the scatterers

density function can then be obtained as

f(xm, ym, zm) =
6

πcτmax(c2τmax
2 −D2)

. (5.7)
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Substituting (5.7) into (5.6), results in the joint pdf of the AOA and TOA of the multipath

signals as seen from the MS

f(τ, θm, φm) =
3 (c2τ 2 −D2)

2
(c2τ 2 + 2 cτ D sin θm cos φm + D2) sin θm

4πτmax(c2τmax
2 −D2) (cτ + D sin θm cos φm)4 , (5.8)

which is equivalent to f(θm, φm|τ)× f(τ) that have been derived in Chapter 4 and given by

(4.20) and (4.26), respectively.

5.5 Three Dimensional Gaussian Scatterers Distribu-

tion

In the 3D case, the Gaussian expression for a three of random variables (xm, ym, zm) is given

by [68]

f(xm, ym, zm) =
1

(2π)3/2√σxσyσz

exp

(
−1

2

[
(xm − µx)

2

σ2
x

+
(ym − µy)

2

σ2
y

+
(zm − µz)

2

σ2
z

])
,

(5.9)

where the correlations between these random variables are assumed to be zero. To simplify

the formulations, it is also assumed that the expected values are equal to zero, i.e. µx =

µy = µz = 0, and the variance in the x-axis and the y-axis are assumed to be equal, i.e.

σ2
x = σ2

y = σ2
xy. Substituting the aforementioned assumptions into (5.9) and simplifying,

results in a simple scatterers distribution density, f(xm, ym, zm), which is given by

f(xm, ym, zm) =
1

(2π)3/2σxy
√

σz

exp

(
−1

2

[
(x2

m + y2
m)

σ2
xy

+
z2

m

σ2
z

])
, (5.10)
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where σxy and σz are the standard deviations of the scatterers’ density in the horizontal

plane, i.e. azimuth, and the vertical plane, i.e. elevation, respectively. These quantities can

be used to control the density of the scatterers within the spheroid’s volume. Substituting

(5.10) into (5.6) and simplifying, results in the following joint pdf of the AOA and TOA for

a 3D Gaussian scatterers distribution as given by

f(τ, θm, φm) =

c (c2τ 2 −D2)
2
(c2τ 2 + 2 cτ D sin θm cos φm + D2) sin θm

8 (2π)3/2σxy
√

σz (cτ + D sin θm cos φm)4 ×

exp

(
−r2

m

2

[
sin2 θm

σ2
xy

+
cos2 θm

σ2
z

])
. (5.11)

The model’s geometry is symmetrical as seen from both the MS and the BS. However, the

scatterers’ distributions around the MS and the BS locations are different. Therefore, the

joint pdf of the AOA and TOA as seen from the BS/MS locations have different behaviors.

The pdfs of the AOA and TOA as seen from the BS, where the scatterers density function

at the MS is f(xm, ym, zm), can be obtained by making use of the Jacobian transformation.

In this case, the scatterers density model in the Cartesian coordinate system with respect to

the BS is given as, f(xb, yb, zb) = f(xb −D, yb, zb), where D is the separation distance of the

BS/MS. Similarly, the joint pdf of the AOA and TOA as seen from the BS is given by

f(τ, θb, φb) =

c (c2τ 2 −D2)
2
(c2τ 2 − 2 cτ D sin θb cos φb + D2) sin θb

8 (cτ −D sin θb cos φb)
4 ×

f(xm, ym, zm), (5.12)
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where xm = rb sin θb cos φb − D, ym = rb sin θb sin φb and zm = rb cos θb. Substituting these

transformation relationships into (5.10) and substituting the results into (5.12) and simpli-

fying, yields

f(τ, θb, φb) =

c (c2τ 2 −D2)
2
(c2τ 2 − 2 cτ D sin θb cos φb + D2) sin θb

8 (2π)3/2σxy
√

σz (cτ −D sin θb cos φb)
4 ×

exp

(
−1

2

[
(r2

b sin2 θb − 2Drb sin θb cos φb + D2)

σ2
xy

+
r2
b cos2 θb

σ2
z

])
, (5.13)

where rb = (c2τ 2
m −D2)/2(cτmax −D sin θb cos φb).

5.6 Numerical Results and Model’s Validations

To illustrate the behavior of the derived AOA and TOA pdfs based on the proposed 3D

Gaussian model, several numerical results are provided. The AOA and TOA marginal pdfs

have been plotted at various values of the standard deviations of the scatterers’ density in

the azimuth and elevation angles. Figure 5.2a shows the graph of the pdf of the AOA in

the azimuth angle for different values of σxy, where σz = 1.0. The graph of the pdf in the

elevation angle is shown in Figure 5.2b, for different values of σz, where σxy=2.0. The graphs

illustrate a symmetrical behavior around the relative direction between the BS and the MS.

Also, the larger values of the scatterers’ standard deviation the larger angular spread in both

the azimuth and the elevation angles.

The TOA pdf graph is illustrated in Figure 5.2c for different values of σxy, where σz =

0.2. Clearly, the graph exponentially decreases with an increase in the TOA. These results
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(a) f(φm) (b) f(θm)

(c) f(τ)

Figure 5.2: The pdfs of the AOA for different values of σz and σxy: a) The pdf of the AOA
in the azimuth angle for different values of σxy, where σz = 1.0., b) The pdf of the AOA in
the elevation angle for different values of σz, where σxy=2.0, and c) The pdf of the TOA for
different values of σxy, for σz=0.2.

provide a realistic behavior for the TOA pdf in contrast with the pdf that has been derived

based on a uniform distribution of the scatterers. Moreover, the experiments conducted by

Pedersen et al. in [62] suggest that the TOA pdf in outdoor environments have an exponential

distribution.

To validate the 3D Gaussian model, the AOA and TOA pdfs have been compared to the
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measured channel data available in [45]. Gurrieri et al., in [45], conducted indoor channel

measurements at the Communication Research Center (CRC) in Ottawa, Canada. The

measurements were made using a network analyzer that generated continuous signals which

swept across the 5.10 ∼ 5.85 GHz band in 1.875 MHz frequency steps, in order to provide

a multipath signals’ delay resolution of less than 1.3 ns. The data was collected at two

non-LOS indoor locations. The transmitting antenna was a vertically polarized biconical

antenna, where the receiving antenna was a square planar array of 8 × 8 elements. They

measured the AOA in both the azimuth and elevation angles, as well as, the TOA of the

multipath signals. The results of the measurements show that the multipath signals arrive in

clusters in both the AOA and TOA variables. The measured data has been used to generate

the AOA and TOA measured pdfs in order to compare them with the theoretical pdfs. The

measured AOA and TOA of the multipath signals have been referenced to the first arrival

in each location, i.e the first arrival is considered the LOS signal, as in [62]. The AOA of the

first arrival signals in the azimuth and the elevation angles are referenced to φm = 180o, and

θm = 90o respectively.

The measured AOA and TOA data has been used to create histograms containing 50

bins. The number of points in each bin was normalized to the total number of points to

generate measured pdfs. The marginal pdfs of the AOA and TOA have been integrated in

order to convert the continues pdfs to discrete probability mass functions (pmf). Figure 5.3a

and Figure 5.3b show the results of comparison in the azimuth and the elevation angles,

respectively. Clearly, the distribution of the AOA in the azimuth and the elevation angles

are highly peaked along the LOS direction and falls off approximately exponentially away

from this direction. The model’s parameters were found to be as τm = 5, σxy = 5.0 and
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σz = 1.0 to produce the compared theoretical AOA pmfs. The measured AOA pmf in the

elevation angle illustrate almost a uniform distribution within the range of 130o ∼ 150o,

which is the result of reflections from the ceiling. Figure 5.3c shows the comparison of the

theoretical and measured TOA pmfs. The graph illustrate the plots of the pmfs decrease with

increasing TOA, τ/τo. The model’s parameters were found τm = 5, σxy = 0.30 and σz = 0.20

to produce the compared theoretical pdf. The comparisons of the AOA and TOA pmfs

illustrate good agreements between the measured and the derived pmfs. Also, the graphs

pmfs of the AOA illustrate non-symmetrical behavior, because the measurements were taken

in only two locations. In typical channel measurements, the measured data should be taken

in many different locations within different buildings. Furthermore taking the measurements

as mentioned may provide better agreement between measured and simulated pmfs of the

AOA and TOA. Notice that, the model’s parameters, i.e. σxy and σz, were estimated in order

to compare with the measured pdfs, based on the measuring relative difference between the

two graphs of the pdfs. On other words, the angular spreads have been used in extracting

the model’s parameters based on the ellipsoid’s model which was presented in Chapter 3.

However, this technique is unapplicable in extracting the 3D Gaussian model’ parameters,

because both the azimuth and elevation angular spreads depend on the standard deviations

of the scatterers’ density in the both azimuth, σxy angle and elevation angle, σz. Similarly,

the cosine distance metric has been used to measured the similarity between the theoretical

and measured pdfs. Comparisons’s results show that the similarity between the pdfs are:

0.9826, 0.9427 and 0.9781 for the: pdf in the azimuth angle, pdf in the elevation angle, and

pdf in the TOA, respectively.
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(a) f(φm) (b) f(θm)

(c) f(τ)

Figure 5.3: Comparison of the AOA and TOA pmfs with measurement data [45]: a) In the
azimuth angle, b) In the elevation angle, and c) in the TOA.
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Chapter 6

A Three Dimensional Spatial
Correlation Function for Multiple
Input Multiple Output Wireless
Channels

6.1 Introduction

In this chapter, the spatial correlation function of the received multipath fading signals is

introduced for MIMO channel modeling applications. This developed 3D spatial correlation

function is based on the 3D ellipsoidal model, which is given in Chapter 3. Typically, if

the fading between pairs of transmitting and receiving antenna elements are independently

and identically distributed, MIMO systems offer a large increase in capacity in contrast to

SISO systems. However, in real propagation environments, the fading between different

transmitting and receiving antenna elements are not independently, identically distributed,

i.e. they are correlated. The correlation between different transmitting and receiving fading

signals are the result of many parameters such as: insufficient spacing between antenna

elements and non-rich scattering environments.
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Figure 6.1: 3D MIMO model’s geometry.

6.2 Model’s Description.

The model’s geometry and notations are shown in Figure 6.1. The figure illustrates 2×2

MIMO antenna array for simplification of the derivation, however, the model can be used

for any antenna configuration. The transmitting antenna array, i.e. BS, and the receiving

antenna array, i.e. MS, antenna elements are centered at the ellipsoid’s foci (±D/2, 0, 0).

The scatterers are assumed to be uniformly distributed within the ellipsoid’s volume, but

for graphical simplicity, the figure shows only one scatterer denoted by S. The transmitting

antenna elements are denoted as q and p, while the receiving antenna elements are denoted

by k and l. In this case, the distance between the scatterer, S, and the transmitting and the

receiving antenna elements are denoted by rq, rp, rk, and rl. As illustrated in Figure 6.2a

and Figure 6.2b, the antenna element displacements at the transmitter side are denoted by

δqp, while the corresponding displacements at the receiver side are denoted by δkl. In the

horizontal plane, the receiving and the transmitting antenna arrays are positioned with angles

75



βqp and βkl, respectively, which are measured from the x-axis. The corresponding angles in

the vertical plane are αqp and αkl, respectively, measured from the z-axis. The normalized

complex path gain between the q antenna element at the BS, and the k antenna element at

the MS can be obtained as

hkq = lim
S→∞

1√
S

S∑
i=1

gi exp

(
jΨi − j

2π

λ
(rqi + rik)

)
, (6.1)

where S is the number of independent scatterers. gi and Ψi are the amplitude and phase shift

introduced by the ith scatterer, respectively. The parameters rqi and rik are the distances

from the scatterer, Si, toward the transmitting antenna element q, and the receiving antenna

element, k, respectively. The total power of the link is given by

Ωkq = lim
S→∞

1√
S

S∑
i=1

E{g2
i }. (6.2)

The normalized spatial correlational coefficient between the two pairs of channels, k to q

and l to q, is given by

ρkq,lq =
E{hkqh

∗
lq}√

ΩkqΩlq

. (6.3)

It has been shown that for a given pdf of the AOA, i.e. f(θm, φm) and the power is equal

for all different path links and normalized to be one, i.e. Ωkq = Ωlq = Ω = 1.0, then

E{g2
i }/S = f(θ, φ) [56]. Then, the normalized correlational coefficient can be obtained as

ρkq,lq =

∫ π

0

∫ 2π

0

exp

(
−j

2π

λ
(rqk − rql)

)
f(θm, φm)dφmdθm. (6.4)
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Figure 6.2: Model’s geometry in a) x− y plane and b) x− z plane

As shown in Figure 6.1, the locations of receiving antenna elements l and k with respect to the

array’s center are (δkl sin αm cos βm, δkl sin αm sin βm, δkl cos αm) and (δkl sin(π−αm) cos(βm +

π), δkl sin(π−αm) sin(βm +π), δkl cos(π−αm)) respectively, where the coordinate of the scat-

terer, S, is given by (rm sin θm cos φm, rm sin θm sin φm, rm cos θm). Therefore, the difference

in distance between the two paths can be approximated as [53–56]

rqk − rql ' δkl sin θm sin αkl cos(φm − βkl) + cos θm cos αkl. (6.5)

Therefore, the normalized correlational coefficient is given by

ρk,l =

∫ π

0

∫ 2π

0

exp

(
−j

2π

λ
(δkl sin θm sin αkl cos(φm − βkl) + cos θm cos αkl)

)
f(θm, φm)dφmdθm,

(6.6)
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where f(θm, φm) is the AOA pdf that has been derived based on the 3D ellipsoid model.

Therefore, the correlation matrix at the receiver side, Rr, can be obtained by making use

of equation (6.6). Similarly, due to the symmetry in the model’s geometry, the correlation

matrix at the transmitter side, Rt, can be obtained by

ρp,q =

∫ π

0

∫ 2π

0

exp

(
−j

2π

λ
(δpq sin θb sin αpq cos(φb − βpq) + cos θb cos αpq)

)
f(θb, φb)dφbdθb.

(6.7)

6.3 Capacity Multiple Input Multiple Output Systems

The instantaneous channel capacity, in bits per second per hertz, of a stochastic MIMO chan-

nel under an average transmitting power constraint, where the transmitter has no channel

knowledge, is given by [10,14].

C = ln det

(
INr +

SNR

Nt

HHT

)
(6.8)

where INr is Nr × Nr identity matrix, SNR is the average signal-to-noise ratio (SNR), H

is the Nr × Nt complex fading envelopes, (.)T denotes the transpose conjugate, and det(.)

denotes the matrix determinant. The ergodic capacity of a MIMO channel is defined as the

expectation of the instantaneous capacity over time. Hence

E[C] = E

[
ln det

(
INr +

SNR

Nt

HHT

)]
. (6.9)
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Figure 6.3: Comparison of the ergodic capacities of 5× 5 MIMO system obtained using the
developed 3D model and Rayleigh model

The channel matrix, H, entries are generated by making use of the correlation information

of the transmitting and receiving fading signals. This known model is given by [69]

H = R1/2
r Hi.i.dR

T/2
t , (6.10)

where (.)1/2 denotes the matrix square root operation. Rr is the Nr×Nr receiving correlation

matrix and Rt is the Nt × Nt transmitting correlation matrix. Nr and Nt are the number

of antenna elements at the receiver and the transmitter, respectively. Hi.i.d is the Nr × Nt

stochastic matrix with complex Gaussian independently and identically distributed entries.
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6.4 Numerical Results and Model’s Validations

In this section, several numerical results are provided, to illustrate the effectiveness of the

developed 3D spatial correlation model. Figure 6.3 illustrates the ergodic capacities for 5×5

MIMO systems obtained using the developed 3D model and the well known Rayleigh model.

The parameters used to obtain the curves Figure 6.3 are δkl = δpq = 0.5λ, αkl = αpq = 90o,

βkl = βpq = 90o and the ellipsoid’s eccentricities e1 = e2 ' 0.0, i.e. the ellipsoid’s semi-

lengths a ' b ' c. The Rayleigh model is based on the assumption that elements of Hi.i.d

are independent and identical zero mean complex random variables. The graphs show exact

agreements between the developed and the Rayleigh models. This results provide the model’

verifications and agreed with the fact that for uniform scatterers distribution in 3D space, an

antenna elements spacing of λ/2 is optimal for full decorrelation of the received multipath

fading signals [5].

In order to illustrate the different channel physical’s parameters, several numerical results

are provided. The transmitter’s parameters were fixed, while the receiver’s parameters were

used to investigate the ergodic capacities. The transmitter’s parameters were as follows:

δpq = 0.5λ, αpq = 90o and βpq = 90o, i.e. the transmitter’s elements were along y−axis

and the ellipsoid’ parameters were set as e1 = 0.75 and e2 = 0.50. Figure 6.4, shows the

ergodic capacities for 5 × 5 MIMO systems versus the distance between antenna elements

displacements. Clearly, the ergodic capacities decrease with decreasing the displacements of

the antenna array. Figure 6.5, shows the performance of the 5 × 5 MIMO systems versus

the orientation angle in the elevation plane, αkl, while the MIMO capacities versus the

orientation angle in the azimuth plane, βkl is shown in Figure 6.6. The parameters used to
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Figure 6.4: Ergodic capacity as a function of spacing between the receiver antenna array
elements, δkl.

obtain the curves Figure 6.5 and Figure 6.6 were δkl = δpq = 0.5λ, e1 = 0.75 and e2 = 0.50.

Similarly, the effects of the ellipsoid’s parameters, which are related to the angular spreads

in the azimuth and elevation angles, are shown in Figure 6.7 and Figure 6.8. The figures

illustrate that the MIMO capacities are decrease with decreasing the angular spreads in both

the azimuth and elevation angles. All the provided graphs illustrate the effectiveness of the

proposed 3D spatial correlation model to investigate the performance of the MIMO systems

for different channel and antenna arrays conditioners.
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Figure 6.5: Ergodic capacity as a function of antenna array orientation in the elevation angle,
αkl.

Figure 6.6: Ergodic capacity as a function of antenna array orientation in the azimuth angle,
βkl.
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Figure 6.7: Ergodic capacity as a function of the ellipsoid’ parameter in the azimuth plane,
e1.

Figure 6.8: Ergodic capacity as a function of the ellipsoid’ parameter in the elevation plane,
e2.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this thesis, a novel three dimensional (3D) geometrical scattering channel model has

been introduced for outdoor and indoor wireless communication environments [46]. Simple

formulations have been developed to describe the ellipsoidal geometry as seen from its foci

in the Spherical coordinate system. These formulations have been utilized to derive the

marginal and joint probability density functions (pdfs) of the angle of arrival (AOA) of

multipath fading signals as seen from both the transmitter and receiver, i.e. direction of

arrival (DOA) and direction of departure (DOD) of the multipath signals. The new pdfs

facilitate independent control of the angular spread in both the azimuth and elevation angles

via the model’s parameters. These pdfs can be used by wireless systems’ providers to design

communication hardware more efficiently and optimized the systems’ performance in terms of

some significant wireless systems metric parameters, such as: capacity, bit-error-rate (BER),

number and locations of the base stations (BSs), and co-channel interference cancelation.
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In order to verify the developed model an extensive simulations have been done by using a

site-specific propagation prediction technique in indoor and outdoor wireless communication

environments. The simulations were performed by using the commercially available Wire-

less InSite software package. The Engineering and Information Technology Complex at the

University of Manitoba has been replicated to simulate an indoor radio channel, while the

Rosslyn city model was used to simulate an outdoor radio channel. The conclusions that

can be drawn from the simulations are as follows: i) the distribution of the AOA in both the

azimuth and elevation angle peaked along the relative direction between the transmitter and

the receiver. In other words, the most received multipath signals were around the relative

direction from the transmitter to the receiver and the symmetries in both the azimuth and

elevation planes were obtained, ii) the angular spreads in both the azimuth and elevation

angle were found to be dependent on the distance between the transmitter and the receiver.

For example, the azimuth angular spread increased with an increase in the distance between

the transmitter and the receiver. This result agrees with the assumption that for outdoor

macrocellular environments the distribution in the azimuth angle is uniform. On the other

hand, the angular distribution in the elevation angle was found to decrease with an increase

in the distance. Similarly, this result agrees with the assumption that for outdoor macro-

cellular environments the transmitted signals propagate on the horizontal plane, i.e. the

elevation angular spread is equal to 0.

The channel simulated data have been used to verify the developed new 3D geometrical

model. The verification has been achieved by comparing the behavior of the derived and

simulated pdfs of the AOA. Comparison results of the AOA pdfs in both the azimuth angle

and elevation angle for both the indoor and outdoor scenarios illustrated good agreement
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between the theoretical and the simulated data [46]. Accordingly, the 3D model can be used

to predict statistical characteristics of radio channel in similar wireless communication envi-

ronments, where the typical values of the radio channel’s physical parameters can be found in

literature or they can be determined based on the requirements of wireless system designers.

Moreover, the model can be used in further study and analysis for the scenarios that have

been used to collect the simulated data. This can be achieved by utilizing the verified AOA

pdfs to generate the multipath signals for various radio channel physical parameters, such as:

angular spread and antenna radiation patterns. To the best of the author’s knowledge, the

introduced model is the first verified 3D geometrical scattering channel model in literature.

In addition, the 3D ellipsoidal model has been extended in order to take into account

the TOA of the received multipath signals. Accordingly, the 3D spheroidal model has been

developed with a uniform distribution of scatterers. Several expressions for the AOA and

TOA pdfs of the multipath signals have been derived in compact forms [47–49]. The 3D

spheroidal model has been verified with a comparison of the AOA pdf in the azimuth angle

with the similar 2D models, as well as, with available measured data. The results of the

comparisons have illustrated good agreement. To the best of the author’s knowledge, the

3D spheroidal model is the first geometrical scattering channel model which incorporates

both the AOA in the azimuth and elevation angle, as well as, the TOA of the received

multipath signals, i.e. the three random variables of multipath signals. For non-uniform

distribution of the scatterers, the 3D spheroidal model has been extended for a general

distribution of scatterers around the MS and/or BS. A Gaussian distribution of scatterers

has been considered as a case study of a general distribution of scatterers [50]. The joint pdfs

of the AOA and TOA i.e. trivariate pdfs, have been provided in compact forms. Also, The
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3D Gaussian model has been validated by comparing the derived AOA and TOA pdfs with

3D channel measurements’ data. The results of the comparison showed adequate agreement

between the theoretical and measured pdfs for all the AOA and TOA parameters. To the

best of the author’s knowledge, this is the first attempt to illustrate and model the measured

AOA pdf in elevation angle, where many pdf of the AOA have been suggested, such as:

uniform, sinusoidal, and Gaussian, but without validation.

One advantage of geometrical channel models is ability to have an analytical form of

the AOA distributions, for the systems are based on utilizing the space domain. Therefore,

the derived pdfs of the AOA based on the ellipsoidal model have been used to derive the

spatial correlation function of the received multipath fading signals as seen from both the

transmitter and the receiver sides, in order to investigate the performance of MIMO wireless

communication systems [51]. This function has been derived in terms of some of the channel’s

physical parameters, such as: displacement and orientation of the antenna arrays and the

delay spread in the azimuth and the elevation angles. Several simulation results have been

provided to illustrate the effectiveness of the developed correlation function.

7.2 Future Work

Future work that can build upon the results of this thesis may include the incorporation

of the effects of the employed antenna radiation patterns. The developed 2D and/or 3D

models are based on the assumption that the antenna radiation patterns are omnidirectional

and/or isotropic. However, in real channel environments, the characteristics of the employed

radiation patterns have an influence on the received multipath signals. Therefore, extending
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the pdfs of the AOA and TOA to take into account the radiation pattern effects of the

employed antennas is required. Also, investigation of other scatterers’ distributions, in this

thesis, uniform and Gaussian scatterers’ distributions have been investigated. However, other

scatterers’ density models can be used, such as: cluster distributions or distributions which

include the effects of the ground.

Furthermore, the developed 3D channel model can be extended to include other channel

and antenna parameters’ that have an affect of the received multipath signals. Generally,

in geometrical scattering channel models, the power of the received multipath signals is

only effected by the distance between the transmitter, scatterer and the receiver, where the

scatterers are assumed to be reflecting elements with equal scattering coefficients. Therefore,

one can consider including the effects of some important parameters, such as: reflection and

diffraction as well as polarization. Also, the inclusion of the employed antenna radiation

pattern, as well as, the mutual coupling with the derived spatial correlation function can

be consider an extension work. This will provide better prediction for the performance of

MIMO wireless systems in order to provide guidelines for efficient designs of MIMO antenna

array for different wireless communication environments.
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Appendix A

Derivation of the Ellipsoid’s Radial
Distance as seen From the Focal Point

In the following, the derivation of (3.7) is illustrated. As shown in Fig. 3.1, the inter-

sections of the scatterers volume with the xy and xz planes form two ellipses in which their

dimensions on the corresponding axis are assumed to be related as follows

b = a
√

1− e2
1, (A.1)

c = a
√

1− e2
2, (A.2)

f = e1a. (A.3)

where e1, and e2, are the eccentricity of the ellipses in the xy and xz planes, respectively.

Substituting (A.1)-(A.3) into the following formula

(f + rm sin θm cos φm)2

a2
+

r2
m sin2 θm sin2 φm

b2
+

r2
m cos2 θm

c2
= 1.0 (A.4)
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Rearranging terms and simplifying gives

r2
m(sin2 θm(1− e2

1) + cos2 θm(1− e2
2))− (r2

me2
1(1− e2

2) sin2 θm cos2 φm

−2rme1a sin θm cos φm(1− e2
1)(1− e2

2) + a2(1− e2
1)

2(1− e2
2)) = 0 (A.5)

Completing the square in the last three terms of the left side and solving for rm, yields

rm

√
sin2 θm(1− e2

1) + cos2 θm(1− e2
2) =

±(rme1

√
(1− e2

2) sin θm cos φm − a(1− e2
1)

√
(1− e2

2) (A.6)

Substituting e2
1 = 1− b2/a2, e2

2 = 1− c2/a2 and e1 = D/2a into (A.6) and simplifying; results

in the radial distance as seen from the focal point that given by

rm =
2b2c(

2a
√

b2 sin2 θm + c2 cos2 θm + cD sin θm cos φm

) . (A.7)
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