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Abstract

This thesis focuses on the practical implementation issues for modeling, simulation,

estimation and system identification of wireless fading channels.

The state space models are introduced to describe fading channels including flat

fading and frequency-selective fading channels.

Without measurement data, simulation and estimation of fading channels are related
to the motion of the transmitter or the receiver. The state space realizations and the
Kalman filtering are derived for Rayleight fading, Ricean fading and frequency-selective
fading channels. The inphase, quadrature and envelope components of the received
signals are simulated and estimated through the state space realizations and the Kalman
filtering. These model parameters are defined by the transfer function of a given Doppler
power spectral density (DPSD) associated to several physical factors such as carried
frequency, mobile moving speed, signal-to-noise ratio (SNR), an angle and an interval

time.

With measurement data, system identification is based on the Expectation-
Maximization (EM) algorithm together with the Kalman filtering. These system
parameters are computed recursively. Various identified results illustrate the processes of
system identification for flat fading and frequency-selective fading channels based on the
measurement data provided by Communications Research Center Canada (CRC).

Measurement data could also be input by users.




Finally, a web-based wireless fading channel simulation and estimation system is
analyzed, designed and implemented using UML™ techniques and Java™ programming
language. The web-based system can provide friendly interfaces to complete modeling,
simulation,.estimation and system identification of fading channels. The Web-based
simulation and estimation system can be run on the following site:

hitp://www site.uottawa.ca/~jzhan037/onlineSystem.html or

http://www.site.uottawa.ca/~chadcha/onlineSystem.html.

Keywords: fading channel, Rayleigh fading, Ricean fading, flat fading, frequency-
selective fading, state space model, Kalman filter, Expectation-Maximization algorithm,

system identification, measurement data, web application, Java and UML.
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Chapter 1

Introduction

This chapter introduces basic knowledge of mobile radio channel and fading

channels, and presents objectives and organization of this thesis.
1.1 Mobile Radio Channel

Wireless communication has become one of the most important fields in our daily
life and it is also the fastest growing segment of the communication industry. It provides
high-speed, high-quality information exchange between portable devices located
anywhere in the world. It has also been applied to many fields such as voice
communication, high-speed internet access, web browsing, paging and short messaging,
file transfer, device interconnection, smart homes and appliances, video teleconferencing,

and autonomous sensor networks.

Figure 1-1, adapted from [JAK74], is a block of a wireless communication link
which includes three components such as a transmitter, a receiver and a channel. The
transmitter sends messages (data source) to the receiver through a channel. A channel is
established to provide a communication path between the transmitter and the receiver;
and it can be defined as fiequency band in the frequency domain or digital time slot

equivalent in the time domain [PRO00].

| Transmitter j? Y Receiver +—#»{Data Sink

Channel

Data
Saurce

Figure 1-1 Block Diagram of the Wireless Communication Link
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Chapter 1 Introduction 2

The mobile radio channel places fundamental limitations on the performance of
wireless communication systems. Wireless communications have different characteristics
from wired communication. The mobile radio channel is extremely unpredictable and
variable, while wired channel is predictable and stable. Fading and interference are two
important problems in wireless communication, while they are not significant in wired
communication [AKA97].

Because of the natural and man-made objects, there exists no direct line-of-sight
path between the transmitter and receiver in wireless communications, this property is
called fading. The fading causes the received signal power to change with time and the
received signal is the combination of multipath components [BIG99]; the fading rate

depends on the velocity of the receiver.

The interference of wireless communications is due to wireless communicates over
the air. The interference can be between transmitters communicating with a common
receiver, such as uplink of a cellular system; or between signals from a signal transmitter
to multiple receivers, such as downlink of a cellular system; or between different

transmitter-receiver pairs, such as interference between users in different cells [RAP96].

This thesis will focus on studying the fading channel only. Modeling and computer
simulation are the tools used for understanding and studying the mobile radio fading

channel.
1.2 Fading Channels

In order to ensure reliable and high performance communications over a mobile
radio channel, wireless communication systems have to be designed for minimizing the
effects of mulitpath fading and interference. This section presents concepts of the fading
channel such as multipath. propagation, characteristics, types, parameters and

classification, etc.
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1.2.1 Multipath Propagation

Multipath fading is a common phenomenon in the radio channel. When a signal is
transmitted at very high frequency over a radio channel, the received signal arrives from
various directions over a multiplicity of paths. This phenomenon is called multipath
propagation [GAR96]. Multipath is connected with the relative motion of the receiver,
which results in variation of received signal amplitude and phase. Multipath is usually
described as Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS). LOS is the direct path
between the transmitter and the receiver; in addition, NLOS is the path arriving after

reflection from reflectors.

There are three basic propagation mechanisms of multipath fading such as
reflection, diffraction and scattering. Reflection occurs when the signal is reflected from
a smooth surface with significantly larger dimensions than the signal wavelength.
Diffraction occurs when the signal encounters an object larger than the wavelength of the
signal, causing secondary waves to be formed behind the object. Scattering occurs when
a radio wave impinges on either: a large rough surface; or any surface whose dimensions
are on the order of the signal wavelength; or small rough surface, causing the reflected

energy to spread out in all directions.

As a consequence of reflections, diffraction, and scattering, the received signals
arrive at the receiver from many directions and with amplitude, phase fluctuations and
time delay. Examples of such situations occur in indoor propagation, when the
electromagnetic waves are perturbed by structures inside the building; and in terrestrial
mobile radio, when mulitpath is caused by large fixed or moving objects such as
buildings, hills, vehicles, etc [JAK74]

1.2.2  Characteristics of the Fading Channels
The radio channels are a time varying, multipath fading channel, and its main
characteristics are time spread and time variation.

The time spread of fading channels is due to the multipath property. The

transmitted signal travels through many paths from a transmitter to a receiver, and each
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received pulse arrives at the receiver via different paths. For example, when an ideal
impulse is transmitted over a time-varying multipath channel, the received signal might

appear as a train of impulse having different attenuation, different phase and different
delay time [RAP96].

The time variation of fading channels is due to the environmental changes as time
passes between the transmitter and receiver. If the pulse-sounding experiment is repeated
over time under the same conditions, the received pulse train will be differences. These
differences include the sizes of the individual pluses, the relative delays among the
pluses, and the number of impulses observed, as well, the time variation appears to be
unpredictable. Therefore, the multipath fading channel is characterized statistically
[RAPY6].

1.2.3 Fading Types: Large-scale Fading and Small-scale Fading

The fading channels can be divided into two types: Large-scale fading and Small-
scale fading. ‘

Large-scale fading characterizes signal strength over large transmitter-receiver (T-
R) separation distances [RAP96].

Small-scale fading represents the rapid fluctuations of the received signal strength
over very short travel distances or short time durations. In this case, the received signal is
a sum of many contributions coming from different directions at slightly different times.

The small-scale fading is usually described as Rayleigh fading or Rice fading.

This thesis will focus on the small-scale fading.

1.2.4 Classification of Fading Channels

These parameters, such as delay spread, coherence bandwidth, Doppler spread and

coherence time, are used to describe the features of the fading channels.

The delay spread and coherence bandwidth describe the time spreading nature of

fading channels in a local area [BAR98]. Delay spread T, is a measure characterizing the

n
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time-dispersive properties of the channel. Coherence Bandwidth B, is a statistical

(4
measure of the range of frequencies over which the channel can be considered constant or
flat.

The Doppler spread and coherence time describe the time varying nature of fading
channels in a small-scale region [RAP96]. Doppler spread B, is a measure of the
spectral broadening caused by the time rate of change of the mobile radio channel and is
defined as the range of frequencies over which the received Doppler spectrum is
essentially non-zero. Coherence time 7. is used to characterize the time varying nature of

the frequency dispersiveness of the channel in the time domain.

Fading channels will undergo different types of fading according to the relation
between the signal parameters and the channel parameters. Based on multipath time
spreading, the fading channel is classified as firequency nonselective fading channel and
Jrequency-selective fading channel; according to Doppler spread, however, the fading
channels are classified as fast fading channel and slow fading channel. Figure 1-2 shows
the fading channel classification, adapted from [RAP96]. Figure 1-2 (a) ‘is based on the

time domain, and Figure 1-2 (b) is based on the frequency domain.
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Figure 1-2. Ilustrating Types of Fading Classification

Frequency non-selective fading and Frequency selective fading describe the
characteristics of the frequency variation. Frequency non-sclective fading, also known as

Slat fading channel, indicates that the radio channel has a constant gain and a linear phase
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response over a bandwidth that is larger than that of the transmitted signal. Frequency

selective fading refers to the relationship between the coherence bandwidths. [RAP96].

Fast fading and slow fading channels describe characteristics of the time variation.
In a fast féding channel, the channel impulse response changes rapidly within the symbol
duration; and the coherence time of the channel is smaller than the symbol period of the
transmitted signal. The fast fading causes frequency dispersion due to Doppler spreading.
In a slow fading channel, the channel impulse response changes at a rate much slower
than the transmitted baseband signal; and the Doppler spread of the channel is much less
than the bandwidth of the baseband signal. The slow fading channel may be assumed to

be static over one or several reciprocal bandwidth intervals [RAP96, PRO00].

Therefore, there can be four types of fading channels: Slow and Flat fading
channel, Fast and Flat fading channel, Slow and Frequency-selective fading channel, and

Fast and frequency-selective fading channel [BIG99].
\Specifically, these four types of fading channels are described as follows:

(1) Flat Slow Fading Channel

If T.,>7,and T, < T, or if B, < B, and B, > B,,, then this channel is characterized

as the flat slow fading channel. In this case, all of the propagation paths are received
within one symbol period, and all of the signal frequency components are equally

affected by the channel.
(2) Flat Fast Fading Channel

If T.>7T,andT, > T, or if B, < B, and B, < B, then this channel is characterized

as the flat fast fading. This channel varies during the symbol period. It is very difficult to

compensate effectively.
(3) Frequency-selective Slow Fading Channel

This channel is characterized as the frequency-selective slow fading if T, <7,

m

andT, < T, or if B, > B, and B, > B, . In this channel, all the frequency components are

not equally affected
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(4) Frequency-selective Fast Fading Channel

This channel is characterized as frequency-selective fast fading, if T, <7,

m

andT, >T,, or if B, > B, and B, < B, . This case is the worst type of channel for the

receiver because the received symbol is spread over many symbol periods and the

channel varies during the symbol period as well.
1.3 Objectives

Wireless communication systems offer many effective services and henefits to
humans, but they are expensive for us to design, build and maintain. Therefore,
manufacturers have been looking at alternatives so as to avoid these perhaps unnecessary
costs. One of these alternatives is to simulate a real wireless communication system, of
which the fading channel model is one of the key simulation components. For these
reasons, the purposes of this thesis are to build a web-based fading channel simulation

and estimation system.

According to the above wireless communication concepts and their explanations,
this thesis will make full use of the existing wireless communication technologies and

present the specific thesis topic as the following aspects [CHAO03]:

(1) Development of mathematical models of fading channels that are related to the

motion of the receiver.

The mathematical models are important in the development of a novel channel
simulator which would replicate wireless channel characteristics, and are related to the
motion of the receiver through the Doppler power spectral density (DPSD) function. A
state space models are used to represents fading channels that can be flat fading

(Rayleigh fading or Ricean fading) and frequency-selective fading.

(2) Descriptions of the Kalman filter to estimate the least square components of

the received signal.
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The Kalman filter is employed to estimate inphase, quadrature, envelope and phase
components of the received signal without the measurement data. In this case, the model

parameters are assumed to be known.

3) Developmem of the Expectation Maximization (EM) algorithm related to

system identification.

Together with the Kalman filter, the EM algorithm can be used to analyze and
identify the model parameters based on the measured data provided by the
Communications Research Centre of Canada (CRC). In addition, the purpose of the EM
algorithm is to estimate the inphase and quadrature components of the received signal
when the model parameters are unknown.

(4) Employment of the EM algorithm and the Kalman filter.

The EM algorithm is developed in the state space models which when fed with
white noise, and is generated outputs that have the statistical characteristics of both the
inphase and quadrature components of the measured data.

(5) Development of a web-based software system to model, estimate and identify
the fading channel.

The web-based application is designed for the radio fading channel simulation,
estimation and identification based on the above (1)~(4) descriptions and the web-based
application is implemented using Java programming. Its purpose is that anyone can use
this web-based system to analyze characteristics of fading channels anywhere and
anytime; it is more important that users can use their own measurement data to model,

estimate and identify fading channels.
1.4 Organization

This thesis includes six chapters as follows:

Chapter 1, Introduction, introduces the basic knowledge of mobile radio channels
and fading channels such as their concept, characteristics, parameters and classifications;

it also presents the objectives of the thesis.
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Chapter 2, Wireless Fading Channel Models, Simulation and Estimation, describes
mathematical models of the fading channels in state space form and the Kalman filters;
and these system parameters are related to the physical factors of the motion of the
receiver. These models and the Kalman filters are employed to estimate the inphase,
quadrature, envelope and phase components; and they are suited to the Rayleigh fading,
the Ricean fading channels and the frequency-selective fading. Several estimated results

are also presented to verify the state space models and the Kalman filters.

Chapter 3, System Identification via Expectation Maximization Algorithm and
Kalman Filter, describes the Expectation-Maximum (EM) algorithm together with the
Kalman filter to estimate system parameters in state space form. An example shows how
to use the EM algorithm; and a table lists the verification results of the EM algorithm
with some samples. Furthermore, the model based on the measurement data provided by
the CRC is also discussed for flat fading and frequency-selective fading; and several

estimated results are indicated.

Chapter 4, Web-based System Analysis, Design and Implementation, presents
software analysis, design and implementation for this web-based wireless fading channel
simulation and estimation system. It introduces basic concepts about Object-oriented and
UML, analyzes the web-based system’s requirements, and presents the system’s user case
diagrams, class diagrams and sequence diagrams using UML techniques. Additionally,
for software implementation, this chapter also introduces Java architecture, Java Applet
and its related techniques such as Java Plug-in, Java Swing, Java 2D Graphics, and Java

1/0 operations.

Chapter 5, Summary and Future Work, summaries the research work and indicates

future research.

Appendix A, System Identification Estimated Results for the Flat Fading Based on
the Measurement Data, illustrates the estimated results for the flat fading channel models

based on the measurement data.
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Appendix B, System Identification Estimated Results for the Frequency-selective
Fading Based on the Measurement Data, shows the estimated results for the frequency-

selective fading channel model based on the measurement data.

Appendix C, Web-based Simulation and Estimation Operating Guide, presents
operating the web-based wireless fading channel simulation and estimation system. It

introduces the system’s functions, Graphics User Interface (GUI) and operation steps.

Appendix D, Installing CD-ROM, introduces CD-ROM installation that this CD-

ROM contains the author’s Java source and the measurement data provided by CRC.




Chapter 2

Witeless Fading Channel Mathematical Models,

Simulation and Estimation

Wireless fading channels have historically been one of the most difficult tasks of
mobile radio communications. Most models and simulators for radio fading channels are
typically modulated in a statistical fashion. However, the analysis of various
measurement data reveals that the channel process changes as a result of the motion of
the transmitter or the receiver. Accordingly, these models and simulators are often
inappropriate and inaccurate [CHAO3]. It is very important to develop a novel channel
simulator that replicates wireless channel characteristics and produces varying outputs in

a similar manner to a real-world channel.

This chapter discusses the development of better fading channel models that are
based on state space models that are associated with the motion of the receiver. Section
2.1 introduces the mathematical representation and the characteristics of the fading
channels, and also describes a simulation structure of the fading channel in the frequency
domain; Section 2.2 presents the state space realization for flat fading and frequency-
selective fading, especially the Rayleigh fading and the Ricean fading channel; Section
2.3 discusses the Kalman filter’s applications for estimating the fading channels
described in the above; Section 2.4 describes estimating process of these fading channel
models and illustrates several estimated results to verify the state space models and the

Kalman filter’s equations.
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2.1 Mathematical Description of Fading Channels

The mobile radio channel is actually the combination of the multipath propagation.
The multipath effect causes the radio fading channel to be much more difficult to
simulate than the AWGN channel [BIG99].

This section introduces mathematical representation and characteristics of the
fading channel; and presents a simulation structure of the fading channel in the frequency

domain.

2.1.1 Mathematical Representation for Fading Channels

A typical multipath fading channel is generally characterized by a time-varying

equivalent low-pass) impulse response C,(¢,7) or a time-varying frequency response
q p p p ¢ rying ireq y resp

filter C,(¢,f).

If {s,(¢)} ‘> Odenotes a low-pass signal with carried frequency f, transmitted via

multipath fading channels, the equivalent low-pass received signal can be expressed as
the following [CHA991, CHAO1]:

N

(1) = 3 r(nz, () e/ s (= 7, () + v, (1) @2.1)

= [Tcmos t=r,)dr+v,(1)

Here, C,(t,7) denotes the response of the fading channel at time t, due to an impulse

applied at time (t-t); and {v,(#)} ., is the AWGN process.

From the equation (2.1), a statistical model of the fading channel is presented as

[CHA991, CHAO1]:

N
Co(t,) = Y 1y (1,0, (1)l B D (-1, (1) (2.2)

n=1
In this equation, r,(#,7,(*)) , ¢, 7,(1) and 7,(¢) denote the attenuation, phase and

propagation time delay on the »” path at time t; whereas, N is the total number of

multipath components.
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If 5,(t) =1 for all time t, the received signal in the equation (2.1) can be expressed
by [PROO00]:
y, (1) = Zv r(t,7, (1)) PRUENT v, (1) 2.3)

The equation (2.3) shows that the received signal of the fading channel is composed

of the sum of a number of time-variant vectors with their amplitudes #,(¢,7,(¢)) and
phases ¢,(¢,7,(¢)) = 27 f.7,(t).
Similarly, the received band pass signal can also be expressed as [PRO00]:

y() = R.e{yg(t)efznfct}

-

Further, the band pass representation of the received signal can be given by
[CHA99]:

n=1

N
X 13 0ty () T sy 1 2, (1)) 4 vc(t)] ef“’c’]

¥ = X (1,07, () cos(@,) - 0, (1,7, (Nsin(@,)s{1 - 7,(0) v, cos(@,) - vy(D)sin(w,f)

N

p (2.4)
(I(t 7)cos(w,1) - Q(t,7)sin(@, t)) (1- r,,(l))+ v, cos(@,f) - vy(1)sin(a,1)

In this case, {1,,(t,r,,(t))}lzo and {Q,,(t,'r,,(t))}l20 are the inphase and quadrature

th

components of the received signal at n™ path, and they can be expressed as:

1, (r,r"(r)) = r,,(t, r,,(t))cos((é,, (1, r,,(t))
0,(t,7,(0) = 1,(t,7,(1))sin(g, (1,7,()

The total inphase and quadrature components of the received signal are illustrated

by {I(t)},20 and {Q(t)}/zo , and they are given by the following equation:

1(t,7) = ZV: I(t,7,(0) = EN’,,"(; 7, (1)) cos(g, (1,7, (1)
(2.5)

=

o(1,7) = ZQ,,(zr(z)) Y r (1,7, 0))sin(g, (1,7,(0))

n=1 n=|
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Furthermore, {v,(t)}'20 and {vo(t)}l20 are two independent and identically

distributed (iid) AWGN with the density N(0,02) and w, = 27 f,.

2.1.2 Mathematical Characterization of Fading Channels

This subsection analyzes three mathematical characteristics of the fading channels:

statistical characterization, received signal amplitude distribution, and LOS components.

. Statistical Characterization

According to the central limit theorem, when there are a number of paths in which

N is large, y,(t) may be modeled as a complex-valued Gaussian random process. This
means that the time-variant impulse response C,(¢,7) is also a complex-valued Gaussian
random process in the time variable t. Similarly, the inphase component {[ (t)},m and the
quadrature component {Q(t)}lzo are also Gaussian random variables with the same mean

and variance, and their probability densities are given as the following;:

1 —(.\’—-u)z s
f(x)=\/—— e A"', x20

2no
In this equation, w= E[/(¢)]= E[Q(t)] denote the mean values and
o’ = Var(I1(t)) = Var(Q(t)) denote the variances of the inphase and quadrature

components.

. Received Signal Amplitude Distribution
The envelope of the received signal of the fading channel is Il‘(t )I

Depending on the traveling wave environment, the envelope of the received signal
can be described by a Rayleigh or a Ricean distribution. If the inphase and quadrature
components are zero-mean ( x#=0 ), the received signal amplitude distribution
corresponds to the Rayleigh distribution, and the phase is uniformly distributed in the
interval (0, 2x). Conversely, if the inphase and quadrature components are not zero-mean

(u# 0), the received signal amplitude distribution corresponds to the Ricean distribution.
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o LOS Component

In the Rziyleigh fading channel, there is no LOS component between the transmitter

and the receiver. Thus, the inphase component {1'(t)},20 and the quadrature component
{Q(t)},z , do not include a LOS component, and they are Gaussian random variables with

Zero-means.

However, in the Ricean fading channel, there exists a direct LOS component
between the transmitter and the receiver. Therefore, the inphase component {1 (t)} 150 and
the quadrature component {Q(t)} 150 are composed of a LOS component, but they are still

Gaussian random variables with non-zero means.

2.1.3 Autocorrelation Function and Doppler Power Spectral Density Function

The autocorrelation function and Doppler power spectral density (DPSD) function

are usually used to describe characteristics of the fading channel.

° Autocorrelation Function [PRO00]

If the equivalent low pass impulse response C, (¢, 7) is assumed to be WSS, then,

the autocorrelation function of C,(t,7) is defined as:
@.(7,72;00) = E[C, (7,30) C (7331 + AD))] (2.6)

Further, if the attenuation and the phase shift of the received signal of the fading
channel at path delay 7, is uncorrelated with the received signal at path delay 7, , the
autocorrelation function can be also expressed as:

¢.(7,,7,:80) = §.(7;40)0(7, - 1,) 2.7
In this equation (2.7), ¢,(7;A¢) denotes the average power output as a function of time-
delay (t) and time difference (At). If At=0, ¢.(7;0) = ¢.(7) denotes the average power

output as a function of time-delay (1), then @.(7) is called the multipath intensity profile.

The time variant transfer function of the fading channel is obtained by taking the

Fourier transform of C,(¢,7) and it can be expressed via:
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CN)= | Clt e dz

In this case, variable ( /) denotes frequency, and C,(t,f) has the same statistics

characteristics as C,(t,7).

Similarly, if it is assumed that there are the same conditions as C,(¢,7), the
autocorrelation function of C,(¢, /) in frequency domain can be expressed as:
G (f1s/2380) = E[C (f130) C(fo31+ AN] = g (81340 (2.8)
The equation (2.8) is meant that the autocorrelation function of C,(¢, /") is a function of
the frequency difference (Af = f, - f;) and the time difference (At). @.(Af;A¢) is
called the spaced-frequency, spaced-time correlation function of the fading channel. But
only if At =0, g-(Af;A8) = g.(Af).

The relationship between ¢.(7) and ¢.(Af) is given as:

b-(8f) = | p(De Y dr 2.9)

J Doppler Shift

The time variations of the fading channel can be related directly to the motion of

the receiver and indirectly to the Doppler effects.

Due to mobile motion, the rate of the phase change is apparent as a Doppler
Sfrequency shift or Doppler Shift in each propagation path. Figure 2-1, adapted from
[PAP96], illustrates the Doppler shift.

LE
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Figure 2-1. Ilustration of Doppler Effect
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For instance, a mobile moves with velocity v along the path XY, and receives a
wave from a scatter S, therefore, the phase change can be defined as [PAP96]:

27 2mUAL

A¢=—7Al=- 2 cos 3, (2.10)

Here, A= /f is wavelength of carried frequency.

The Doppler shift can be described as the apparent change in frequency. It is
defined as [PAP96]:

1 Ag v
f—-—2m1 IV e (2.11)

This equation (2..1 1) means that the Doppler shift will depend on the carrier frequency,

the mobile velocity, and the spatial angle between the wave and the direction of motion.

In this case, the maximum Doppler shift is obtained by f,,.. = - % .

o Doppler Power Spectrum [PRO00, RAP96]

In order to relate the Doppler shift effects to the time variations for the fading

channel, the function S.(Af,A) is defined as the Fourier transform of @.(4/;A7), with

respect to the variable At.

Sc(bf,2) = [ de(Af A dpt (2.12)

If Af = 0, then S.(0;4) = S.(4) and the equation can be expressed simply as:
S = [ gcane” dnt = |7 go(ane ™ dar 2.13)
Here, S.(A)is called the Doppler power spectrum that gives the signal intensity as a
function of the Doppler frequency A. If the channel is time invariant, @.(As) = 1, then
S.(A) = 8(A) (delta function). This means that there are no time variations in the fading
channel, and there is no spectral broadening observed in the transmission of a pure

frequency tone.

Under certain conditions, the Doppler power spectral densities of the inphase and

quadrature components are expressed by [CHAO03, LIX02]:
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In this equation, v(¢) is the velocity of a moving mobile; 4, (¢) is the maximum assumed

spatial angle; A is the wave length associated with the carrier frequency; f, = % is the

€

maximum Doppler shift, and E, controls the attenuation of §,(f) or S,(f) at zero

frequency. These variables are associated with each path component.

The Doppler power spectral density function S(f) describes how the multipath

propagation spreads the spectrum of the transmitted signal and also indicates how fast the

fading process is.

2.1.4 Simulation Structure of Fading Channels in Frequency Domain

The fading channel is assumed to be WSS both in time domain and frequency
domain, and the different propagation paths are also assumed to be uncorrelated.
Therefore, a simple simulation structure for the fading phenomenon can be built from
several functions, such as multipath intensity profile function, spaced-frequency

correlation function, spaced-time correlation function and Doppler power spectrum
[RAP96].

[LIX02] introduces the state space model from the rational transfer function which
is related to the Doppler power spectral density functions. Figure 2-2, adapted from

[L1X02], describes the bandpass fading channel’s simulation structure in frequency

domain.




Chapter 2 Wireless Fading Channel Models, Simulation and Estimation 19

Wi(t) > Hi(s)
Bandpass
Fading
Channel
Wa(t) > H a(s)

Figure 2-2, The Bandpass Channel Model in Frequency Domain

In this figure, W,(¢) and W,(¢) arc AWGN, H,(s) and H,(s) denote rational

transfer functions.
2.2 State Space Realization of Fading Channels

In mobile communication systems, the mobile radio channel models have been
studied over 40 years. Several fading channel models are suggested to explain the
observed statistical characteristics of the electromagnetic fields and the envelope and
phase of the received signal. For instance, Ossana’s model was used to explain the
interference of wave incident and reflected from the flat sides of randomly-located
buildings, but this model is rather inflexible and inappropriate for urban areas [OSS64].
Clarke’s model was one of the most widely uses of 2-dimensional model, which assumed
the field incident on the mobile antenna was composed of a number of horizontally
traveling plane waves of random phase; this model assumes that a fixed transmitter with a
vertically polarized antenna uses[CLA68]. Aulin was the first to show that the
introduction of a third dimension, extruding the ring of scatterers into a cylinder, brought

better agreement with empirical results [AUL79].

This section describes the fading channel models based on the state space equation

for flat and frequency-selective fading channels.
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2.2.1 General State Space Model

The state space model has been widely used in many fields such as real-time
optimal controls and wireless communications. A state space model can be expressed as
the following equation [DAZ95, OGAO02]:

@_ A G B
o= ADOx)+ Gu() + BUyw(r) (2.15)

y(t) = C()x(0) + D(N)v(2)

In this equation, the system parameters {A(t),G(t),B(t), C(), D(t)} are defined as

the following: A(f) e ®™" denotes the state matrix, G(t) e R"™ denotes the input
matrix, B(¢) € R " denotes the process noise matrix, C(¢) e ®™" denotes the output
matrix, and D(¢) € ™Y denotes the measurement noise matrix. Additionally, x(¢r) e ®"
is the state of the system, u(¢) € R"and y(t) € R” are vectors of the input and output :
signals, w(¢) € R "and v(¢) e R" are sequences of uncorrelated random variables with

. 2 ey . .
zero-mean and covariance o, and the initial state variable x, is assumed to be

uncorrelated with the process noise [OGA02].
my = E[x(O)]
= E [(x(O) - mo)(x(O) - mo)T]

A zero-input state space model can be rewritten as:
dx(t)

= ADxD+ BOW) (2.16)

y(1) = C(0)x(6) + D()v(¢)
The state space models are realized from a rational transfer function H(s) .
However, the state space realizations are not unique. There exist several realizations for

the state space such as controllable and observable canonical forms.

For example, a second-order rational transfer function can be given by:

_ k(1)
T 524 2c(Nw, (1)s + w2 (1)

H(s) (2.17)
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Let J(s)=H(s)H'(s), a second-order stochastic differential equation

which can be obtained from the rational transfer function H(s) and it can be written as:

2
LD 1 2600, (0 52+ 1,060 = kw03
- ! (2.18)
dx (1)

o |,=0, x(0) are given

Further, the stochastic differential equation is related to the state space realization

with two canonical forms.

For the controllable canonical form, the state space realization can be expressed as
[OGAO02]:

& [0 1 0
dr [- 0 - 2§a),,]x(t) ¥ [k]w(’) 2.19)

y=[1 0]x(n

In this case, the system parameters can be given as following form:

0 1 0
A= o 2w | B=|, | c=1 0 , (2.20)

In addition, for the observable canonical form, the state-space realization can also
be expressed [OGA02]:

) [0 - k
dt "[1 —2§wn]x(’)+[o]w(') (221)

yn=[0 1)x()

Similarly, in this case, the system parameters can be given as following form:

0 -} k
A:[l _25(0”}, B=M, c=[o 1] (2.22)

A discrete-time linear systems of the state space formulation in the equation (2.16)
can be presented as [OGAOQ2]:

{ X(f"”) = A(tn )X(f,,) + B(tn)“)(tn) (2 23)

¥(t,) = C(t,)x(t,) + D@2, )¥(2,)

Here ¢, denotes discrete time.
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The state space model in the equation (2.16), which is related to the Doppler power
spectral density function in the equation (2.14), is used to generate the inphase and
quadrature components for the fading channel [CHAOI, LIX02]. Therefore, there is a
state space representation corresponding to the inphase and quadrature components of the

fading channel.

In the following subsection, the state space realization of the flat and frequency-

selective fading channels will be introduced.

2.2.2 State Space Realization for Flat Fading Channels

In the flat fading channel, the bandwidth of the transmitted signal is less than the
coherence bandwidth of the fading channel. Therefore, the envelope of the received

signal of the flat fading channel is assumed to follow Rayleigh or Ricean distribution.

In this case, the transmitted signal is considered to be a narrow signal, for instance,
s(t)=1,V t 20, thus the received signal of the flat fading channel is a special case of

N =1 in(2.4), and it can be rewritten as:

y(1) = (l(t,r)cos(a)cl)— o,1) sin(a)cz))s(l - 1)+ v, cos(w,1) - v,(1)sin(@,) (2.24)
2.2.2.1 State-Space Realization for Rayleight Fading Channel

The channel is said to be a Rayleigh fading channel if the envelope of the received
signal follow the Rayleigh distribution. There is no LOS component, but there exists a
number of plane waves with independent and identically distributed inphase and
quadrature components with zero-means. The type of fading channel follows quite well

with empirical observations for macrocellular applications [RAP96].

Following the equation (2.23), the discrete-time state space models for the inphase

and quadrature components of the flat fading channel are easy obtained.

For the inphase component, the state space model for the flat fading channel can be
written as:

{ x,(t)= A4,@)x, @)+ B (t,)w,(¢,)

2.25
2(t) = C, ()%, (6,) + Dy (t,)v, (1) (2:25)
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Additionally, for the quadrature component, the state space model for the flat fading
channel can be written as:
{ xQ (tm-l ) = AQ (In )in (t") + BQ ([n )WQ (tn )

Yot = Colt, )xg(2,) + Dy(t,)vp(t,) (2.26)

Further, considering a combination of the inphase and quadrature components for

the fading channel, the state space model can be given as [LIX02]:

’ [\-,(1",)) A40,) 0 (x,(l,,))+ B(,) 0 [w(t,,)j
o= i) T1 0 Agdllrg@) ] 0 Byt lg(t,)

-l awlo o o0l

2.27)

The equation (2.27) can be also rewritten in the same way as the equation (2.23):

{ x(t,0) = A@,)x(@,) + B(t,)w(,)

y(t,)= C@t,)x(t,)+ D(1,)¢,) (2.28)

Here the system parameters {A(t,, ), B(1,),C(1,), D(t,,)} can be expressed as [LIX02]:
Aty) 0 Bi(ty) 0 |
Aln)= [ 0 Agiy) } Btd=| o By }

C(t,) = [Cr (1)) CQ(tn)]a D(t,)= [Dr(2,) DQ(tn)]

(2.29)

The parameters {A,(t,,), B, (t,,),C,(t,,),D,(!,,)} and {AQ(t,,), BQ(t,,),CQ(l,,),DQ(I,,)} are defined

as two forms in the equations (2.20) or (2.22). In addition, the state variables are

redefined as the following: y(z,) is a sequence of the measurement data,

.

x(t,)= [x, (t,) xo(z, )] denotes a sequence of interpreting the inphase and quadrature
T

components, w(?,)= [w, ,) wQ(t,,)] denotes the AWGN process with the

T
density N(0,1), and v(¢,) = [v, () vy (t,,)] denotes the measurement AWGH with the
density N(0,1).

In this case, the inphase and quadrature components of the flat fading channel are

obtained from the following equation:

e s o 35 A b R S R A S A ST
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1t,) =1 0 0 0]x(

ou)=[0 0 1 0]xr) (2.30)

2.2.2.2 State Space Realization for Ricean Fading Channel

This channel is said to be a Ricean fading channel if the envelope of the received
signal follows the Ricean distribution. The Ricean fading model is similar to the Rayleigh
fading model, but the received signal is composed of different components made up of
MLOS multiple components plus a significant LOS component. Accordingly, this means

that /() and Q€r) both have a non-zero mean. The type of fading channel is often

observed in microcellular applications [RAP96].

Let {1 R (t)},20 and {Q” (t)} 5o Tepresent the inphase and quadrature components of
the Ricean fading channel, thus these components can be generated through the following
equation [LIX02]:

E[IR (t)] = 1, cos(wyt + 6,)

231)
E[1*()] = rysin(@yt + 6,)

In this case, the parameters {ro,a)o,Oo} correspond to the LOS component.

Considering a LOS component, the state variables of the inphase and quadrature

components are rewritten as [L1X02]:

1
xf(t,) = x,(1,)+ 1y cos(wyt + 00){0}

1 (2.32)
xQR (t,) = x,(2,) + 1y sin(aw,t + 90)[0}

Similarly, the state space realization for the Ricean fading channel can be expressed
as [LIX02]:

{ x(t,.,) = A@,)x(@,)+ B@,)w(t,)+ L(1,)
y(,) = C(t,)x(,)+ D, )v(¢,)

In this equation, L(t,) denotes the LOS component and it can be defined as [LIX02]:

(2.33)

oo
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- ryw, sin(w,t + 6,)

1y} cos(w,t + 6,)

= )
L) @, cos(wyf + 6,) (2.34)

1@} sin(w,t + 6,)

Therefore, the inphase and quadrature components can be computed from the

following equation:
"0y =[1 0 0 o]x*@
(2.35)
o*n=[0 0 1 o]x*

2.2.3 State Space Realization for Frequency-selective Fading Channel

The frequency-selective fading channel consists of N multipath components. If it is
assumed that the envelope of the received signal for each component follows the
Rayleigh or Ricean distributions, then the frequency-selective fading channel can also be
represented through the state space model. In this case, the transmitted signal is

considered to be a wideband, thus the received signal in the equation (2.4) can be
rewritten as:

N
¥0)= Y (1,67, () eos(@,0) - 0, (1,7, ()sin(@ )t - 7,(0)+ v, cost@in) - vo()sin(e,)  (2.36)

=l

Further, it is assumed that the envelope of the received signal of one component
follows the Ricean distribution, and others follow the Rayleigh distribution. As
previously analyzed in the subsection 2.2.1 and 2.2.2, the state space realization for the
frequency-selective fading channel can be expressed as [LIX02]:

x(t,,,) = A@)x(t,)+ B(t,)w(t,)+ L(t,)
ul (2.37)
$(1,) = X C(t,)s(t - 2)x(1,)+ DL,

In the same way, the state space model parameters are redefined as [LIX02]:
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A) 0 .. 0 B(t,) 0 .. 0
0 A¢) .. 0 0 By) .. 0
A)=| . 2(:") N » B,)={ . ( ) VR
0 0 - A 0 0 - By
Clt)=[C(1)s(t- 1) Colt)s(t-13) = Cylt)s(i- 1)) (2.38)

D(l,.)=[D|(l,.) Dz('n) D‘v({")]

b N

f_’Jb'_\ f_L—-—\
Lt)={L() 00000000

In addition, the inphase and quadrature components on the k™ path can be obtained

from the following equation:

’ ) )
I,(t)={0000--1000-- 000 0}x(,)
- ] ﬁ (2.39)
P
0,(t,) = LO 0000010+ 000 O0lx(,)

In short, the state space model can be applied to modeling the fading channels
including the Rayleigh fading, the Ricean fading and the frequency-selective fading. For
these fading channel models, the state space realizations are obtained from the rational
transfer function, and they are used to generate the inphase and quadrature components of
the received signal. Naturally, the envelope and phase components of the received signal

are also computed easily through the inphase and quadrature components.
2.3 Application of Kalman Filter to Fading Channels

In 1960, R.E. Kalman described a recursive solution to the discrete-data linear
filtering problem. Currently the Kalman filter has been the subject of extensive research
and application, particularly in the area of autonomous or assisted navigation. The
Kalman filter is a set of mathematical equations that provides an efficient computational
(recursive) solution of the least-squares method. The filter is very powerful in several
aspects: it supports estimations of past, present, and even future states, and it can do so

even when the precise nature of the modeled system is unknown [DAV85].
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This section presents the Kalman filter for the state space models of the fading

channels described in the Section 2.2.

2.3.1 Kalman Filter Theory

It is the most general problem to estimate a state x(¢|¢) with a known state x(¢) in

engineering applications. This problem can be represented as [BRO98]:

J(1) = E[(x(t) — x| 1)) (.\‘(!) —x(] 1))] (2.40)

where x(#|t) denotes the estimated state of a known state x(7).
This problem is minimize the estimation error criterion J()in (2.40) and Kalman

provided a solution to this problem. Kalman defined the state estimation x(#lf) as the

conditional mean of a known state x(¢) given the observation data Y, (¢). The state

estimation ,/{'(tlt) can be expressed as [DAV85]:

Xty = E[x(0)%, (0] (2.41)

The following subsections will introduce the Kalman filter for the fading channel

models described in Section 2.2.

2.3.2 The Discrete-time Kalman Filter for Rayleigh Fading Channel

Based on the state space realization of the Rayleigh fading channel, the Kalman
filter equations provide solutions for estimating the least-square components of the

received signal, such as inphase component, quadrature component, envelope component
and phase component, {/(2,),0(,),7*(,),8(t,)}, s -

The Kalman filter equations for the Rayleigh channels are presented as the
following [CHA03, L1X02].

° Initialization Conditions:

¥(0) = E[x(0)], o* = Var(x(0)); (2.42)
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e  Error Covariance (Riccati Equation):

-1
P(t,,) = 4P(1,)A" + BOB" - AP(t,,)C'[CP(z,,)c’ + DRD’] CP(1,) A" (2.43)
R=o’ |

o E, [10 1 o] .. |
In this case, R = | o | @= , Eis a constant and SNR denotes Signal
10 10

| 00
to Noise Ratio.

. Filter Gain:

K(1,) = 4P(,)CT[CP(,)CT + DRDT] (2.44)

° Estimation of the State:

Kyt = 4501+ K0 0~ €3 1) (2.45)

e  Estimations of the Inphase and Quadrature Components:

}(1,,) = E[I¢ )Y, ()]=[1 00 0];(1‘" t,)
A A (2.46)
Q) = ELQU)Y, (D1= [0 0 1 0]x(,|1,)
e  Estimation of the Square-Envelope Component:
rie) = 1@+ Q°(t,) + e (1,) + eé,(t,,) (2.47)

In this equation, ¢;(¢,)and eé(t,,) denote the mean square errors (MSEs), and they are

defined as the following:

e, = E[(I(z”)— i) } and e} (1) = E[(Q(l,,)- o) ]
In addition, /(z,) and Q(¢,) are defined in the equation (2.30).

e  Estimation of Phase Component:

A

é(t,) = tan"[g—qﬂl} (2.48)
l(tll )
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The error covariance sequence P(7,), the gain matrix K(f,) and the state .\'(t,,l ‘)

should be done recursively in order to implement the Kalman filter x(¢,.,|¢,.,) .

2.3.3 The Discrete-time Kalman Filter for Ricean Fading Channel

The discrete-time Kalman filter equations for the Ricean fading channel are similar
to those of Rayleigh channels. However, the Ricean fading channel contains a LOS

component, thus the estimation of the state can be expressed as [L1X02]:

;(111+1 tn;l) = A‘A\‘(tnltn) + K(tn )[_}’(1") - C;({ulrn) - L(fn ):I (249)

Other Kalman filter’s equations are the same as in the list in Subsection 2.3.2

2.3.4 The Discrete-time Kalman Filter of the Frequency-selective Fading Channel

Furthermore, the discrete-time Kalman filter equations for the frequency-selective

fading channels can be presented as the following [L1X02]:

e  Error Covariance (Riccati Equation):

-1
P(t,,)= AP(t,)4T + BOB" - AP(t,)C"|CP(1,)C" + DRD" | CP(t,)A” (2.50)
h=o’
In this case,
10 -0 10 0
E.F . . . . . .
R= (SNRY, |+ ¢ and Q=1|: :
10 % 0 0 -1 NN 00 - 1],
e  Filter Gain:
-1
K(t,) = AP(,)CT[CP(,)CT + DRD' | @.51)

° Estimation of the State:

trwl) = A;(tn

)+ K| e, - €3 i) - 1) 252)

A
x(tml
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e  Estimations of the Inphase and Quadrature Components on the i"" path:

-

A —_— A
1) = E[Le)W%0]=]0000- 1000 00001,
. ,. W (2.53)
AL —t—— A
o.t,)= E[Q,.(t,,)IYN(t)]= 00000010 0000|x(z,|t,)
e  Estimation of Square-Envelope Component on the i* path:
,.iz (tn) = 1i2 (tn) + Qi2 (tn) + elzl (’n) + eéi (tn) (254)

In this equation, e}, (s,)and e},(¢,) denote the mean square errors (MSEs) on the i" path,

and they are defined as the following:

&,1,) - E{( 1G)- 1) }

A 2
eél(t) = E[(Q: (’u)_ Q,’('n)) }
Additionally, 7,(¢,)and Q,(¢,) are defined in the equation (2.39).

e  Estimation of Phase Component on the i path:

4,)= tan"[-Q:'-gﬁ] (2.55)
Ii (tn)

In summary, the Kalman filter theory can be used to estimate the least-squares
components of the received signal for different fading channel models in the state space

forms. These components include inphase, quadarture, envelope, phase and MSEs

components.

2.4 Simulation and Estimation of Fading Channels

The system parameters {A,B,C,D} of the state space model are assumed to be
known, then the characteristics of the fading channel are very easy to simulate and

estimate using the state space models described in Section 2.2 together with the Kalman

filters described in Section 2.3.
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This section presents how to simulate and estimate the inphase, quadrature,
envelope and phase components {/(¢,),0(t,),(t,), #(1,)}, 20 of the received signal of

the fading channel, and illustrates several estimated results to verify the state space

models and the Kalman filters for the Rayleigh fading, the Ricean fading and the

frequency-selective fading.

2.4.1 Definition of System Parameters

The state space models of the fading channel are related to the motion of the
receiver or the transmitter. The characteristics of the fading channel can be affected by

several physical factors such as the carried frequency ( f.), the velocity of the transmitter

or the receiver (v), the signal-to-noise ratio (SNR), and the spatial angle (3

m

) between
the transmitter and the receiver. In addition, these factors are associated to the Doppler
power spectral density function (DPSD). Furthermore, an interval time (A?) is considered

in the discrete-time state space models and the Kalman filters.

In order to simulate and estimate the characteristics of the fading channel, it is
necessary to find the relationship between the physical factors and the system parameters

of the state space model.

As previous described, the system parameters {A,B,C,D} can be defined two
canonical forms in the equations (2.20) and (2.22). However, it is essential to first

compute these variables {w,, ¢, k} . The following equations show how to compute these

variables {@,, ¢, k} from the DPSD function S(f) in (2.14) [LIX02]:

_ L Se@
g’\/z[l RIS

= : 2.56
, \/’1—:2—4,2 ( )
k=w}\S,(0)

In this case,
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./‘mnx = j:l Cos m;

Ja ""'%1;

EO
——0 . 2.57
SD(.fmnx) 4/;1 sin . ’ ( )
S .(0) = -—E—g—{ﬁ— arcsin(2cos’ 8, - 1) |;

b arf,sinf, | 2 "’ ’

Therefore, the system parameters can be computed using the equations (2.20) or
(2.22), (2.56) and (2.57).

2.4.2 Simulation and Estimation Results of Fading Channels

This section presents several simulation and estimation results for the different

fading channel models using the state space models and the Kalman filters.

The following figures illustrate these simulation and estimation results of the least-

square components for different fading channel models. The least-square components

1(t),00),r*(t,),é(1,) denote the simulation results that are generated using the
n n n n ’"20 g

state space models; the least-square components { /(¢,),O(¢ ),r2 (¢,), ¢t denote
p n " n n
1,20

the estimation results that are computed using the Kalman filters. In theory, the two least-
square components should be equal. In fact, these simulation results and the estimation

results of the two least-square components are very close.

Figure 2-3 and Figure 2-4 show the simulated and estimated results for a Rayleigh
fast fading channel, which only different from the moving velocities of the mobile.
Figure 2-5 presents the simulated and estimated results for a Ricean slow fading channel.
Figure 2-6 compares the simulated and estimated results for a frequency-selective slow
fading channel with six paths. These figures are plotted using Java Graphics 2D

implementation.

Figure 2-3 illustrates the simulated and estimated results for a Rayleigh fast fading

channel with the physical factors: u=60km/h, SNR=10 dB, B=10° (degree) and At=0.25ms.
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1250 Fast Fading over Rayleigh Fading Channel todel
Frequency = 9100MHz; Speed = GABKmM, Angle= 100dpegre, SNR = 100db, Simulation Time = 250.0ms

L0629 { MadmumVaue of Xit)= .
MaimumValue of XI_e(t)le
- Sinmlation Resuh Xig
L1258 -- Estimation Result X!_e(t)
A
Figure 2-3 (a). Inphase Components: /(f,) vs. I(t,)
1.74 Fast Fading over Rayleiuh Fading Channel Model \
Frequency = $100R1Hz; Speed = 600Kmb, Angle=100degre, SNR = 100db, Simulation Time = 250.0ms /
ne?

f\ \_ i \‘.
H (rdo f 35 i pieti i
iP i \ |
4] \
Loy Madinum Value of XQ(t)= 1.7401 Minimum Value of XO(t)= -1.4915 \
MadmumVauo of XQ_e(t) = 1.6447 Minimum Vaue of XQ_g(t) = . 1.4239 \

- Shonligion Resasht XO{t)
L1.74 -- Estimation Result XQ_e(t)

Figure 2-3 (b). Quadrature Components: Q(¢,) vs. O(¢,)

37.954 Fast Fadinu over Rayleigh Fading Channel Model
Frequency = 910.0MHz;  Speed = 600Kmh, Angle= 100degrs, SNR« 10.0dh, Simulation Time = 250.0ms

18.977

- Estimation Result £42_o{t)

Figure 2-3 (¢). Envelope Components:
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109,050 Fast Fading over Rayleigh Fading Channel Model
rlmqu;nb- = SI0OMHz|  Spood = 6LOKmMA,  Rngly~ 10 dogro, | Shr 4100db, Stmulation n-m]m

!’.
ol
lw ) ) | Z
44,924 B (‘ Aaod JA{ faluo g xaq fxl(t)! aa Mir] & ug
! af Q_¢(t)/XH [o(() = Ml due
i -Ejuu glon Fgmale XO0)-Fi(t)
L ooose -- Estinsation Kesuh XQ_o())/X1_{(§ N B

A

Figure 2-3 (d). Phase Components: ¢(¢,) vs. ¢(¢,) (°)
Figure 2-3. Rayleigh Fast Fading Channel (7, >> T,):
u=60 km/h, SNR=10 dB, =10 °and At=250 s

Figure 2-4 illustrates the simulated and estimated results for a Rayleigh fast fading

channel with the physical factors: u=120km/h, SNR=10 dB, B=10 ° and At=0.25ms.

1.784 Fast Fadiny over Rayleigh Fading Channef Model

Froquency = 9100MHZz;  Speod = 1200Kmh, Angle= 100dogre, SNR= 100db, Simulation Timg = 250.6ms

M I'rmdeuuL 1k [1.6006

Mijloum Value I__e,(] = -1.6744
i

- Sionddion Rt Xt}
11.704 - Estimation Rosult XI_e{t)

Figure 2-4 (a). Inphase Components: /(¢,) vs. I(¢,)

12.142 Fast Fading over Rayleigh Fading Channel Mode!
Frequency = 910.0MHz;  Spoed = 1200Kmh, Angle= 10.0deges, SNR= 1004, glmxlallon Time = 250.0ms

Mmsnum\/du of XQ(t)= 2!

Madmum Value of XQ_e(t) = inimum Value of XQ_e(t) « -2 1423

t " y
,jnnlmum Vaua of XQ(t)~ -2.0335

- Sinalaeion Resuit XQ(t) v
12142 -- Estimation Result XO_«(t)

Figure 2-4 (b). Quadrature Components: O(¢,) vs. O(¢,)

i
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131052

16.526

Fast Fading over Ravieioh Fading Channel Madel
Froquency = 9100AMHz; Spood « 1200Kavh, Angla« 100doge, SNR= 100db, Simulation Timn « 2.0 ms

i

L ) A

dlof {A2(1)=
dud of (42_o{t =

3

simnlginn st f AN
o Estimation Result 122_e(t)

A
Figure 2-4 (¢). Envelope Components : IOlog(r?‘(ln )) vs. 10log 2 (ty )) (dB)

Fast Fading ovar Ravleloh Fading Channel Model
! 4 .
b Tierg 4 250.0 thw !’ / ;

pim "&‘W - abadnnd: V- 30, (
) ]

Figure 2-4 (d). Phase Components: ¢(7,) vs. (¢,) (°)
Figure 2-4. Rayleigh Fast Fading Channel (T, >>T.):
u=120 km/h, SNR=10 dB, =10 and At=250 ms

Figure 2-5 illustrates the simulated and estimated results for a Ricean slow fading

channel with the physical factors: u=60km/h, SNR=10 dB, =10 ° and At=0.6ms.

10152

| 20.304

Slow Fading over Ricean Fading Channel Model
Frequency = 9100 MHz; - Spoud = 60.0 Kby,

Angle= 100degrs, SNR = 100db, Simulation Tlimo = 06ms

\ el time
[3CCvee s e~ R .

(]
[f - eevier]

Medimum Value of Xi(t)~ 20.204 Minkmum Value of Xi{t)= 0.0
Madmum Value of XI_u(t) = 203034 Minfmum Value of XI_e{t) = .0.1447

- Sinerldtion Resalt Xi()
«- Estirmation Result X1_e(t)

Figure 2-5 (a). Inphase Components: /(z,) vs. I(¢,)
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11.842 Stow Fading over Ricean Fading Channel Model
Frequency = 9100MHz;  Speed = 600Kmh,  Angle= 100degrs, SNR= 100db, Shrulatlon Timo =06 ms
L’L!IZ‘I
R e |V (7 (e b o e v v -y Ve e p o A
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Figure 2-5 (b) . Quadrature Components: Q(t,) vs. O(t,)

27.424 Slows Fading over Ricean Fading Channel Model
Frequency = 9100MHz;  Specd = 600KmA, Angle= 100degre, SNR = 10.0db,  Simulation Time = I‘me—/
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A

Figure 2-5 (c). Envelope Components : lOlog(r2 (1, )) vs. 10log rz(t,,) (dB)

Slow Fading over Ricean Fading Channel Model

Froquency = 9100A1Hz; Speed = 60.0Kmh, Anglo= 100degre, SNR=10.0db, Simulation Time = G6ms
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Figure 2-5 (d) . Phase Components: ¢(¢,) vs. ¢(¢,) (°)
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10 Slows Fading aver Ricean Fading Channel Model

Froquency = 9100 AMHz: Speod = GLOD Kevh,  Angle = 100 dogm, SNR « 10.0dbh, Slorwilollon Thw = 06 v
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\‘.
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Figure 2-5 (¢). MSE Components

Figure 2-5. Ricean Slow Fading Channel (7, << T_):
u=60 km/h, SNR=10 dB, =10 ° and At=0.600 ms

Figure 2-6 is the simulated and estimated results of a frequency-selective slow

fading channel containing six paths with the physical factors: u=60km/h, SNR=10 dB,
B=10° and At=0.3ms.

Stows Fading over Freouency_Selective Fading Channel Model
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Figure 2-6 (a). Received signals without noise: y(¢,) vs. y(¢,)

Slow Fading over Freauency_Selective Fadiny Channel Model
flitncy = 9100 MHz;  Spood =~ 6.0Km,

L W‘: LN

! il
) " [
llli fdJ u \“‘ W““h JM!"" lM\ I,.ml,.“h t’l mll‘! l.t,«.\'dg_bd An byt e ,\ m.tr Ir‘uh time

Angle= 100degre, SNR=300db, Simulation Tirme = RXB0 ms

_—-:=a.

13313
MadmumVaue = 6626 Minimum Value = 0.00R0

- Sinlation Resalt R(1)
| 6.626

Figure 2-6 (b). Received signals with noise: y,(7,) vs. y(7,)
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Figure 2-6 (g). Quadrature components on 4" path: Q,(¢,) vs. O,(1,)
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In this case, the envelopes, phases and MSEs components of the received signal are

also simulated, estimated and plotted on each path. But the section does not include these

results.

From these simulated and estimated listed in the above figures, it is easy to know

that the state space models and the Kalman filters are better matched.
Chapter Summary

The state space models are used to describe the characteristics of the fading channel

such as the flat and frequency-selective fading channels.

The Kalman filters are the best description for estimating the least square
components such as the inphase, quadrature, envelope and phase components of the

received signal for the fading channel.

The simulation and estimation computation are based on the state space models and
the Kalman filters. Additionally, their model parameters are defined with respect to

several physical factors of the motion of the receiver or the transmitter.

The simulation and estimation results are presented for the Rayleigh fading, the

Ricean fading and the frequency-selective fading with six-path.




Chapter 3

‘System Identification via Expectation

Maximization Algorithm and Kalman Filter

System identification or parameter estimation is a common problem in process

modeling. It is also an important research area in wireless communications.

This chapter will present a system identification algorithm which is employed to
extract the various parameters of the fading channel models; and indicate the
mathematical models based on the measurement data provided by the Communications
Research Centre of Canada (CRC) [BULOI]. Section 3.1 introduces baéic concepts of
system identification; Section 3.2 states the Expectation Maximization (EM) algorithm
together with the Kalman filter applied to system identification; Section 3.3 verifies the
EM algorithm and illustrates estimated results with several samples; Section 3.4 presents
the system identification mathematical models and estimated results for the flat fading
channel based on the measurement data; and Section 3.5 addresses the system
identification mathematical models and estimated results for the frequency-selective
fading channel based the measurement data; in addition, the transmitted signal of the
frequency-selective fading channel is considered as the narrowband signal and the
wideband signal; furthermore, the frequency-selective fading can be considered as fast or

slow fading.
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3.1 Introduction to System Identification

System identification is a process of constructing a mathematical model for a
dynamic system from observations and prior knowledge. The basic idea is assumed that
there exist some “true” values of the system parameters which provide a perfect

description of the mathematical model and it is best fit to the measurement data [DIN97].

System identification is generally based on the least-square or maximum likelihood
criterion with mathematical models and tools. Computer programs are often used to find
general mathematical descriptions that give the best fit to a series of recorded input and
output signals. In practical situations, the observation process is monitored at discrete
times only, but the system identification could be determined with either continuous-time

or discrete-time [DAV85].

System identification has some advantages. Firstly, the mathematical models via
system identification are usually accurate because they are based on observed data rather
than assumptions. Secondly, the process of system identification is fast, predictable and

completely universal.

3.1.1 Description of System Identification

System identification is usually formulated as an optimization problem. Figure 3-1,
adapted from [DAV85], illustrates the process of system identification. It is assumed that
the unknown system is needed to be identified, and the adaptive filter is a known system.

The variable x(¢,) is usually a random variable. When x(t,) is fed to both the unknown
system and the adaptive filter, the unknown system gives response y(t,) , the adaptive
filter gives output f(#,), and their difference between the two is called the error signal
£(t,) . The adaptive filter coefficients are updated according to some mathematical
algorithms in order to minimize &(1,) . If £(¢,) is less than a very small given value, the

adaptive filter response is said to give good estimation of the unknown system.

gz
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Unknawn System tn)

x(tn}

Adaptive Fllter ‘ f(tn)

Figure 3-1 the System Identification Problem

The algorithms of the updating adaptive filter coefficients are the main subject of
the system identification problem. Many different algorithms, which different from their
convergence speed, computational complexity, performance and stability [DAZ95], have
been considered. For example, the maximum likelihood estimation (MLE) is the most

robust of system identification techniques.

3.1.2 Maximum Likelihood Estimation (MLE)

The basic idea of the maximum likelihood estimation (MLE) is to obtain the most
likely values of system parameters for a given distribution that will best describe the
samples. It means that the MLE is to determine the system parameters which maximize
the probability (likelihood) of the samples.

Let © = (6,,6,,-,6,) denotes the k unknown system parameters need to be
estimated, Y, = {y,;, V42> > Yiv § denote an observed sequence, and f(y,;0) is an
independent probability density function of a random variable. Therefore, the likelihood

function can be expressed as the following equation [DAV85]:
N
L(ykl’ykZa"'aykNlel962""’9k): L= H f(yi;®); i=1,2,-,N
i=1

In the same way, the logarithmic likelihood function of L can be given as:

A=InL=YInf(»,0)

A necessary condition to maximize A is given as the following equation:

aAh)

0 =12,k
0,,0’ 1

eirnover
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The above equation is known as the maximum likelihood equation. The system

parameters © = (6,,6,,+-,6;) can be obtained by maximizing L or A.

The MLE is computed recursively using first or second order derivatives of the log-
likelihood ‘function with respect to the unknown system parameter. It is clear that the
sample size determines the accuracy of an estimator. If the sample size equals the whole

population, then the estimator is the true value.
3.2 Expectation Maximization (EM) Algorithm

The Expectation Maximization (EM) algorithm uses a bank of Kalman filters to
yield a maximum likelihood parameter estimation of the Gaussian state space model.
This section introduces a system identification model for the fading channel, and presents
the EM algorithm and its computing process. In addition, an example is discussed to

show how to use the EM algorithm.

3.2.1 Fading Channel Models for System Identification

As discussed in Chapter 2, the state space model can be used to described fading
channels. For a linear discrete-time, time-invariant Gauss-Markov system, the state space
model can be rewritten in the following form:

X, = Ax +Bw,; x5~ N(u,o?)

3.1
yl=C1x1+DIUI ( )

In this equation, x, € ®" is a state vector, y, € R 4is a measurement vector, w, € R" is

a state noise, and v, € % ¢is a measurement noise. The noises, {Wl}:zo and {U‘}IZO’ are

assumed to be independent identification Gaussian processes with the probability density
functions [CHA98]:

- ) r )
fu = @m™" exp[————“; )

T

£ = @y exp(’ - “’)
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Further, the noises are independent of the initial state x,, which is assumed to be

Gaussian distributed with N ~ (x,0°).

The unknown system parameters 6, = {4,,B,,C,,D,} or 8= {4,B,C,D} can be
estimated ihrough a realization of the measured data. The methodology employed is

based on the EM algorithm together with the Kalman filter.

3.2.2 Description of the Expectation Maximization Algorithm

Let 6= {4,B,C, D} denote system parameters in the equation (3.1); P, denotes a
fixed probability measurement; and {F,;;6 € ©} denotes a family of probability measures

induced by the system parameters 6. If the original model is a white noise sequence, then

{P,;0 €0} is absolutely continuous with respect to P, [CHA98, CHAO3]. It can be

expressed as:

X =W
1+1 '
By {

Y= 4

The EM algorithm is an iterative scheme for computing the maximum likelihood

estimate of the system parameters O with given data ¥y = {y,,yz,...,yN}. Specifically,

each iteration of the EM algorithm consists of the following steps:

(1) Expectation Step

This step is use to evaluate the conditional expectation of the log-likelihood
function under the complete data. This can be expressed as:

dr, 1)
dPol y T

A(6,6,)= E, {log

(2) Maximization Step

This step is use to find 8,,, € argmax,, A (6,6,) .

The expectation and maximization steps are repeated until the convergence of the

system parameters "9, - 9(_1" < €.

P————
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Based on the state space model, the EM algorithm is described by the following
equations [CHA98]:

R AR [ (ﬁ;,zﬂy)] (32)

t=l =1

éh%g(f(;,_,,;,,,)(;,-,,.:.,_.)"1 ") 63

1=0

N

= —IA-/-E(Z ((v, X )- ‘l(v, \', 1) —(r, x, DA+ A(r, IA, ,)A )IY )

120

- o35 5]n) Hz 5 y]] (3.4)

t=l

D= %E(f (- e ). - C':")T| YA’) (3.5)

1=l

! AT T
WE[Z‘ (y,y, (, x)CT - C(y, x)" + C(x.x,T)CT)I YN)

In this case, B> = BB and D* = DD". In addition, E(x) denotes the expectation

operator of variable (x), Yy = { VisYasViots yN} denote a sequence of the observed data,
A
N denotes the total number of the observed samples, and x, denotes the estimated value

at time t that is computed using the Kalman filter; and 6, = {4,,B;,C,,D;} denotes the
estimated system parameters at the ™ iteration.

The main advantage of the EM algorithm is that the computation process of system
parameters is less expensive than the Newton-Raphson method, because the updated

system parameters of the EM algorithm at each iteration are linear.

3.2.3 Definitions of the EM Algorithm and the Kalman Filter

In order to identify system parameters, the Kalman filter and a new class of finite

dimensional filters are defined.

(1) The Kalman Filter

For given system parameters 6= {A,Bz,C,Dz} , the Kalman filter can be

expressed as the following [CHA98]:

e Rz
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Xt = Ax'...lll..]“l' P,',C1'D_2(yl - CA x,_1|,-|)

;111-1 = A;C:-n:—l (3.6)

A

Xojo =M, = 0,1,2,..N

The sequence P,, can also be given as the following [CHA98]:

1l

Pu=Pl  +A"B74
P;'=C'D?C+ B~ B PyA"B” (3.7
AP, A"+ B

Plll-l =

A
The calculation of P, and x, can be computed recursively.

(2) Definition of the New Class of Filters

A new class of finite dimensional filters is defined as the following [CHA98]:

Ly = E{Z X/ Ox, YN} (3.8)

L(;) = E{ xﬁle:—ll YN} A (3.9
A::l

LY = E{Z x"Rx,_, + x,";,R"x,]IYN} (3.10)
=1

LY = E{Z [x,TSy, + y,'"STx,]IYN} @G.11)
=1

In addition, matrixes Q, R and S are defined as the following:

eel +ee

Q= {0, = L2 (3.12)
ee;

R= T;f,j= 1,2,...... ,n (3.13)
ee’

S= —'EL;i= 1,2,y n=1,2,000,d (3.1

In these equations, e, is the unit vector in the Euclidean space; it means that e; = 1

in the i™ position and ¢, = 0 in other positions.

T A S SR B R R AT
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Further, the new class of finite dimensional filters should be obtained.

(3) Filter Estimation of L

The filter estimation of L is derived as the following [CHA98]:

N
i = of 5 70 1
1=

| . (.15
- - Err(,v;,“ Pax)- 72. (NP )
N
_%Z[ 2X,], ll'tl '(l) + 2\'114 IPI|III I;ll)l IIIN(U l|l |B- AP'I'N(-I) P’|1A B X l]
In this equation, " satisfies the following recursions:
= (4- P, CTDRCAp Y 422, 0%, , - PN RCTD (y, - Cxy)
‘Ll)l Ar® (3.16)
rél) = Omxl
Furthermore, N also satisfies the following recursions:
NO = B2 4P NPy A"B? -2Q 3.17)
NP =0 '
(4) Filter Estimation of Ly
The filter estimation of L} is derived as the following [CHA98]:
(2) {Z X |Q": ||Y }
t=]
(3.18)

= {xu Ox,

"~

= E,{xI0x,| 1, )+ E,,{f) x,’O.\',I)’N} - E,{x oy | 1}

tal

N
f }+ Eo{Z ":{1Q~".-|lyn}

Therefore, L can be obtained from the filter of L. x, is computed using the

equation (3.6)

(5) Filter Estimation of L)

The filter estimation of L is also expressed as the following [CHA98]:
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N
L= E{Z (x7Re,, + xR x,) )'N}
=1

= _';—T’(NI(VZ)I)NIN)" %i T"(N:‘-?Flll) (319)

1=l

B i ) s o T
) [ 200, 20+ 2], Pyl < L NP 4 57 B APUNE P8, |
tat

et D=t dli-t et -1

In this case, r*) satisfies the following recursions:

1 = (4= PCTDACANS) - B NP PLCTDHy, - Cry, )+ (2P, R+ 2P, B APy R d)x
richy = A

=0

==} (3 .20)

Furthermore, N also satisfies the following recursions:

N® = B2 APy NOPyA"B? - 2RPyA"B? - 2B APy R’

N0, 3.21)

m

(6) Filter Estimation of L
The filter estimation of L!}’is given as the following [CHA98]:

N N
L = E{Z, s 5 = 3 (h i - < i) (:22)
= =
In this equation, ™ satisfies the following recursions:
rl(“) = (A - PIIICTD—ZCA)"I(-? + 2Pll/Syl
rlf;‘—)l = A'.l(“) (3‘23)

=0

mx1

Using these definitions of L‘,(,’ (i = 1,2,3,4) and the Kalman filter described in the

above equations, it is easy to estimate system parameters 8= {4, B*,C, D*} through the

EM algorithm described in the equations (3.2)-(3.5).

3.2.4 An Example of the EM Algorithm

An example shows how to estimate system parameters using the EM algorithm

together with the Kalman filter presented in Subsection 3.2.3.
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Considering a second order form (n = m= 2,d = 1) of the state space model in the

equation (3.1), these system parameters can be expressed as the following forms:

a, a b, b,
A=,|ia:l alZ:l’ B=[b: b;;]’ C:[c“ clz], D=[d,]

22
[xll A/"] ) y: = [yll]

In this case, the following derived equations are related to the EM algorithm in the
equations (3.2) to (3.5):

(3.24)

5o Ml X, XX (g:lx,,x,,lYN) E(, Ix,,x,zlYN) '
E(Z X, X, I YN) (z [ x,zx,z]' YN] E(ZN: x,z-"n' YN) E[ZN x:zxle Y;v) 2

1=}

151 1=}

ol AE[20 ) ((2 .11)) iixn .lii 629

12l =]

¥ ¥
(z” IY] ( S S l”) E(Z i ) E(, 2w 'ly') (27
! Y% Yn¥aa § E( 3 )

PEFEN zl E(z\: SRS ll
) (’il[)’.;\n Yu x,»]l)) [-(éy,,;,.l)’”) E(’E};y,l.:ml}'ﬂ)] (3.28)

=l
In order to get computing results in the equation (3.25) to (3.28), the computing

{3

process is described in the following steps:

(1) Defining Matrix Q to Compute ') and L}

The matrix Q can be defined for different values in the equation (3.12). For

instance,

1 0 N N
If 9= [0 O],then LY = E{le]‘gx,lYN} = E{le,,x,,|YN}

0 .;_ o _ N N
Ifo=|, 0 ,then Ly \‘ QxIY le,,x,z‘YN = E Z:Ix,zx,llYN

1
2
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0 N
If 0= [ ] then L = { X ery} {Z x,zx,l|YN}
1=1 =1

With these various Q values, the different filter estimation of L} can be obtained

through the equations (3.15) to (3.17). Similarly, the different filtered estimation of L‘f,)

can also be computed by the equation (3.18). The equation (3.25) and (3.26) can be

computed using the above computing results.

(2) Defining Matrix R to Compute Ly

The matrix R can be defined for different values in the equation (3.13). For

example,

E y , d

If R= LE) ol’ then Ly = lZl X Ry, + x:T-IR’x:“YN}z E{lenxn-l IYN}
o0 %- 3 N . N

If R: 0 0 s then L( ) = E{Izl \7 Rx, |+ t, |R ]IYN} = E{/Z=] xllxl'.!-l YN}
[0 0] u S |

IfR.:Ll ol’ then LY = E ZI x| R-\,l'l'\, (R'x ]IYN =E len-lxalYN
2 V) 1= =
[0 0] il - al

If R= 0 L] then L‘,S’ {IZI x{ Re,_ + xR x!“YN}= E{; X2%p2- YN}

Thus, the values of L’ can be obtained using the equations (3.19) to (3.21) with

these different matrix R values. The equation (3.27) can be computed using the above
computing results.

(3) Defining Matrix S to Compute L)

The matrix S can be defined for different values in the equation (3.14). For instance,

IfS=[+ 0], then LY E[ZN: [x7Sy, + y,’"S"x,]IYN} = E{}NZ YiXy ‘YN]
t=1

=]

ifs=[o0 3], ihen L = [‘i[ TSy + yISTx ]‘Y} {f y,.x,2|YN}

1= t=1
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The values of LS can be obtained using the equations (3.22) to (3.23) with these

different S values. Thus, the equation (3.28) can be obtained using the above computing
results.
“) Estiméting System Parameters

The equations (3.25) to (3.28) should be known after completing the computation
(1), (2) and (3) described above. Therefore, it is very easy to estimate the system

parameters in the equation (3.24) using the equations (3.2) to (3.5).

Similarly, it is also easy to estimate system parameters with 3rd-order or 4th-order
or even higher order form of the state space models through the EM algorithm and the

Kalman filter.
3.3 Verification of the EM Algorithm and the Kalman Filter

This section introduces the computing process of the EM algorithm and presents the

estimated results with several samples.

3.3.1 Computing Process of the EM Algorithm

In order to verify the success of the EM algorithm in identifying system parameters,
the computation processes are presented as the following:
(1) Setting a True Model

A true model with system parameters 6, = {4,,B,,C,,D,} is assumed to be

known; then a sequence of observed ¥, = {y,,yz,...,yN} can be generated using the

equation (3.1) with the known system parameters.

(2) Guessing an Initial Model

An initial model with system parameters &, = {4, B,,C,, D, }can be guessed, and

they can be any values.
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(3) Estimating New System Parameters 6,

A A A A
New system parameters 0, = {A4,,B?,C,,D}} can be estimated using the EM

algorithm and the Kalman filter defined in Sections 3.2 and 3.3.

The estimated system parameters are compared between 6, and 6, . If

“0,—0,_4“5 £, then 6, = {/}“sz,é“th} can be considered as the final estimated

results; otherwise, this step is repeated until HG, - 9,_,“ < £. Here, ¢ is a very small value;

and it determines the computing precision.

(4) Comparing Estimated Results

After completing the estimated process, the estimated system parameters are
displayed. In addition, several results are also compared between the true model and the

estimated model.

3.3.2 Analysis of the Estimated Results for System Identification

The identified system is in the controllable canonical form or the observable

canonical form in the state space models.

Table 3.1 shows the estimated results of the various system parameters with

different order’s models (n = 2, 3, 4 and only considered single output d=1 case).
Figure 3-2 shows an example of the estimated results for verifying the EM
Algorithm. Figure 3-2 (a) is the results of the sequence 5, it means that the values of

the sequence are constant after a time ¢, . Figure 3-2 (b) compares the output sequences

obtained by using different system parameters between the true system parameters and

the identification system parameters.
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Table 3.1: Verification of the Estimated Results for System Identification

Order'

System Parameters Estimated System Parameters
for via
True Model the EM Algorithm
A=090, B=25, BB = 625 J1=091, BB = 63798
C=95 D=4,DD" =16 C =947, DD =1593
st
1 A=090,B=9,BB" =81 71=0893, BB = 80943
C=10, D=08,DD" = 064 &=0998, DD = 0622
0 1 . [00005 00026 . [-00003 0925] » 00006 00041
Controllable | = 05 02 68" = 00026 00409 “1 05819 01406) “100041 00447
2nd c=[1 o] DD =[00025] C=[ogso1 00129), DD = [00024]
0 05]  [25 50 . [0099 0449) »  [26150 51.260
Observable | “={} os51" 2% = |50 101 A= um ode2) %7 T|s1260 104428
c=[o 1 b= &=[0009 0996 DD = [0979]
010 00014 00011 00065 -0 o9 o0] [ oo oo o
000 Th B8T<{oon 0004 0ouse, | A=|-009 Q7 0983} BB 0002 0007 0006
Controllable 03 01 02 00065 00038 00905 03618. 031 0191 0009 0006 0097}
c:[i o o} oo [omig C=[o o0 o} 00" [oond
3rd 0003 6 13 18 094 -1 0345'1 | ms s v
A=|1 0 03] BBT =13 30 40|, A=11092 -0186 0380} B8 =| 12995 3139 A1M
Observable 01 03 18 40 59 0%, 070 0413 17881 41577 61384
c=[o o 1}DD"=[20] C<[oon 050 asisf  00"<[s7)
0 1 0 0 [-00609 10007 00148 00168]
00 1 0 ~ | -00430 00165 10020 00116
410 0 0 1| 4= | 00517 00226 00075 10118
03 02 01 02 | 02989 02208 00856 02065)
00030 00024 00021 00046 [ 00089 0.0055 00056 0010
Controllable 00024 00030 00023 00078 gy .| 00055 00062 00054 00129
100021 00023 00030 00133 ~| 00056 00054 00070 00204
4th 00046 00078 00133 00914 [ 00101 00129 00204 01427
c=[1 0 0 o} DD"=[02] c= [10 00 00 o0} DD" = [02286]
O O 0 02 [ 0.029 -0.026 - 0091 0239
1 O 0 02 ~ 1.060 -0025 0018 0.164
4 =10 1 o0 o03 4= | 0304 0782 -0181 0345
o) le) 1 0.3 L 0294 - 0,061 0.863 0.269
10 17 16 19 [ 8.008 15168 14.867 17.543
~ 15168 35104 29.135 33.695
Observable BB" = 17 35 27 31 BAT = 14867 29.135 48.759 35708
16 . 45 32 17543 33.695 35708 51733
19 31 32 46 L
c-[o o o 1] C= [-0037 0015 0028 0958];
DD” = [4.0] DDT = [3821]

i 55 a5}
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losx
0.318
oz 5o tow fon s o 55 2hom oo b
10318
Madimun Vaue = 0635 MinlmumVaue - 0635
- PLY1] Resuht
F0.636
Figure 3-2 (a) the sequence of P,
52.498
49
}
h (]
- 26. o &f X(h({ 5224430
dAqoof Xejj)l 52.49741 MinimumValue of Xe(t) = -51.50242
- Simadation Resalt X()
| 52,498 -- Estiimation Result Xe{t)

A
Figure 3-2 (b) compares the state variables between x,, and xy.

Figure 3-2 An Example of the Estimated Results for Verifying the EM Algorithm.

These estimated results show that the estimated system parameters are very close to
the true system parameters. Therefore, it can indicate that the EM algorithm is a very

effective method for system identification.

In these estimated results, the observed data are generated using the true system
parameters. However, system identification can be more interesting based on the real

measurement data.

The following sections will present system identification for the fading channel

based on the real measurement data provided by the CRC.
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3.4 System Identification for Flat Fading Channels Based on

Measurement Data

This section introduces the mathematical models for the flat fading channel based
on the measurement data provided by the CRC. For a set of the measurement data, each
model is employed to identify system parameters using the EM algorithm together with
the Kalman filter. In addition, their Doppler power spectral densities (DPSD) are also
computed and compared between the measurement data and the estimated system

parameters.

3.4.1 Description of Identified Mathematical Models of Flat fading Channels

Using the measurement data, the mathematical models are identified based on the
state space model in the equation (3.1). For a set of data, the following models and

estimations are presented:

(1) the second-order estimation (n=m=2,d = 1)

(2) the third-order estimation (n=m=3,d = 1)

(3) the fourth-order estimation (n=m=4,d =1)

(4) the fourth-order estimation for combination

For cases (1), (2) and (3), the model can be employed as the following:

y, = F +v, ‘ (3.29)

In this equation, F,denotes the inphase component /, or the quadrature component Q,

from the measurement data, and v, is a white noise with Gaussian process.

Specifically, the parameters B and D are not computed directly; whereas the
parameters BB” and DD" are computed in the EM algorithm. Therefore, the form of
parameter BB’ is different from the form defined in Chapter 2. Several variables

g, (i,j = 1,2,3,4), having very small values (closed to zero), are added to the BB’ form

in order to make matrix (BB") inverse.
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If the controllable canonical form is considered, then the system parameters in the

state space model can be expressed as the following:

For the second order model, the system parameters are defined as the following:
10 1 &, &
A= [a. az], B= [ ol c=[t 0] p=[d] (3.30)

For the third order model, the system parameters are defined as the following:

o 1 O £, &2 &
A={0 0 1| B=|ey & &) C=[1 0 0 D=[d (33D
o ", O k &, &y

For the fourth order model, the system parameters are defined as the following:

0 1 0 0 &u & &3 &
0 0 1 0 & &y &y &
R e 2 5 G|
0 0 0 1 & En & &y (3.32)
Q a o a k&, &5 &y

c=[t 0 00 D=[d

For case (4), the model employed can be expressed as the following:
Y, = (1, cos(w,t)- 0, sin(a)vt))s(t)+ v, cos(w,t) = vy, sin(@.1) (3.33)
In this case, I, and Q, are the inphase and the quadrature components; and the system

parameters 6, = {4,,B,,C,,D,} are represented as the following:

o 1 0 0 & € &3 fu
a a 0 0 ky &, & &y

4A=10 0 0o 1 PTle & & & (3.34)
0 0 a a &y Ky En &y

C, = [cos(w,t) 0 -sin(w,) 0], D, =[d]

1

Of course, the system parameters can be represented as the observable canonical
form and can also be a higher order model. In this thesis, the mathematical models are

just considered as the controllable canonical form with 2™ 3 and 4™ orders.
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3.4.2 Analysis of Identified Results for Flat Fading Channels

As previously described, the estimation of system identification for the flat fading
channel is considered in the four cases for each set of the measurement data. The
estimated résults include the identified system parameters and the comparison curves

between the measurement data and the estimated results.

In the above (1), (2) and (3) cases, the measurement data is responded the inphase
component or the quadrature component. In the case (4), the measurement data is

responded a combination from the inphase component and the quadrature component.

The measurément data provided by CRC contains 98 data files. The data files are
classified as the inphase components and the quadrature components. Furthermore, each
component includes seven groups and each group also includes seven data files. For
instance, 13.2 denotes the data file is from the second data file of the third group in the

inphase component.

For example, considering the 27 3" and 4% orders of the state space models based
on the measurement data files [1.1 and Q1.1 that the data files include 766 samples. The
estimated system parameters are presented in the following table; and their compared
results are also plotted in the following figures. These figures are compared the output
sequences and the Doppler power spectral densities (DPSDs) between the measurement

data (real data) and the computed results using the estimated system parameters.

Many estimated results for the different measurement data files are listed in

Appendix A.

PIRE S
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Table 3.2: the Estimated Results Based on the Measurement Data I1.1 and Q1.1
Order Estimated Model Parameters Estimated
Figures
n 0 1 ~ [0.0957 00027
- 4=1 00468 00132]" BB =|00027 00963
2™ ' o ' ' Figure 3-3
c=[1 o], DD"=[00961]
00 10 00 | 00037 000081 0.00085]
A=| 00 0.0 10 |, BB ={000081 00039 0.00095
3 05989 - 00159 02072 000085 000095 00040 | | Figure 3-4
1(k) R »
| =1 0 0] DD"=[00029]
0 ] 0 0 00288 00010 00020 00030]
:’ 0 0 | 0 8237 00010 00289 00020 00020
. Lo 0 0 1 [T T|00020 00020 00316 00010 | Figure 3-5
4 05684 - 0.0889 00199 00245 00030 00020 00010 00316]
C=[1 0 0 0} DO =[o0ory
y [ 0 1 } - [0.0026 0.00083]
i 07281 0.1853 000083  0.0029 Figure 3-6
c=[i o DD =[00019]
00 10 00 _ [o0060 00011 00011
A= 00 00 10 |, BB"={00011 00063 00013 .
Figure 3-7
3rd 05925 00325 02068 00011 0.0013 0.0066
Q) &=[1 o o] DD =[00050]
[0 1 0 0 00291 00010 00020 0.0030)
‘. 0 0 0 B’ 00010 00293 00020 00020} | i e 3.8
4" 0 0 0 Iy 00020 00020 0.0320 00010
06710 -00759 00383 00359 00030 00020 00010 00321
C=[ 0 0 o] DD"=[o0ory
0o 1 0 0 00506 00071 00036 00017)
« |05154 00668 0 0 + [00071 00523 00012 o0os7| |
e 0 0 1 b P = oo o002 oo ooom| | Figure 39
Combination R i
L0 0 05262 00915 01017 00037 00081 00496]
C=[1 0 1 o] 0D =[00019]
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Figure 3-4. The real inphase component vs. estimate result in 3rd-order (I1.1)
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Figure 3-9 (). DPSDs for y, vs. y,

Figure 3-9. The real Inphase and quadrature component vs. estimate result in 4th-order

In these figures, the red curves denote the measured data corresponding to the

measured data files; and the blue curves denote the estimated results.

The above estimated results can illustrate that nothing is gained by increasing the
order of the state space models. It is also concluded that the models of the measured data
can be generated with very high accuracy through a simple second-order discrete time

stochastic differential equation.

3.5 System Identification for Frequency-Selective Fading Channels

Based on Measurement Data

This section will address system identification for the frequency-selective fading

channe! which is also based on the measurement data provided by CRC.

3.5.1 Identified Mathematical Model for Frequency-Selective Fading Channels

The received signal of the frequency-selective fading channel is represented as the

following equation described in Chapter 2:
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N
Z( ety $0S(@0) = Oy SN, 1)) Su-ry) Vi COS(@,1) - Vy, sin(@, 1) (3.35)
k=1

In this case, the statc space model in the equation (3.1) can be modified as the
following [CHAO03]:

Xigesny = Al(l)xi(r) + Bi(/;“’,m; Ny ~ N(IUHZI(O))
X, = Ax, + Bw,; (3.36)

.VI = Z C:’(l)xl(l)s(r—r,) + Dlvl = Clxl + Dlvl
i=1

In this equation, the noises of w, and v, are also independent white noises with N(0,1);

and the system parameters are given as the following equation [CHAO3, LIX02]:

4, 0 - 0 B, 0 - 0
0 4, - 0 0 B, - O
A, ={ . . N B, =1 . : s
|0 0 ... 4y 0 0 .. B,
C =|CySir, CuSice, - CriSice, ], (3.37)

D, = [cos(wcl) - sin(a)‘.t)]

On the other hand, 4, B, and C,are defined as the following:

o 1 0 0 &n &2 i3 bu
a, a, 0 0 ki &n &n &
A=l o o ap BT ’
&y &yn &y &y (3.38)
0 0 ay ap ey Kk Ep &g

C, = [cos(w,) 0 -sin(w,.n 0]

3.52 Analysis of Identificd Results for Frequency-Selective Fading Channels

The system identification of the frequency-selective fading channel is estimated in
the same process as the flat fading channel; but it is assumed that the total channel

number canbe N = 2,3, 4,5, 6, 7 in the equation (3.35).

In addition, the transmitted signal can considered as a narrow band signal or a wide
band signal; the system identification process can thus be determined with the two cases.

Furthermore, the frequency-selective fading can be considered as a fast fading or a slow
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fading. Therefore, the system identification can be estimated using these different cases:

the narrowband transmitted signal, the wideband transmitted signal and the slow fading.

This section only presents the estimated results for N = 6 case. In this case, the
inphase component and quadrature component are considered as a combination with six

paths; and the measurement data is selected from the data group 1 with 385 samples.

Many estimated resuits for the frequency-selective fading channel are listed in

Appendix B.

In the following figures, the inphase component and the quadrature component are

compared between the measured data and the estimation on each path. The output

N

sequences are obtained from the equation (3.35), and the estimated results
q Yifim q

1=

{E;},}N are computed from the equation (3.36).
t=1

(1) Wide Band Transmitted Signal

Considered the transmitted signal is a wide band signal, the estimated system

parameters are computed as following:

4 0 BB’ 0 0
4=10 4 0| pgpr=| O BB! 0|
o 0 P 0
10 0 Ag | 0 0 - BB]]
¢=|¢, C, .. C|. DD"=00023
Here, {/’i,,B ,7‘,6',} are defined as the following;:
0 1 0 0 0 1 0 0
[2 01953 -00278 0 0 //1\ 02071 0.1199 0 0
=10 0 0 I A 0 0 1
0 0 0.1605 -0.1328 0 0 -01628 00970
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0 I 0 0 0 1
A _|01950 0022 0 0 A _|02935 00654
7o 0 0 I O A 0
|0 0 01882 -02785] 0 0
0 1 0 0 0 1
4 (02001 -00272 0 0 4 {02966 00753
STH 0 0 0 N O I 0
0 0 01920 -02836 0 0
00884 00112 00164 00149 ] 02952 0.0196
A 100112 01763 00275 -00133| A 00196 02651
BBl = BB} =
00164 00275 00905 00135 |’ 00018  0.0297
00149 - 00133 00135 03449 | 00117 - 00059
(01797 00202 00135 00038 | 02770 0.0042
A 100202 02598 00144 -00062)  *,. 00042 0.0955
BB] = BB} =
00135 00144 01768 00240 |’ 00096 0.0338
00038 - 00062 00240 01771 | 0.0008 0.0065
01824 00209 00150 0.0042] 02927 00024
A 100209 02651 00152 -0053] .. 00024 0.0975
BB! = BB! =
57100150 00152 0815 00253 |’ 00084 0.0356
00042 - 00053 00253 01819 00009 00051
C=C=C=C=C=C=[1 01 0

Figure 3-10 shows the compared results between the measurement data and the

estimated results on each path.
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Figure 3-10. the Estimated Results for Frequency-selective Fading Channel (N=6 case)
On the Wide Band Transmitted Signal
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(2) Narrow Band Transmitted Signal

Considered the transmitted signal is a narrow band signal, the estimated system

parameters are computed as following:

x>

"

0>

H

Here, {

U

Foa”

A
0

A=

BB

L

1 =

o o O

>

o

0 1

A 01829 - 00652

1o 0
0 0
0 |
01903 - 0.0598
0 0
0 0
0 1
02023 - 00594
0 0
0 0
(00795 0.0056
00056 01632
00157 00218
100043 - 00256
(01638 00115
00115 02329
00094 00077
00004 - 00107

/AI.,BB,.T,CA',} are defined as the following:

e ]
BBY 0 0
ppt=| O BB 0|
: : 0
00 BB |
}, DD = 00023
0 0 0 1 0 0 ]
0 0 P 01968 00556 0 0
0 I A A 0 0 I
01484 - 0.0966] | 0 0 -01569 00564]
0 0 0 1 0 0
0 0 p 02921 00566 0 0
0 T e A I 0 0 i
01806 - 02572 | 0 0 03575 -0.0693]
0 0 0 1 0 0 ]
0 0 ’ 02960 00693 0 0
0 IR A 2 A 0 0 1
0.1881 - 0.2669] 0 0 03734 -00804]
00157 00043 02540 00017 00006 00062 ]
00218 - 00256 B;;T 00017 02298 00182 - 00033
00824 00076 > 2 100006 00182 01429 00077
00076 02597 00062 - 00033 00077 00722
00094  0.0004 02561 00013 00077 -00134
00077 - 00107 B;T 00013 00921 00254 00015
01541 00192 1> 74 7| 00077 00254 02959 00056
00192 01547 -00134 00015 00056 02969
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5 %100122 00087 01628 00213 ©°° 7| 00044 00287 03310 00069

00009 -00103 00213 01637 ~00181 -00004 00069 03334
C=C=C=C=C=C=[1 010

Figure 3-11 shows the compared results between the measurement data and the

estimated results on each path.
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Figure 3-11. the Estimated Results for Frequency-selective Fading Channel (N=6 case)
On the Narrow Band Transmitted Signal

(3) Slow Fading with Narrow Band Transmitted Signal

The estimated system parameters of the frequency-selective slow fading are

computed as following:

4 0 BB' 0 0
Yol 0 Ay oo 0| gpro| 0 BB 0|
o0 : : ... 0
_0 0 ... 4] 0 0 .- BB:_

c=|¢ C .. G| DD"=00023

Here, {/2,,3 ,T,CA‘,.} are defined as the following:
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Figure 3-12 shows the compared results between the measurement data and the

estimated results on each path for the frequency-selective slow fading.
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Figure 3-12. the Estimated Results for Frequency-selective Slow Fading Channel (N=6 case)

The estimated results for the flat and frequency-selective fading models based on
the measurement data are also indicated the state space models, the EM algorithm and the

Kalman filter are good matched the real fading channel environment.

Chapter Summary

System identification is a process of constructing a mathematical model for a

dynamic system from observations and prior knowledge.

The Expectation Maximization (EM) algorithm uses a bank of Kalman filters to

yield maximum-likelihood parameter estimation of the state space model.

Based on measurement data models, the system identification is considered for the

flat fading channel and frequency-selective fading channel.

The system parameters of flat fading channels are identified with the different
order’s models. The system parameters of frequency-selective fading channels are
identified with the different total numbers of the multipath (N=2, 3, 4, 5, 6, 7) and the

different transmitted signals (narrowband and wideband).

The estimated results are very well matched to the measurement data provided by
CRC. Therefore, this means that the EM algorithm is a very effect method in system

identification of fading channels.




Chapter 4

Web-based System Analysis, Design

and Implementation

Various estimated results, based on several computation tools such as MatlabTM,
have been presented in the fading channel models and system identification. However,
these computations did not provide web-based tools. Therefore, one of the thesis’s aims
is to develop a web-based system, called the web-based fading channel simulation and
estimation system (WFSE) system, to model, simulate, estimate and identify the
characteristics of the fading channel using the state space models and the EM algorithm
presented in Chapter 2 and Chapter 3. The WFSE system is a web-based application and

is implemented using Java ™ techniques.

Based on the software development process and Unified Modeling Language™
(UML) techniques [CO091, SATO00], this chapter will present analysis, design and
implementation for the WFSE system. Section 4.1 introduces basic concepts, advantages
and technologies of web applications; Section 4.2 analyzes the WFSE system’s
requirements including functional and non-functional requirements; Section 4.3 presents
system analysis and design using UML techniques including user case diagrams,
sequence diagrams and class diagrams; Section 4.4 describes software implementation
with Java techniques such as Java Applet, Java Graphics2D, Java Swing, Java

Input/Output and Exception handling.

e
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4.1 Basic Concepts of Web Application

A web application is a computer program that is accessed via a web interface. Web
applications have been become an important part of the modern technologies. This

section introduces concept, advantages and technologies of web applications

Web applications are evolved from websites or web systems. A web-based
application should contain three principal components: a web server, a network
connection, and one or more client browsers. The web server is used to distribute pages
of formatted information to clients that request it, and these pages implement the system
requirements. The request is made over a network connection and uses the HTTP

protocol; and users interact with a website via browsers [HAE00].

Web applications have more advantages than desktop applications. For example,
web applications can be accessed from anywhere that has a web connection and can be

easily expanded and revised at any time.

Web technologies, particularly the Internet, have become an important part of the
business world over the past few years. Web browsers are a standard way of accessing
the vast amount of information available through the Internet. Server-side programming
is to develop Web applications. Several server-side technologies exist today such as
Common Gateway Interface (CGl), Active Server Pages (ASP), Java Applet, Java
Servlets and Java Server Pages (JSP) [SUNWB].

Java has become the dominant web programming language due to its complete class

library and easy to use syntax.

The process for creating, deploying, and executing a Web application can be
summarized as follows [SUNWB]:

e Develop the Web component code

e Build the Web application components along with any static resources and
helper classes referenced by the component

¢ Install or deploy the application into a Web container

e Access a URL that references the Web application
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4.2 System Requirements

A requirement model expresses a behavior or a property that the system should
have [CON99]. The requirements can be categorized as functional or nonfunctional
requirements. The functional requirements declarc an action that the system should

perform. The nonfunctional requirements make the system casier to understand and track
[CHEO1].

The section analyzes the WFSE system requirements for the fading channel

simulation and estimation.

4.2.1 Functional Requirements

The functional requirements of the WFSE system should complete the following

main functions:
e To provide different fading channel models.

These fading channel models are based on the state space models; and these models

include the flat fading (the Rayleigh and Ricean fading) and the frequency-selective

fading.
e To generate and estimate the inphase, quadrature and envelope components.

The inphase, quadrature and envelope components of the received signal are
generated using the state space models. In the same way, the inphase, quadrature and

envelope components of the received signal are estimated using the Kalman filters.
¢ To identify system parameters based on the measurement data.

Based on the measurement data, the system identification of the fading channel is

estimated through the EM algorithm together with the Kalman filter.
e To analyze the Doppler Power Spectral Density (DPSD).

The DPSD of the fading channel is analyzed with respect to the motion of the
receiver or the transmitter. In addition, the DPSD is also computed in system

identification based on the measurement data.
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e To plot all of computation results.

All of the computation results are necessary to display. These figures can be printed

and resized by enlarging or reducing.
e To provide an online help tool

An online help tool provides solutions for common problems in running the WFSE

system.

4.2.2 System Non-Functional Requirements

The nonfunctional requirements of the WFSE system should be usability,
performance, robustness or reliability, security, efficiency, maintainability and
deployment. In the other hand, the system should have user-interface friendly, simple

operations and can be easy understood.
4.3 System Analysis and Design

System analysis is a process of examining system requirements and building a
conceptual model. The elements of system analysis include user case diagrams, sequence
diagrams, state diagrams and activity diagrams. On the other hand, system design is a
process of making analysis model to be realizable in software. Its tasks are to define

system architecture, build user interface prototypes and make object-oriented designs
[CON99].

This section introduces basic concepts of object-oriented programming and UML

designs, and presents the user case diagram, the sequence diagrams and the class diagram
of the WFSE system.

4.3.1 Concepts of Object-Oriented Programming and UML Design

The Object-oriented concept has been widely applied to system analysis, design and
implementation. An object is a key to understand object-oriented. Objects are like real-

world entities that they have attributes and behaviors. A software object maintains its

P
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attributes with variables and implements its behavior with methods [SUNBA]. For
instance, an object of the fading channel model can be defined by the variables such as
the carried frequency, the mobile speed, the SNR, the spatial angle and an interval time.
Additionally, many methods can be implemented by the object such as the computation
of the Kalman filters, plot computation results, etc. Figure 4-1 is an example of a fading

channel model’s object.

FadingChannelModel
&ycarried_frequency
& moible_speed
& spatial_angle
&5SNR
&interval_time

ScomputationModelParameters()
<computationKalmanFilter()
QotherMethods()

Figure 4-1. An Example of Defining an Object

Object-oriented programming (OOP) was designed to simplify the process of
building complex real-world applications. It addresses application’s issues by the object,
and these objects are grouped into classes. A class describes the structure and properties
of an object. OOP is easier to read, understand, correct, modify and reuse than the

traditional structural programs [FOW99, STA00].

UML is an industrial standard visual modeling language for specifying, visualizing,
constructing and documenting the artifacts of a software system. UML is used to
understand, design, browse, configure, maintain, and control information about software
system [RUM98]. UML is a user-case driven, and it focuses on development activities of
models. In addition, UML also takes an iterative approach to the software development

life cycle and embeds object-oriented techniques [HARO18].

4.3.2 User Case Diagram

User cases present the system functional requirements from the actor’s view. A user

case diagram considers a system as a black box; in addition, it describes the interactions
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between the actors and the system, and covers all behaviors and exceptional conditions

together with the desired response [SAT00].

Figure 4-2 indicates the user case diagram of the WFSE system. These user cases

will be described as the following.

(1) FCEstimation User Case

The FCEstimation user case is used to analyze the characteristics of the fading
channel related to the motion of mobiles; the system parameters can be computed through
several physical factors. This user case includes two extend user cases:

FadingChanEstimation and DPSDAnalysis.

Further, the FadingChanEstimation user case is employed to simulate and estimate
the inphase, uuadrature and envelope components of the received signal of the fading
channel with the known system parameters; this user case also includes three extend user
cases for the fading channel models, such as the flat fading (the Rayleigh and Ricean

fading) and frequency-selective fading.

The DPSDAnalysis user case is applied to compute the Doppler Power Spectral
Density (DPSD) of the fading channel models.

(2) SIVerification User Case

The SIVerification user case is used to verify the EM algorithm and the Kalman
filters in system identification. This user case includes two extend user cases:

SystemIdentificationVerfication and KalmanFilterVerification.

The SystemldentificationVerfication user case is applied to verify the EM algorithm

through comparing the identified system parameters with the given system parameters.

The KalmanFilterVerification user case is applied to verify the Kalman filter via
comparing the output sequenccs. One output sequence is computed through the Kalman
filters and the identified system parameters; the other output sequence is obtained using

the state space model and the given system parameters.
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Figure 4-2. the User Case Diagram
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(3) SIRealDataModel User Case

The SIRealDataModel user case is used to identify system parameters via the EM
algorithm based on the measurement data models. The models include the flat fading
channel and the frequency-selective fading channel. Therefore, this user case also

includes two extend user cases: FlatFadingDataModel and FreSelF adingDataModel.

The FlatFadingDataModel user case is used to identify system parameters for the
flat fading channel. In this case, a set of the measurement data can be identified with the

different model’s orders.

The FreSelFadingDataModel user case is employed to identify system parameters
for the frequency-selective fading channel. A set of the measurement data can be
identified with the different total numbers of multipath. In addition, the frequency-
selective fading channel can be considered as the fast fading and the slow fading channel.
Furthermore, the transmitted signal can be classified as the narrowband signal and the
wideband signal. Therefore, this user case contains three extend user cases:
SlowFadingModel, NarrowbandModel and WidebandModel.

(4) HelpInformation User Case

The HelpInformation user case is employed to list the common questions and their
solutions about the WFSE system. For example, there are some questions such as how to
enter values of the physical factors, how to run this system, how to select a real data file

from the measurement data list, how to understand computation results, and so on.

(5) Exit User Case

The Exit user case is used to exit the WFSE system and close the current window.

4.3.3 Sequence Diagrams

Sequence diagrams are commonly used for both analysis and design purposes, and
they model the flow of logic within a system in a visual manner. Additionally, sequence
diagrams are the most popular UML artifact for dynamic modeling, which focuses on

identifying the behavior within a system. The sequence diagrams describe how objects
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interact over the course of time through an exchange of messages. A single sequence

diagram often represents the flow of events for a single user case [RUM9S].

The following sequence diagrams present the time component of interactions

between the entities of the system for the main user cases described in Subsection 4.3.2.

Figure 4-3 is a sequence diagram of the FadingChanEstimation user casc. It
describes the simulation and estimation process of the fading channel with known system

parameters.

Figure 4-4 is a sequence diagram of the SystemldentificationVerification user case.

It presents the verification process of system identification using the EM algorithm.

Figure 4-5 is a sequence diagram of the FlatFadingDataModel user case. [t
addresses the estimation process of system identification for the flat fading based on the

measurement data models.

Figure 4-6 is a sequence diagram of the FreSelFadingDataModel user case. It
addresses the estimation process of system identification for the frequency-selective

fading based on the measurement data models.

4.3.4 Class Diagram

Class diagrams are the mainstay of object-oriented analysis and design. Class
diagrams are used for a wide variety of purposes, including both conceptual/domain
modeling and detailed design modeling [RUM98]. A class diagram describes the classes
of the system, their interrelationships, and the operations and attributes of the classes
[SATO00]. These classes of the WFSE system can be categorized as five types: Graphics
User Interface (GUI) classes, computation classes, input/output operations classes,

plotting results classes and exception classes.

Figure 4-7 shows the class diagram of the WFSE system.
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(1) GUI Classes

The GUI classes define human-machine interfaces in order to communicate
information between users and system through the input/output operations. These GUIs

are designed to make easily accessible the most used functionality.

The WFSE system includes a system GUI and three subsystem GUIs. The system
GUI defines the WFSE system structure and integrates these four subsystems: the fading
channel simulation and estimation subsystem (FCEstimation Subsystem), the system
identification for verifying subsystem (S/Verfication Subsystem), the system
identification for the measurement data subsystem (S/RealDataModel Subsysten), and

the help information subsystem (Help/nfo Subsystem).

The FCEstimationGUI class is an interface for the fading channel simulation and

estimation related to the motion of the receiver or the transmitter.

The SIVerficationGUI class is an interface for verifying system identification using

the EM algorithm. It is implemented through users setting system parameters.

The SIRealDataModelGUI class is an interface for system identification based the

measurement data.

The HelpInfoGUI class is an interface providing helping information for users. The

information is applied to solve several common problems.

(2) Computation Classes

The WFSE system defines many computation classes and implements various
computation methods based on matrix operations. The matrix operations are also
implemented including addition, subtraction, multiplication, inversion, transformation,

and so on..

(3) Input/Output and Read Files Operation Class

The WFSE system defines several input/output operations. The input operations
include entering values of the system variables, selecting an operation such as a type of

the fading channel model or a data file, reading a data file and pushing a submit button.

T
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In addition, these input operations throw exception when the operation contains errors.
The output operations are used to display error warnings and other information.

The read files operation is used to read data files from the web servers.

(4) Plot Results Classes

The WFSE system defines the drawing graphics classes. These drawing classes are
used to plot computation results as curves and related information as strings. For
example, the PlotFlatFadingResults class is employed to display the simulated and
estimated results for the flat fading channel model, and the PlotFreSelFadingResults

class is employed to plot the simulated and estimated results for the frequency-selective

fading channel.

(5) Exception Classes

The exception classes are to control the flows of a software system and manage
software risks. The WFSE system predefines several types of exception classes such as
ComputationException,  InputlnvalidException,  OverLimitedValueException  and

OverlterationException.

The ComputationException class is called when the computation process include

error operations. For instance, two matrixes having different row or column are operated

in the addition or subtraction.

The InputlnvalidException class handles an error when inputting a non-digital or
dot (.) letter.

The OverLimitedValueException class is used to handle an error when inputting
value is over the limited value. For example, if the input value is larger than the set
maximum value or less then the set minimum value, then the inputting value is

considered as over limited, and the OverLimitedValueException will occur.

The OverlterationException class will handle an error when the iteration of the

computation times is over the given value in the EM algorithm.

In addition, Java provides many kinds of exception classes in the class libraries; for

example, an I/O exception, a MarFormedException, and so on.
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4.4 Software Implementation using Java ™

The task of software implementation is used to map the artifacts of analysis and
design into executable codes. This section introduces Java architecture and presents Java
techniques that are used in the WFSE system including Java Applet and Java Plug-in,

Java Swing, Java Graphics 2D, Java I/O file and Java Exception handler.

4.4.1 Java™ Architecture

Java was designed by Sun Microsystem® in order to create reliable network
applications and to run securely over a network. Java is a simple, object oriented,
distributed, interpreted, portable, robust, secure, architecture neutral, multithreaded,
platform independence, high performance and dynamic programming language [GIL97].

Java has been widely applied to business applications, server and client applications, and

n-ticr applications.

Java can work on a wide range of platforms. The Java’s platform independence is
one of the significant advantages over other programming languages because it
introduced Java Visual Machine (JVM). The JVM is the component of the technology
responsible for hardware independence and operating system independence [HAEQO].
The JVM is an abstract machine that may be thinking as a translator between Java codes
and computers. The JVM avoids both the binary distribution problem and the version
problem. Furthermore, the JVM also allows a Java applet to run on any operating systems

and anywhere in the network [SMI98].

The Java Development Kit (JDK) is an original Java development environment. The
JDK contains libraries of standard classes for building, testing and documenting Java
programs; it also can create and display full graphics applications. There are many Java
Integrated Development Environments (IDEs) such as JBuilder, Visual J++, VisualAge,
Java Studio and Java Work Shop. In this thesis, all Java programs are edited, compiled,
debugged, and run on JBuilder version7 developed by Borland® Inc. The JBuilder is the
leading, cross-platform environment for building industrial-strength enterprise Java
applications [BORBD].
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4.4.2 Java Applet and Plug-in

Java web application technologies include Applets, Servlet, JavaServerPages (JSP)
and JavaBeans. However, Java Applet has been widely used in web applications, since it
can providé more complex user interfaces than Servlet or JSP.

The Java Applet is applied for the WFSE system. This subsection introduces basic

concept and applications of Java Applet and Java Plug-in technology.

(1) Java Applet

Java program contains Applets and Applications. Java Applications are installed on
the user's machine and can access to all system resources. Java Applets are stored on an
Internet or intranet server, and they are referenced with web pages using <applet> and

</applet> tags in Hypertext Markup Language (HTML).

Figure 4-8, adapted from [VAN96], shows how Java Applets work on the Internet.
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Figure 4-8. The Java System Flow Diagram

Java developers write Java Applet source codes with Java files. The class files are
generated after compiling these Java files and stored on the web server. Java Applets are
downloaded to multiple client platforms where they are run in the JVM provided by the
browser on the client machine. When the browser encounters a web page with an applet,

it starts the JVM and provides it with the information located in the <applet> tag. The

N
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class loader inside the JVM looks to see which classes are needed for this applet. As part
of the class loading process, the class files are run through a verifier which makes sure

they are valid class files. Once verified, the applet runs [VAN96].

The advantages of Java Applets include the following aspects. Firstly, Java Applet
can transform the web pages into programs interacting with messages. Secondly, Java
Applets can be downloaded and run on client sides, thus web server does not need to
support Java. This can be important for developers if they are writing a web application
but they do not have control over the web server. Furthermore, Java Applets executive

environments provide a high level of security [JAW02, SMI98].

The mgil} disadvantage is that Java Applets are restricted writing operations in any

file system on the server [JAW02].

(2) Java Plug-in and Java Applet Security

A common problem of Java Applets is that the JDK version mismatch between Java
Applets and the web browser running them. Java Plug-in is the best solution of this
problem [SUNPL)].

Java Plug-in was designed for enterprise customers to deploy Java 2 SDK Standard
Edition (J2SE). Java Plug-in extends functionalities of a web browser and allows Java
applets to be run under Java 2 runtime environment (JRE). When a browser comes across
a web page that requires the use of Java Plug-in, it checks to see if Java Plug-in has been
installed on the same machine as the browser. If it has not, the browser must download

and install the required files [SMI98].

Java Plug-in can work with different browsers in different ways. Each browser
approaches Java Plug-in implementation differently. In general, Java Plug-in provides

support for Internet Explorer and Netscape Navigator.

Java plug-in supports the security model of J2SE. All Java Applets run in the
standard applet security manager: java.lang.SecurityManager. This SecurityManager
class provides different security environments in different JVM. Java Plug-in also

supports HTTPS, a secure version of HyperText Transfer Protocol (HTTP).
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(3) Java Applet Implemented with HTML

Java Applet can run on web pages by different browsers and operating systems.
Figure 4-9 is the basic HyperText Markup Language (HTML) code for the Java Applet in

two browsers: Internet Explorer and Netscape Navigator.

The different browsers use different HTML tags to execute the Java Applet. The
Internet Explorer browser uses the <OBJECT> tag, and the Netscape Navigator uses the

<EMBED> tag in the HTML specification [SUNPL].

<! Internet Explorer -->

<OBJECT OBJECT classid="clsid:8AD9C840-044E-11D1-B3E9-00805F499D93"
<! -- define width and height for Java Applet -->

width = "850" height="400" align="baseline"

codebase=" http://java.sun.com/products/piuginf/index.html ">

<PARAM NAME="code" VALUE ="Userlnterfaces.class">

<PARAM NAME="codebase" VALUE = "SimulationSystem/">

<COMMENT>

<1 -- Netscape Communicator -->

<EMBED type = "application/x-java-applet;version=1.3"

width = "850" height="400" align="baseline"

code = "Userlnterfaces.class"

codebase ="SimulationSystem/"
pluginspage="http://java.sun.com/products/plugin/index.htm} ">
<NOEMBED>

No Java 2 SDK, Standard Edition v 1.4 support for Applet!
</NOEMBED>

</EMBED>

</OBJECT>

Figure 4-9. Java Applet with HTML using IE and Netscape browsers

Table 4-1 lists Java Plug-in supported operating systems and browsers, adapted
from [SUNPL].
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Table 4-1 Java Plug-in Supported Operating Systems and Browsers

Supported

Windows 98SE, ME, NT 4.0 (SP6), 2000 (SP2), and XP;
Operating Systems | Solaris 7, 8 and 9;

Linux 6.0 or later.

Browsers Internet Explorer 4 (SP2), 5.01 (SP2), 5.5 (SP2), 6
Netscape 4.5, 4.6, 4.7, 4.77, 6.2.1 and higher

4.4.3 Graphical User Interface (GUI)

As previously mentioned, Graphical User Interface (GUI) is designed to
communicate information in two ways between the systems and the users. Java GUI is

supported by Java Foundation Classes (JFC) which is a set of Java class libraries.

Java Swing is a set of lightweight GUI component toolkit. Java Swing has several
benefits for Java programmers. Firstly, Java Swing can expand and simplify deployment
of Java applications via providing a component set of GUI elements. Secondly, Java
Swing can be run in any browser that has the appropriate version of Java Plug-in.
Furthermore, Java Swing also permits a customizable look and feel without relying on

any specific windowing system [SUNSW].

Appendix C introduces these GUIs of the WFSE system. These GUls are
implemented using Java Swing components such as frame, menu, toolbar, dialog, combo

box, scroll pane, button, list, label, table, text, and color.

Java GUI programming is more complex than ordinary applications programming
because GUI programming is driven by an event. Each event is represented by an object
that gives information about the event and identifies the event source. Event sources are
typically components, but other kinds of objects can also be event sources [GIL97].

Figure 4-10 is an example of defining and implementing an event handler.

J St ainas)
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I/ to declare a event handler class
public class MyButtonClass implements ActionListener {
Il to register the event handler
myButtonComponent.addActionListener(instanceOfMyButtonClass);
" /I to implement the event’s action
public void actionPerformed(ActionEvent e) {
//code that reacts to the action...

Figure 4-10. An example of Implementing an Event Handler
This example indicates that every event handler requires three bits of code. The
code is to declare the event handler class implementing a listener interface; to register an
instance of the event handler class as a listener component; and to implement the methods
in the listener interface [SUNSW].

4.4.4 Java 2D API

Java 2D API enhances the graphics, text and imaging capabilities of Java Swing.
Java Graphics2D class offers a unified interface for rendering any kind of device making
the API device independent [SUN2D]. The WFSE system is implemented Java

Graphics2D methods for displaying 2D coordinate systems and the computation results.

(1) Coordinate System

Java 2D API contains two coordinate systems: User space and Device space.

The user space is a device-independent and logical coordinate system; in addition,
it represents a uniform abstraction of all possible device coordinate systems. The device
space is a device-dependent coordinate system and it varies according to the targeting

rendering device.

Java 2D API automatically performs necessary conversions between the user space
and the device space of the targeting rendering device through a unified coordinate
transformation model fcpresented by AffineTransform objects [SUN2D]. The

AffineTransform class defines the rules for manipulating coordinates using matrices. The
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class can be used in the graphics context to rotate, scale, translate, or shear a geometric

shape, text, or image when it is rendered.

Figure 4-11 is an example of a coordinate system conversion by implementing an
AffineTransform object.

public void coordinationSystemConversion (Graphics2D g2, int width, int height,

int setDataSize, int realDataSize, double zoom) {

/I define an AffineTransform object and scale

AffineTransform atObject = new AffineTransform( );

double scale = (double)setdatasize/(double)realDataSize;

/1 set Translation scope of the user space

atObject.setToTranslation(width, height);

Il set the value of scale with x-axis and y-axis

atObject.setToScale(scale*zoom, zoom);

// set new screen’s size with zooming

setSize ( zoom*width, zoom*height),

/Igraphics drawing

g2.transform(atObject);

Figure 4-11. An example of Implementing an AffineTransform Object
This coordinationSystemConversion method can complete conversion between the
device space and the user space and can enlarge or reduce the displaying arrange with a
given zoom value. For example, if the device space is set to 1000, and if the user space is
set 200 or 20000, then the user space can be displayed perfectly in the device space
(1000). The zoom value should be -0.5 ~ +1.5.

(2) Graphics2D Class

Java Graphics 2D class creates and manipulates several kinds of objects such as
shapes, text and images; additionally, it also includes image data storage, color

management, font and printing.

In the Graphics 2D class, paint (Graphics g) method is an abstract method. In the
WFSE system, the paint (Graphics g) method can be implemented for displaying the

computation results.
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Figure 4-12 shows how the paint (Graphics g) method should be implemented. In
this paint (Graphics g) method, several functions can be completed such as setting a
conversion of a coordinate system, drawing a curve associated with the computation

results and displaying information related to the computation model.

public void paint (Graphics g) {

super.paint(g); Graphics2D g2 = (Graphics2D) g;

/I define a start point, setDataSize and zoom

int xo_axis = 0; int yo_axis = 250; int j=0; int xi_axis = 800; int yi_axis = 500;

int setDataSize = 1000; double zoom = getZoom();

String info = “Information about this display results”;

int width =1100; int height =500; /I define window's size

Vector results = estimationResults(); /I get estimated results

int realDataSize = results.size();

coordinationSystemConversion (g2, width, height, setDataSize, realDataSize, zoom);

drawingCoirdinationSystem(xo-axis, yo_axis, width, height);

/I drawing a curve of estimated result

for (int i=0; i<result.size()-1; i++, j=i+1) {
int p1 = (int) ((Double)(result.elementAt(i))).doubleValue());
int p2 = (int) ((Double)(result.elementAt(j))).doubleValue());
g2.setColor(Color.red);
g2.drawLine(i+ x0-axis,-p1+ yo-axis, j+ x0-axis,-p2+ yo-axis);

}

drawinglnformation(info, pointinfo);

Figure 4-12. An example of Implementing paint (Graphics g) method

4.4.5 Java Input/Output and Read/Write File Operations

Java input/output and read/write file operations are used to communicate between
system and users. All of Java input /output and read/write file facilities are based on

streams providing simple ways to read and write data of different types.
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(1) Java Input and Output Operations

In the WFSE system, the input operations include selecting a variable or entering
the variable’s values. Additionally, the output operations are to manage the risk for

software system or display running process.

Figure 4-13 includes examples of implementing input and output operations. Figure
4-13 (a) and (b) are the input/output dialogs; and Figure 4-13 (c) is an example of

implementing the input/output operations.

In this example, the input operation is applied to enter a value by implementing a
show-input-dialog window. The output is used to display an error warning message
through implementing a show-message-dialog window. These dialogs are provided by

Java Swing component and they are casy to be used and implemented.

Now F=910.0 MHz. Enter new Carrier Frequency ::
800] |

OK Cancel

Figure 4-13 (a) An Example of an Input Dialog

OverLimitedException: This Value of Speed is over its limited !
Try again

Java Applet Window

Figure 4-13 (b) An Example of an Error Warning Message Dialog
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public double enterValue () {
double value = 0;
String stringOfvalue ="";
I/ input: enter value in a input dialog, return a string
" stringOfValue = JOptionPane.showlnputDialog ("Please enter a value: ");
/ltry {} catch {} in order to handle Exception
try {
Il verify if the input includes only (0-9), (.) and (-)
if (isValidinput(stringOfValue) == true) {
double temp = ( double)(Double.parseDouble(stringOfValue));
/1. verify if the value is over limited values (max, min)
if (isOverLimited(temp) == false)
value = temp;

}

/I output: Error Warning Message
catch (InvalidinputException error1) {
JOptionPane.showMessageDialog(null,error1.toString(),
"Error Warning",JOptionPane. ERROR_MESSAGE);
}

catch (OverLimitedException error2) {
JOptionPane.showMessageDialog(null,error2.toString(),
"Error Warning", JOptionPane.ERROR_MESSAGE),
}

return value;

}
Figure 4-13 (c) An Example of Implementing Input and Output Operations

(2) Read File Operation

As previously mentioned in Chapter 3, the WFSE system is necessary to implement
the measurement data which isstored as data files (.txt) in the web server. Therefore, a
method of reading a data file is implemented. Figure 4-14 is an example of implementing

a method of reading a data file operation.
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public Vector readDataFile(String fileName) {
Vector vector = new Vector();
double data = 0; String string ="";
String stringurl = “hitp://www.site.uottawa.ca/~jzhan037/SimulationSystem/datafiles/”;

//try {} .... Catch {} to handle an Exception
try {
URL url = new URL(stringurl+filename);
InputStreamReader instream = new InputStreamReader(url.openStream()));
BufferedReader in = new BufferedReader (instream);
while ((string = in.readLine()) != null ) {
data = Double.valueOf{string).doubleValue();
vector.addElement( new Double(data));

}

in.close();

}

/I Exception handle
catch (MalformedURLException e) {
JOptionPane.showMessageDialog (null, "The file can't be found!",
"Error Warning", JOptionPane. ERROR_MESSAGE); }
catch (IOException e) { }
return vector;

Figure 4-14. An Example of Reading a File from the Web Server

In order to read a data file from the web server, a URL referencing the data file is
created, then a stream is opened and the stream is read using the stream-based method;

this data file is stored in a vector.

4.4.6 Exception Handler

Java Exception handler is used to report and handle the program’s errors. When an
error occurs, the program throws an exception; in the same time, the normal flow of the

program is interrupted and the runtime environment attempts to find the exception.

There are several good reasons for using Java Exception Handler. Firstly, the

exception handling code is scparated from the normal program flow; this improves




U S,

Chapter 4 Web-based System Analysis, Design and Implementation 109

readability and maintainability of the program and system. Secondly, it is easy to find

where the exception will be handled [SUNBC].

JFC provides many kinds of Java exception classes. For instance, the
FileNotFoundException is for reading a file exception, the MalformedURLException is
for connecting an error web site exception, the JOException is for invalid input/output
exception, the IndexOutOfBoundsException is for reading or writing a vector over its size

exception.

In addition, Java Exception Handler can be predefined by programmers. For
instance, the WFSE system predefines several error exceptions such as
ComputationException,  InvalidlnputException,  OverLimitedValueException — and
OverlterationException. These predefined exception classes are subclasses of Exception

class.

Figure 4-15 is an example of predefining an exception class.

public class OverLimitedException extends Exception {
public OverLimitedException () {
super();
}
public OverLimitedException (String error) {
super(error);

Figure 4-15 An Example of Defining an Exception Class

Error exception is handled using try { } and throw { }. Figure 4-13 and Figure 4-14

also show to how to handle these Java exceptions using try {} and catch {}.

4.4.7 Computation Methods

JFC provides some simple mathematical operations, but JFC does not provide
complex computation methods. Therefore, numerous computation methods are
implemented in the WFSE system. For instance, the EM algorithm and the Kalman filters

are based on the matrix computations; In addition, Fast Fourier Transforms (FFT)
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method, and Doppler Power Spectral Density (DPSD) method are also implemented. For
instance, the simulation and estimation computation for the flat fading channel and the
frequency-selective fading channel, the EM algorithm for the verification and the
measurement data models, the DPSD computation and FFT function. These computation

methods are based on matrix operations

Other classed and methods are defined and implemented for special requirements.

For example, Date class and its methods are used to display the current date and time.

All Java source code of the WFSE system are listed in the enclosed CD-ROM

Chapter Summary

Software development process includes requirement model, analysis model, design

model, implementation model, test model and maintain model.

Object-oriented programming was designed to simplify the process of building

complex real-world applications.

UML is an industrial standard visual modeling language for specifying, visualizing,
constructing and documenting the artifacts of a software system. Several diagrams, such

as the user case diagram, sequence diagram and class diagram, are used to analyze and

design software system.

Java was designed to create reliable network applications and run securely over a
network. Java Plug-in is the best solution of the JDK version mismatch between Java
Applets and the web browser. Java Swing provides a component set of GUI elements.
Java 2D API enhances the graphics, text and imaging capabilities of Java Swing.

Exception handler improves readability and maintainability of the program and system.

The Web-based simulation and estimation system can be run on the following site:

hitp://www.site.uottawa.ca/~jzhan037/onlineSystem.htm] or

hitp://www.site.uottawa.ca/~chadcha/onlineSystem.html. The operating guide is

introduced in Appendix C.




Chapter 5

Summary and Future Work

This chapter summarizes my research work and discusses future work.

5.1 Summary

This thesis describes the fading channel models via the state space, estimates the
inphase, quadrature, and envelope components of the received signal using the Kalman
filter, and presents the EM algorithm for system identification which is based on the

measurement data provided by CRC.

e  Modeling the fading channels using the discrete-time state space models.

These models are used to analyze the characteristics of the fading channels and

identify the system parameters.

o Estimating the flat fading and the frequency-selective fading channels with the
Jast or slow fading using the Kalman filters.

These fading channels are related to the motion of the receiver or transmitter. These
system parameters are related to several physical factors of the mobile’s motion, for
example, the carried frequency, the mobile moving speed, the angle between the mobile
and the base station, SNR and the interval time. Additionally, the Rayleigh fading
channel, the Ricean fading channel and the N-path fading channel are examples to verify

the state space models and the Kalman filters.

o Identifying system parameters using the EM algorithm together with the

Kalman filter through the different orders (2", 3 and 4") of the mathematical model.




Chapter 5. Summary and Future Work

B P

Based on the measured data, the system identification is also applied to the flat
fading and the frequency-selective fading channels. The estimated inphase and
quadrature components and their Doppler power spectral densities (DPSD) are compared

with those of the measurement data.

e Design and developing a web-based software system using Java techniques to

complete the fading channel modeling, simulation and system identification.

The web-based software system is opened to all of the Internet users; and it
provides friendly graphics user interface (GUI), simple operations. In addition, the

software system can be also extended to add new functions easily.

5.2 Main Contributions

This web-based wireless fading simulation and estimation system is very useful to
model the fading channel, to analyze the inphase, quadrature and envelope components of
the received signal and to identify the system parameters based on the measurement data.

The main contributions in this thesis are listed as the following:
e Analysis and design of the web-based software system

e Implementation of the EM algorithm and the Kalman filter for the discrete-time

state space models
e Improvement of the computation precision for simulation and estimation

e Programming for Java source code

5.3 Future Work

In the future, the following aspects should be pursued:
o Identifying system parameters for Multi-Input Multi-Output (MIMO) System
e Developing the uncertainly model for the fading channels

e Developing the Jump Markov model for the fading channels




Appendix A

System Identification Results for
Flat Fading Channels

Based on the Measurement Data

Section 3.4 described system identification’s mathematical models for the flat
fading channel based on the measurement data and showed the estimated results from a
data file. This appendix will illustrate many estimated results for the flat fading channel

models from several data files.

Considering Z"d, 3"1, and 4" order of the state space models based on the different
measurement data files, the measurement data (the inphase components or the quadrature
components) and their power spectral densities are compared between the measured data
and the estimated results. In this case, Figures a) compares the output sequences; and

Figures b) compares their power spectral densities.

Considering the combination of the 4" order, the inphase and quadrature
components and their power spectral densities are also compared between the
measurement data and the estimated results. In this case, Figures (a) and (b) comprise the
inphase components and their Doppler power spectral densities; Figures (c) and (d)
comprise the quadrature components and their power spectral densities; and Figures (e)

and (f) comprise the combination components and their power spectral densities.

In these figures, the red curves denote the measured data corresponding to the

measured data files; and the blue curves denote the estimated results.
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A.1 Estimated Results Based on the Data I1.4 and Q1.4

Table A.1: the Estimated Results from the data 11.4 and Q1.4 including 385 samples
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(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-1. the real inphase component vs. estimate value in 2nd-order (11.4)

LR ]
i_‘l__l
3
i
ot 30) MiVihed e um obunhed Tehd0 T8 inbied Delbia
m&)‘-dmumm-m WiiruanVioeof Esindod flesk v} NainnVied Eranihemaphe)« (08 Mein Vo Exinted Fesd e« U9
it fatenddes 0o e ZERIK+ 1K TA Koiantiggh s+ K34
Teiptmmdis s vdedobdve
¥~} A8 Tuteemieimek Jie LA Whe ZBE2 Ko 75 65 Mairun gyl Silts» KK
(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data

Figure A-2. The real quadrature component vs. estimate result in 2nd-order (Q1.4)
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Figure A-3. the real inphase component vs. estimate value in 3rd-order (11.4)
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(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data
Figure A-4. the real quadrature component vs. estimate value in 3rd-order (Q1.4)
w
U
g —lo ez e
A0 MairunVaueof Thefled O fudye U061 W Viowof The fod Ot ol 40
nbun o E il e b 15 ’ u
futhemddss laseBR Woe ZRBLR « 5 U HobmumDogris Sty €34
A% futentimtamt e Q00 W+ 2864 K+ 43 Uadnm Doppls Sihs « BB
(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data

Figure A-5. the real inphase component vs. estimate value in 4th-order (11.4)
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Figure A-6. the real quadrature component vs. estimate value in 4th-order (Q1.4)
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Figure A-7. the real inphase and quadrature components vs. estimate value in 4th-order
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A.2 Estimated Results Based on the Data 12.5 and Q2.5

Table A.3: the Estimated Results from the data 12.5 and Q2.5 including 447 samples
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(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-8 the real inphase component vs. estimate value in 2nd-order (12.5)
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(a) Filter I(k) vs. Measured data Id(k)

(b) DPSD for Filter vs. Real Data

Figure A-9. the real inphase component vs. estimate value in 3rd-order (12.5)
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(b) DPSD for Filter vs. Real Data

Figure A-10. the real inphase component vs. estimate value in 4th-order (12.5)
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(a) Filter Q(k) vs. Measured data Qd(k)

(b) DPSD for Filter vs. Real Data

Figure A-11. The real quadrature component vs. estimate result in 2nd-order (Q2.5)
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(b) DPSD for Filter vs. Real Data

Figure A-12. the real quadrature component vs. estimate value in 3rd-order (Q2.5)
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(b) DPSD for Filter vs. Real Data

Figure A-13. the real quadrature component vs. estimate value in 4th-order (Q2.5)
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(b) DPSD for Inphase Components
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(d) DPSD for Quadrature Components
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(f) DPSD for Combination Components

Figure A-14. the real inphase and quadrature components vs. estimate value in 4th-order
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A.3 Estimated Results Based on the Data I3.2 and Q3.2

Table A.4: the Estimated Results from the data I3.2 and Q3.2 including 3828 samples
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Order Estimated Model Parameters Estimated
- Figures
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2% | 113357 -03768)" “| 00031 00106 Figure A-15
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A 0 | - 00454 0.0024
Jnd 113239 -03703 100024  0.0086 Figure A-18
C=[1 o DD"=[65953x107]
Q(k) y 00 1.0 00 ., [00s42 00443 0.0033]
3 | 4=l o0 00 10 |, BBT={00443 00514 00052
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c=[1 0 0] DD =[0.0029]
0 1 0 0 01958 00010 00020 00030]
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0 I 0 0 00628 00423 -00067 - 00164
~ (09226 -00489 0 0 - 00423 00554 00032 - 00060
Combination | 0 0 0 1 ! PClone oo oy 09| | Figure A-21
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(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data

Figure A-15. the real inphase component vs. estimate value in 2nd-order (13.2)
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(a) Filter I(k) vs. Measured data Id(k)  (b) DPSD for Filter vs. Real Data

Figure A-16. the real inphase component vs. estimate value in 3rd-order (13.2)
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(a) Filter I(k) vs. Measured data Id(k)  (b) DPSD for Filter vs. Real Data

Figure A-17. the real inphase component vs, estimate value in 4th-order (I3.2)
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(a) Filter Q(k) vs. Mcasured data Qd(k)

T MrirseVia o

Mo LS8 MebnnViad

futherdéda 2aae DO, o+ LLOLK PR Madurnuppe Shit - 483
Fathemtirtadmd: 2= A0 W+ 000 K+ A2, Makrasm Dol Sl » B4

(b) DPSD for Filter vs. Real Data

Figure A-18. The real quadrature component vs. estimate result in 2nd-order (Q3.2)
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(a) Filter Q(Kk) vs. Measured data Id(k)
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(b) DPSD for Filter vs. Real Data

Figure A-19. the real quadrature component vs. estimate value in 3rd-order (Q3.2)
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(a) Filter Q(Kk) vs. Mcasured data Qd(k)
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(b) DPSD for Filter vs. Real Data

Figure A-20. the real quadrature component vs. estimate value in 4th-order (Q3.2)
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(a) Inphase Components (b) DPSD for Inphase Components
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(c) Quadrature Components (d) DPSD for Quadrature Components
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(e) Combination Components (f) DPSD for Combination Components

Figure A-21. the real inphase and quadrature components vs. estimate value in 4th-order
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A.4 Estimated Results Based on the Data 14.3 and Q4.3

Table A.5: the Estimated Results from the data 14.3 and Q4.3 including 3043 samples

Order Estimated Model Parameters Estimated
. Figures
. g [00186 00127
ond - 0.0869 “ 100127 00246 Figure A-22
:[1 o], DD” = [00122]
0.0 . 00135 00111 0.0025]
3" 10 |, BB"=|00111 00148 00004| | Figure A-23
1.4171 —07594 03067 0.0025 0.0004 0.0039|
I(k) [ 0 0], DD"=[00016]
1 0 0 00299 00010 00020 00030]
R N N o L
4 =g 0 1 P 7 Tlooo2o 00020 0007 oooto| | Figure A-24
13147 -01884 - 03879 02648 00030 00020 00010 00037
C=[1 0 0 o], b= [r46mx107]
Lo | [ 0009  9a3s1x107
n = =
2 13869 - 03956’ 9I351x 10 00026 .
. R Figure A-25
C=[1 0] DD"=[34933x 107]
00 10 00 _ |00158 00098 00009
g | A=| 00 00 10 |, BB"={00098 00126 00016
Q(k) 16074 - 05040 - 0.1491 00009 00016 00037 | Figure A-26
c=[i 0 0} bD"=[00013]
0 1 0 0 00401 00010 00020 00030)
I R R 0 | + (00010 00247 00020 00020
PLERIE , BB =
o 0 0 1 00D 000 0014 0000\
11915 03772 - 04186 - 01928 00030 00020 00010 00026 | 'BUTE A
C=[1 0 0 o b0’ =[oours]
o1 0 0 00897 00569 00097 - 00133]
1|t 006t 00 | 00560 0038 0ors - 00023
) » P 000 00175 00478 00098 | | .
Combination o0 0l worrs ) Figure A-28
00 0868 00369 -00133 -00023 00098 00409
C=[1 0 10} 00" =[oceni
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(a) Filter I(k) vs. Mcasured data Id(k) (b) DPSD for Filter vs. Real Data

Figure A-22. the real inphase component vs. estimate value in 2nd-order (I14.3)
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(a) Filter I(k) vs. Mecasured data Id(k) (b) DPSD for Filter vs. Real Data

Figure A-23. the real inphase component vs. estimate value in 3rd-order (I14.3)

o 0%
u
l] ™
I el e fl ter—
1. MadumVabe ol feRed s ) 210G WeinViedteleibops 0 gy Noanbied SO et D]
MeaimnVaboe of Eimet el Pesdl (ke « 2005 Srirum Ve o E it ed Rest fooe} 2058 MorunVied dntafed g UR  SeinnVed Exirai s i) )
Do s dass b UsvS (A8 INDA TR
it et ey frbureddra 12+ L Who TRAT K 38 Hsdrar eppy Sty 200
] I futvesintelruk Jaa- U0 Whe 0,Ks 037 Kaion Dopples s « IR

(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data

Figure A-24. the recal inphase component vs. estimate value in 4th-order (14.3)
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(a) Filter Q(k) vs. Measured data Qd(k)
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(b) DPSD for Filter vs. Real Data

Figure A-25. The real quadrature component vs. estimate result in 2nd-order (Q4.3)
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(a) Filter Q(k) vs. Measured data Id(k)
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(b) DPSD for Filter vs. Real Data

Figure A-26. the real quadrature component vs. estimate value in 3rd-order (Q4.3)
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(a) Filter Q(k) vs. Measured data Qd(k)

w
w
by g = o
g i KaunVied e LEB Viad baapdeld
MabunVizd Eringdfead Bl LD MokanViked Exiraad fond (e o 1}
Faterddts T4s:00R Wae DX+ 052 UtimanDippls Shits« RT3
n futertintadmak 1820 60, Whe QO X » BIR Kedeun gl Shts+ B15

(b) DPSD for Filter vs. Real Data

Figure A-27. the real quadrature component vs. estimate value in 4th-order (0Q4.3)
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(a) Inphase Components (b) DPSD for Inphase Components

T ——Tﬁ .
LadmuanVae of the Pad Dda red) » {678 MrirrtenVaoe of the Red O fred) = 2556 0 Nainunihe o ThePed Dajed o NeinnVied DefedbaafihQl
MadrumVae of EsimoedFes (boed « 190G Minkrun Voke of € et od Rk (be) « 22856 MainnViked st Rd phe 450 PURTTENTY

is 0o 4B S a1t S B ke 4 1O

PRt & Pele b D Fateiedddn 2295007, Wie DAV K« S22 Baiurn gk Qi s A3
b3 o Ttttk 210107, Wha CLOX Ko TR0 oirun Dol St + AT

(d) DPSD for Quadrature Components

(c) Quadrature Components

(e) Combination Components (f) DPSD for Combination Components

Fisure A-28. the real inphase and quadrature components vs. estimate value in 4th-order
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A.5 Estimated Results Based on the Data IS.5 and Q5.5

Table A.5: the Estimated Results from the data 15.5 and Q5.5 including 696 samples

Order Estimated Model Parameters Estimated
: Figures
e 00794 00062
14276 - 05076 ~ 100062 00145 Figure A-29
nd
2 [1 o], DD' = [00016]
s 10 0.0 ~ [o0931 00817 00047]
3 0.0 10 |, BBT=|00817 00959 00073| | Figure A-30
© 14276 - 05721 - 00396 00047 00073 00155
I(k |
[1 0 0] DD = [0.0043]
0 0 03239 00010 00020 00030)
O I 0 » 100010 01696 00020 00020
z y BB = Figure A-31
40 o 00 00020 00020 005%9 00010
10719 -00850 - 01237 - 00674 00030 00020 00010 00084)
&:[1 0 0 0} DO = (000
0 s 0.0806 0.0161
] 15843 —06601 ~ 100161 00194
2" Figure A-32
[1 o], DD = [0.0049]
0.0  [oos62 00905 0.0104]
d 10 |, BB =|00905 01064 0.0004
Q) 3 13309 —10839 06233 (00104 00004 0.0125)
Figure A-33
[1 0 0], DD = [0.0025]
0 0 02611 00010 00020 00030]
: 0 0 I 0 o 00010 01621 00020 00020
4 o0 0 17 700020 00020 00602 00010 Fioure A-34
270 -01518 -02711 -0I788] (00030 00020 00010 001%6] | BT
C=[1 0 0 o b =[oos1]
0 | 0 0 01256 00758 00170 -0.0028
:1 08716 -0019%4 0 0 BIAJT 00758 01203 00286 00101
Combination 0 0 0 1 00170 00286 01046 00435 Figure A-35
0 0 08591 -00478 -00028 00101 00435 00767 |
C=[t 0 1 0] bo"=[om]
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(a) Filter I(k) vs. Mcasured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-29. the real inphase component vs. estimate value in 2nd-order (I5.5)
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(a) Filter I(k) vs. Measured

data Id(k)

(b) DPSD for Filter vs. Real Data

Figure A-30. the real inphase component vs. estimate value in 3rd-order (I5.5)
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(b) DPSD for Filter vs. Real Data
Figure A-31. the real inphase component vs. estimate value in 4th-order (I5.5)
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(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data

Figure A-32. The real quadrature component vs. estimate result in 2nd-order (Q5.5)
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(a) Filter Q(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-33. the real quadrature component vs. estimate value in 3rd-order (QS.5)
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(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data

Figure A-34. the real quadrature component vs. estimate value in 4th-order (Q5.5)
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(d) DPSD for Quadrature Components
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(f) DPSD for Combination Components

uadrature components vs. estimate value in 4th-order.

Figure A-35. the real inphase and qus
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A.6 Estimated Results Based on the Data 16.1 and Q6.1

Table A.6: the Estimated Results from the data 16.1 and Q6.1 including 365 samples

Order Estimated Model Parameters Estimated
: Figures
- [0 1 ~ . 01059 00093
2nd A4=114593 - 05285]" 7100093 0.0219 Figure A-36
¢=[1 o}, DD =[00024]
1(k) R 10 00 _ [ox264 01031 0.0066]
3 A=| 00 0.0 10 |, BB"=|01031 01218 oo116| | Figure A-37
14070 - 04907 - 00844 00066 00116 00248]
“6=[1 0 0, DD =[0.0058]
" 0 | 0 0 04199 00010 00020 00030]
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(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-36. the real inphase component vs. estimate value in 2nd-order (16.1)
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(a) Filter I(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Fioure A-37. the real inphase component vs. estimate value in 3rd-order (16.1)
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(a) Filter I(k) vs. Mcasured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-38. the real inphase component vs. estimate value in 4th-order (16.1)
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(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data
Figure A-39. The real quadrature component vs. estimate result in 2nd-order (Q6.1)
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(a) Filter Q(k) vs. Measured data Id(k) (b) DPSD for Filter vs. Real Data
Figure A-40. the real quadrature component vs. estimate value in 3rd-order (06.1)
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(a) Filter Q(k) vs. Measured data Qd(k) (b) DPSD for Filter vs. Real Data

Figure A-41. the real quadrature component vs. estimate value in 4th-order (Q6.1)
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(b) DPSD for Inphase Components
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(c) Quadrature Components (d) DPSD for Quadrature Components
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Figure A-42. the real inphase and quadrature components vs. estimate value in 4th-order
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A.7 Estimated Results Based on the Data 17.7 and Q7.7

Table A.7: the Estimated Results from the data 17.7 and Q7.7 including 1407 samples

Order Estimated Model Parameters Estimated
Figures
A 0 1 ~r 02128 0.0102
2 =[ 3028 —03431] Bs =[0.0102 00394 Figure A-43
[1 D '—[00029]
00  [o1s22- 00214 00096
00 10 |, BB"={00214 03112 00176 i
i 13048 - 07369 03382 0009 00176 00364| | Fisure A-44
1® [l 0 o] DDT [0.0026]
0 07468 00010 00020 0.0030
| 0 | (00010 03895 00020 00020
4t i= 1 B8 {0000 00020 01406 oooto| | Figure A-45
10578 - 00957 -04299 -01252 00030 00020 0.0010 00232
¢=[1 0 0 0} b =[oooss
2™ ~ o [02217 00189
[13061 —03476} 5B =[0.0139 00378
Figure A-46
[1 ! DD" = [00023]
00 01699 00208 00073
3 00 10 |, BB"=|00208 02822 00068
13236 - 07503 03298 00073 00068 00352
Figure A-47
Q(k) [| 0 o] DD’ [0.0032]
0 07246 00010 00020 0.0030]
" S O I 0 | ~» [00010 03892 00020 00020
0 0 0 1 b % oo oomo onas oommo| |
L1442 - 01154 - 01525 - 01478 00030 00020 00010 o] | T iBure A48
c=[1 000 DD = 0005
o 1 0 0 02632 01733 00232 - 0019]
| om0 0 s 02499 0.03%9 00035
0 0 0 If 7 {00232 00399 02429 0.1074
Combination | | o gg3 0062 _ooig4 oouss oto ey | | Figure A-49
C=[t 0 1 0} pD"=[oooe]
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Figure A-44. the real inphase component vs. estimate value in 3rd-order (17.7)
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(a) Filter I(k) vs. Measured data Id(k)

Figure A-45. the real inphase component vs. estimate value in 4th-order (17.7
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(b) DPSD for Filter vs. Real Data

Figure A-46. The real quadrature component vs. estimate result in 2nd-order (Q7.7)
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Figure A-47. the real quadrature component vs, estimate value in 3rd-order (Q7.7)
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(b) DPSD for Filter vs. Real Data

Figure A-48. the real quadrature component vs. estimate value in 4th-order (Q7.7)
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Figure A-49. the real inphase and quadrature components vs. estimate value in 4th-order




Appendix B

System Identification Results for Frequency-
Selective Fading Channels

Based on the Measurement Data

Subsection 3.5 descried the mathematical models and the estimated results for the
frequency-selective fading channel models. This appendix shows many system identified
esults based on the measurement data. Similarly, these models are considered the fast
fading and the slow fading; the transmitted signal can be a wideband signal or a

narrowband signal.

B.1 System Identification Estimated Result for N =2 Case

In this case, the inphase and quadrature components are considered combination
with two paths, and the measurement data is selected from the data group 1 including 655

samples.

(1) Wide Band Transmitted Signal

Considered the transmitted signal is a wide band signal, the estimated system

parameters are computed as following:

A=

4 0’ BT - BBl 0
0 4, 0 BB/

>
0>
1
—
0
>

2], DD = 00027

Here, {;1,,8 ,.T,CA',} are defined as the following:
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0 l 0 0 0 1 0 0
2 01760 -00521 0 0 //1\ 0.1579 0.0639 0 0
1o 0 0 T A 0 0 1
0 0  0I239 -00802 0 0 -01522 00336
00766 00049 00121 00039 01697 00018 00021 00073
*r 100049 01384 00168 -00167 A 100018 0.1868 00106 - 00032

- T
BBy = 00121 00168 00765 00047 |’ BBy = 00021 00106 0.0854 00036

00039 -00167 00047 0.1870 0.0073 -00032 0.0036 00583

A

C=C=[1 01 0

Figure B-1 shows the compared results between the measurement data and the

estimated results on each path.
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(c) Inphase Components on 2" path (d) Quadrature Components on 2™ path
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(e) the Output Sequences
Figure B-1. the Estimated Results for Frequency-selective Fading Channel (N=2 case)
On the Wide Band Transmitted Signal

(2) Narrow Band Transmitted Signal

Considered the transmitted signal is a narrow band signal, the estimated system

parameters are computed as following:

A A A AT A A A A
A= O} pp" = | BB 0 C=[C, 2], DD" = 0.0026
0 4, 0 BB

Here, {ﬁ,,BB, T,(?‘,} are defined as the following:

0 | 0 0 ] 0 I 0 0
A 01508 -00809 O 0 » 102014 00853 0 0
4h= 0 0 I Rt 0 0 1
0 0 01464 -00692 0 0 -01415 00358
00734 00014 00101 00032 ] 01715 00050 00029 00077
"o 00014 01279 00136 -00203] %, |00050 01922 00122 - 00027
Bi=loot01 00136 00755 0005t | ZB2 {00020 00122 00867 00043
00033 -00203 00051 01860 00077 -00027 00043 00588

C=C=[1 o1 0

Figure B-2 shows the compared results between the measurement data and the

estimated results on each path.
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(e) the Output Sequences
Figure B-2, the Estimated Results for Frequency-selective Fading Channel (N=2 case)
On the Narrow Band Signal

(3) Slow Fading with Narrow Band Transmitted Signal

The estimated system parameters of the frequency-selective slow fading are

expressed as following:




Lo
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f[ﬁl 0} a7 = | BB O
0 BB/

0 4,

Here, {/AI,,BB.T,

i 1 !

0 1 0 0
A 102549 -01018 0 0
A=l 0 0 !
0 0 01735 -0.1485

00673 00299 00476 00061
Ao 00299 02210 00305 - 00801
BB/ =

00476 00305 00812 00139

00061 - 00801 00139 04621

A A

C,=C=[1 01 0

,é=[é, Az], DD = 0.0019

CA'} are defined as the following:

0 1 0 0
A 00846 00133 0 0
L=l 0 0 1
0 0 -01473 0008l

06194 00118 -01732 - 0.0269

A 00118 03195 00326 00106
BB =

’ 01732 00326 01438 00236

-00269 00106 00236 00845

Figure B-3 shows the compared results between the measurement data and the

estimated results on each path for the frequency-selective slow fading.

(a) Inphase Components on 1* path

(c) Inphase Components on 2™ path

DaPeaDsalin)
Lo The Extcated Pest (W)

(b) Quadrature Components on 1* path
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(d) Quadrature Components on 2™ path
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Figure B-3. the Estimated Results for Frequency-selective Slow Fading Channel (N=2 case)

B.2 System Identification Estimated Result for N =

In this case, the inphase and quadrature components are considered to contain three

3 Case

paths, and the measurement data is selected from the data group 3 with 554 samples.

(1) Wide Band Transmitted Signal

Considered the transmitted signal is a narrow band signal, the estimated system

parameters are computed as following:

4 0 0 BBT 0 0
A=10 A4 ol BB"=| 0 BB 0] &:[A, ¢,
0 0 4 0 0 BB
In addition,
0 1 0 0 [0
. 0.846 -00555 0 0 . 0.1344
A 0 0 T A R |
0 0 01269 -00879 0
0 1 0 0 10,0808
. 0.807 -00573 0 0 B;JT 0.0059
3700 0 0 17 77N T 00139
| 0 0  0I815 -02169 00043

A

,], DD" = 00018

1 0 0
00663 0 0
0 0 1

0 -01512 00535

00059 00139 00043
01556 00191 -00264
00191 00814 0.0068
-00264 00068 02417

b
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Figure B-4 shows the compared results between the measurement data and the

T
5 =

A
BB
1
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estimated results on each path for a wide band transmitted signal.
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(g) the Received Signals
Figure B-4. the Estimated Results for Frequency-selective Fading Channel (N=3 case)
on A Wide band Transmitted Signal

(2) Narrow Band Transmitted Signal

Considered the transmitted signal is a wide band signal, the estimated system

parameters are computed as following:

A

4 0 0 BBT 0 0
A=|0 4, ol BB"=| 0 BB 0| 6:[5, o é,], DD" = 00023
0 0 4 0 0 BB
In addition,
0 I 0 0 [0 ! 0 0
4 _|01576 00789 0 0 »_[o1ss7 oore 0 0
L Y 0 0 L 2o o 0 I
0 0 01370 -0.0885 00 -0149%4 00552
0 1 0 0 ] (00767 00025 00127 00035 ]
5 _|02047 00439 0 0 B;T 00025 01437 00173 -00241
370 0 0 P77 T|00127 00173 00805 00065
0 0 01956 -02117] 00035 - 00241 00065 02339 |
04803 00010 00066 0.0094 ] 01467 00102 00074 00013 ]
A 100010 02146 00163 -00055| . [00102 01945 00066 - 00041
BB] = BB! =
00066 00163 01285 0.0059 |’ 00074 00066 01082 0.0074
00094 - 00055 00059 0.0691 00013 - 00041 00074 01061 |
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Figure B-5 shows the compared results between the measurement data and the

estimated results on each path.
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(g) the Received Signals
Figure B-5 the Estimated Results for Frequency-selective Fading Channel (N=3 case)

on Narrow band Transmitted Signal
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(3) Slow Fading with Narrow Band Transmitted Signal

The estimated system parameters of the frequency-selective slow fading are

expressed as following:

4 0 0 BT 0 0
A=10 4, o) BB=| 0 BB 0| &:[A, ¢, c“',], DD" = 00022
0 0 4 0 0 BB
In addition,
0 1 0 0 0 1 0 0
5 o002 -00s2 0 0 o 00887 -00057 0 0
Lo 0 0 T A I 0 0 I
0 0 00911 -0.64l 0 0 -0l971 -00836]
0 1 0 0 ] - 00070 -00005 00588 - 0.0054]
4 (0344 02575 0 0 o | 00005 ~00089 - 00027 - 00587
3710 0 0 1o 7T 00588 - 00027 - 01645 00418
0 0 02762 -04731] 00054 -00587 00418 04433 |
14832 - 00042 -01109 00117] 05756 02603 02036 - 0.326]
Jp7_|0002 0300 00214 00397 BzA;T 02603 04158 -00264 -00937
271201109 00214 00554 00243]° T3 7| 02036 -00264 01340 00624
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Figure B-6 shows the compared results between the measurement data and the

estimated results on each path.
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Figure B-6 the Estimated Results for Frequency-selective Slow Fading Channel (N=3 case)

B.3 System Identification Estimated Result for N = 4 Case

In this case, the inphase and quadrature Components are considered combination
with four paths, and the measurement data is selected from the data group 3 with 554

samples.

(1) Wide Band Transmitted Signal

Considered the transmitted signal is a wide band signal, the estimated system

parameters are computed as following:

e

o
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Figure B-7 shows the com;Sared results between the measurement data and the

estimated results on each path.
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g Figure B-7. the Estimated Results for Frequency-selective Fading Channel (N=4 case)
On the Wide Band Transmitted Signal

(2) Narrow Band Transmitted Signal

Considered the transmitted signal is a narrow band signal, the estimated system

parameters are computed as following;:

A 0 0 0 BB 0 0 0
B0 A 00 B 0 0|
0 0 4 © 0 0 BB 0
00 0 A4 L0 0 0 BB

c=|¢, ¢ ¢ 2], DD" = 00021

A

In this case, {2 ,BB ,CA'} are defined as the following:

l i i

0 l 0 0 0 1 0 0
r 101281 -01033 0 0 A 101716 00613 0 0
A=l 0 0 B R 0 0 I
0 0 01614 -01178 0 0 -01661 00607]
0 ! 0 0 0 1 0 0 ]
Ao 02135 -00421 0 0 A 102943 00670 0 0
Ay = , Ay =
0 0 0 1 0 0 0 1
0 0 01894 -02405 0 0 03883 -00322]
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Figure B-8 shows the compared results between the measurement data and the

estimated results on each path,
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Figure B-8. the Estimated Results for Frequency-selective Fading Channel (N=4 case)
On the Narrow Band Transmitted Signal

(3) Slow Fading with Narrow Band Transmitted Signal

The estimated system parameters of the frequency-selective slow fading are
represented as following:

o
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In this case, {/3, , BB, "',é} are defined as the following:
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Figure B-9 shows the compared results between the measurement data and the

estimated results on each path for the frequency-selective slow fading.
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Figure B-9. the Estimated Results for Frequency-selective Slow Fading Channel (N=4 case)

B.4 System Identification Estimated Result for N =5 Case

In this case, the inphase and quadrature Components are considered combination
with five paths, and the measurement data is selected from the data group 2 with 338

samples.

(1) Wide Band Transmitted Signal

Considered the transmitted signal is a wide band signal, the estimated system

parameters are computed as following:

A4 0 0 BBT 0 0
4210 4, 0| ppr-| 0 BB 0|
Poor 20 : P 0
[0 0 ... 4] 0 0 .- BB,'_

C=|C C, .. G|  DD”=00019

1 i

In this case, {2,,33.7',6} are defined as the following:

0 I 0 0 0 I 0 0
) 01873 -00579 0 0 ’ 02507 00514 0 0
N 0 0 | O 0 0 1

0 0 0.1389 - 0.0962 0 0 -0I561 00511
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Figure B-10 shows the compared results between the measurement data and the

estimated results on each path.
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(2) Narrow Band Transmitted Signal

Considered the transmitted signal is a narrow band signal, the estimated system

parameters are computed as following:
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Figure B-11 shows the compared results between the measurement data and the

estimated results on each path.
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Figure B-11. the Estimated Results for Frequency-selective Fading Channel (N=5 case)

On the Narrow Band Transmitted Signal

(3) Slow Fading with Narrow Band Transmitted Signal

The estimated system parameters of the frequency-selective slow fading are

computed as following:

e
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Figure B-12 shows the compared results between the measurement data and the

estimated results on each path.
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Appendix C

The Web-based Fading Channel Simulation and
Estimation (WFSE) System Operating Guide

This appendix introduces the operating guide for the web-based fading channel
simulation and estimation (WFSE) system including the system’s characteristics and

functions, Graphics user interface and operations.

C.1 Introduction to the WFSE System

The WFSE system is designed and developed an online tool for the radio fading
channel to build mathematical models, to simulate and estimate the characteristics, and to
identify system parameters based on the measurement data. This section just introduces

advantages and features of the WFSE system.

C.1.1 Advantages of the WFSE System

The WFSE system is a web-based application. Many Java new techniques are used

in the system, thus the system has the following advantages:
e To be run on any browsers and any operating systems.
e To be used simply.

e To be added new functions.

C.1.2 Requirement of Running the WFSE System

The WFSE system is a client-side application implemented by Java Applet.

I
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The main problem is that the JDK versions are mismatched between Java Applet
and the web browsers. In order to run the WFSE system, the local computers should be
installed the Java Plug-in software package that can be download free from

http://java.sun.com/products/plugin/.

C.2  Introduction to Graphics User Interfaces and Operations

The WFSE system is opened to all Internet users; thus its user interfaces and

operations should be simply, friendly and easily.

The WFSE system includes four subsystems presented in Chapter 4. One subsystem
is used to simulate and estimate the characteristics of the fading channel related to the
motion of the receiver or the transmitter; these often used fading channels can be
Rayleigh fading, Ricean fading and N-path fading channel with known system
parameters. One subsystem is applied to test success of the EM algorithm together with
the Kalman filter in system identification. One subsystem is employed to identify system
parameters based on the real measurement data provided by CRC. One suvbsystem is used

to provide an online help information.

The following subsections will introduce each subsystem’s GUI and its operation

steps.

C.2.1 A GUI for the WFSE System

The system’s GUI provides accessing to the four subsystems as Figure C-1. In this
GUI, its operations are very simply. Users can access to any one subsystem by pushing a
toolbars or menu operation. For example, when a user pushes the “Fading Channel

Simulation & Estimation” toolbar, the user can access to this subsystem.

oo
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Figure C-1. The System’s GUI

C.2.2 A GUI for the Fading Channel Modeling and Estimation

Figure C-2 shows a GUI for the fading channel simulation and estimation
subsystem. This GUI is designed to simulate and estimate the characteristics of the flat
fading and frequency-selective fading channel related to the motion of the receiver or the

transmitter.
This subsystem’s GUI provides the following operations:
e Selecting a type of lhé./'ading channel models.

The fading channel models are classified as the flat fading and the frequency-
selective fading. The Rayleigh fading and the Ricean fading are often used for fading

channel models; thus they are considered as two examples of the fading channel models.
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The frequency-selective fading is considered as a six-path fading channel including a

path of the Ricean fading and five paths of the Ricean fading.

Only one model is selected from the model list each time.

k&% Fading Channel Simulation and Estlmatlon System

This fading channel esllmatlon is based on the state space madel uslng Kalman ﬂlter
X(Kk+1) = A*X(K) + B*W(Q; X E RN, WE R(M), A E R(M*M), B E R(M*M);
Y = C*X(K) + D*U(K); Y E R(D), U E R(D), C E R(D*M), D E R(D*D)
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Carried frequency = 910.0 IVHz

Speed = 60.0 Km/h

Angle = 10.0 degree

| SNR = 10.0 db

" |an Interval time = 0.25 ms
is the channel fast ? true -l
BEINEE g S TR 0 X I A
~ Thureday, October 9 2003 3 ; 4 PM

Un:\ver.,lty of Ottawa Canadag ;

Figure C-2. The Fading Channel Simulation and Estimation Subsystem’s GUI

o Updating values of the physical factors related to the system parameters.

The subsystem provides the default values for the physical factors related to the

motion of the receiver or the transmitter described in Section 2.4. However, these values

can be updated through selecting one or more variables from the physical factors list.
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When one variable is selected, the input window is opened as Figure c-3. One new
value can be inputted; if “OK” button is clicked, the variable is given new value;

otherwise the variable keeps its old value.

Now F = 910.0 MHz. Enter new Cé'rriér“ Frequency: -
|s0q] I

0K Cancel |

Figurc C-3 An Example of An Input Dialog

When inputting a new value, the value must be valid digitals (0~9) or char (dot. or
minus -), otherwise the input is invalid. Additionally, the value must keep within the
setting ranges between minimal value and maximal value; otherwise, the value is over
limited value. If and only if the input operation is valid and not over the limited values,
the entering value can be accepted; otherwise, the value of this variable will be fixed at

the default value.
o Selecting a type of computations.

The computations contain three types: simulation, estimation and both simulation
and estimation. The simulation computation is applied to generate and plot the inphase
and quadrature components of the fading channel using the state space models; the
estimation computation is used to estimate and plot the inphase and quadrature
components of the fading channel using the Kalman filters; and the both simulation and
estimation computation is employed to compute and compare the inphase and quadrature

components of the fading channel through the state space models and the Kalman filters.
Only one type can be selected each time.
e Selecting an opera!ing button.
The four operating buttons are listed as Estimate, Doppler, Help and Exit.

The “Estimate” button is used to operate the simulation and estimation based on the
selected computation type and the values of the physical factors. Once this computing

process is finished, the computing results, including the inphase, quadrature, envelope,

o
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phase and MSEs components, will display on several pages. Each page just displays one

component.

User can do Undo/Redo (<, >), Zoom (+, -), Print and Close operations on each
page as Figure C-7. The Undo/Redo operation is to go to next or previous page; the
Zoom operation is to enlarge or reduce the size of displaying curves; the Print operation

is for printing the current page; and the Close operation is to exit the current page.

The “Doppler” button is used to analyze the Doppler spread based on these values

of the physical factors.

The “Help” button is getting online help; and the “Exit” button is used to exit the

subsystem. The two buttons are the same operations in all subsystems.

The Sequence diagram in Figure 4-3 describes the above operation.

C.2.3 A GUI for System Identification Verification

The idea of the verification the EM algorithm is based on the following facts. A true

. . N
model with known system parameters is used to generate the output sequence {y,}’= , that

is considered as the observed data. The system identification process is computed new
system parameters through the EM algorithm and the Kalman filter using the observed
data. If the estimated system parameters are closed to the true system parameters, it can
indicate that the EM algorithm is an effect system identification method for the fading

channel models.

Figure C-4 shows a GUI that is used to verify the EM algorithm for system

identification.
The process of the verifying operation is showed as the following:

o Selecting an order for the system parameters.

The system parameters {A,B,C,D} are described in the state space model

andAeR"™ BeR™,CeN"",DeR" defined in Chapter 3.
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In this subsystem, the order of system parameters is defined by the space model
{n= m=i,d=j,i=j=12734; d< m}.

[&3 svstem Identification for Verifying the EM Algorithm with Sample:

' This parameter estimation is based on the state-space equation;
X(k+1) = A*X(K) + B*W(K); X E R(M), W E R(M), A E R(M*M), B E R(M*M);
Y() =C*X(k) + D*U(k); YER(D), UER(D), C ER(D*M), D E R(D*D)

Select Orders of Parameters: l M=3,D=1. . e

Enter Values of Pargmctérs' {A, B, C,D}:

-y a2 a3 B1 82 B3 Jo1r Je2 Jes b
0 1 0 002 001 o031 0 0 0.4
0 0 1 001 003 (002 |Num INul Nun |Nul
03 o4 02 |03 1002 001 |Null [Nul Nuir [Nl

[Estimate] | Filter ~ Heip |- |E

Results for Parameter Estimation's Process: .~ 7~ *
The final result for Parameters Estimation :
Matrix A: the matrix is 3 ¥ 3 and its elements are :

A
| { -0.05563965022138091 0.9917356865354309 0.011329438414588555 )
{ -0.05753886771435718 0.012083495485654683 0.9908417673984944 }
{ 0.21168002540210593 0.09268845788307274 0.18690174601335918 )
}
Matrix BB": the matrix is 3 X 3 and its elements are :

el

Wednesday, Decemvb-ei.f 3; 2003 :

 University of Ottawa, Cauada :

Figure C-4. A Subsystem’s GUI of System Identification Verification

o Entering system paramelers {A, B,C, D} .

A table lists default values for the different order system parameters {A,B,C, D} .

However, the values can be modified or updated when the user select a cell and enter its

value.

o Selecting a type computation.

This GUI also provides four button operations: Estimate, Filter, Help and Exit.
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The “Estimate” operation is used to verify the EM algorithm. When “Estimate”
button is clicked, the subsystem first checks whether the system parameters are within the
range of valid inputting values; then the subsystem computes new system parameters via
the EM algorithm together with the Kalman filter. If the computation process is done, the
estimated new parameters will be displayed on the text area and some compared results
will be plotted on another window. In the computing process, the subsystem also records
the iteration counter that is used to count the times of iteration. If the counter is over its

limited value, an exception will occur.

The “Filter” operation is used to compute and plot the Kalman filter’s results for

both the true system parameters and the estimated system parameters.

C.2.4 A GUI for System Identification Based on the Measurement Data

This subsystem is applied to identify system parameters based on the real
measurement data. The mathematical models are built on the flat fading and the

frequency-selective fading. Figure C-5 shows this subsystem’s GUI.
C.2.4.1 Description of the Operations for the Flat Fading Channel

The operations of the flat fading are showed as the following:

o Selecting a fading channel model.

The fading models are also classified as the flat fading and the frequency-selective

fading. Therefore, when one model is selected, other one can not be selected.

o Selecting an order of the fading model parameters.

The system parameters {A, B,C, D} of the flat fading are described four cases
presented in Section 3.4, thus “Select Model’s Order” lists these four cases.

o Selecting a type of the data component.

The real measurement data is classified into two components: the inphase
component and the quadrature component. “Select Data Component” lists the two

components and the default component is the inphase component.
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q

[ system Identlﬁcatmn of the Fading Channel Based on the Measurement Data

This Idenliﬂed system ofthe measured data is based on the stale-space model:
LD XM = ATKE1) + BW(EH1); YO = CX() + DPUG; XERM), YERD), AER(N), BER(M), CE R(D*M), D E R(D)
) These data (y(l)) are obtalned form the |nphase and quadrature componenls and y(l)— sum [yi(l)cos(vd)-yq(l)sln(wt)]

@ [F.Ie.l Fsdmg Idonuf:ca.uonl

s Select Mode]’s Ordet IN-M-2 p=1. v],
’ Select Dam s Com.ponant I Inphase ) vl ! . —
: el aSngl' Type: | MarmwBand - vl
Select a Data File: i IReaI Dota File 1.1 Vlk ' ge}ecg a Dm p;] Group: [Oata Flle ot Group:t ~ w] - -
Estimate l . I Realdata I I i B_e]p -

Est:mued Resulu: for Syitem Idcntxflcauon

These Real Data are Provided by CRC.

l’

¢

(¥ ST T T
Wednetday, December 3, 2003 ‘ R : T

University of Ottawa, Canada :

Figure C-5. A Subsystem’s GUI of System Identification Based on the Measurement Data

o Selecting a data file from the measurement data.

The measurement data include 98 data files. The 49 data files are from the inphase
components and the other 49 data files are from the quadrature component. Each 49 data

files are classified as 7 groups and each group also includes 7 data files.
e Selecting a button operation.
The subsystem includes four button operations: Estimate, RealData, Help and Exit.

The “Estimate” button is used to estimate the model parameters based on the
measurement data using the EM algorithm and the Kalman filter. When “Estimate”

button is clicked, the estimating computation process starts. Firstly, the system reads the
selected data file that is considered as the output sequence {y,} . Secondly, the system

computes new system parameters through the EM algorithm; in addition, the system also
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checks the iteration counter. Finally, when the computation process is finished, the
computation results will be displayed on the text area, and the comparison results will
also be displayed on the other window for both the estimated parameters and the true

model.

The “Realdata” button is used to plot the selected real data file.

C.2.4.2 Description of the Operations for the Frequency-selective Fading Channel
The operations of the frequency-selective fading are showed as the following:
. Selecti;?g a number as the multipath number.

The multipath number can be selected N=2, 3, 4, 5, 6, 7 from “Select Multipath
Number”. Because each group of the measurement data files contains seven sets of data
files. Therefore, each set of the data file can be considered as one path in the multipath

fading channel.

o Selecting a type of the fading channel.

The fading channel can be sclected as the fast fading or the slow fading from

“Select Fading Type”. In this slow fading case, the sample size is set 50.
o Selecting a type of the transmitted signal.

The transmitted signal can be selected a narrowband signal or a wideband signal

from “Select Transmitted Signal”.

o Selecting a data group fiom the measurement data.

The measurement data include 7 groups. Each group integrates the inphase
components and the quadrature components from the measurement data files. Thus a

group data file can be selected from “Select Data File Group”.
o Selecting a button operation.

The subsystem includes three button operations: Estimate, Help and Exit. These

operations are the same as the above descriptions.

prmem
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C.2.5 GUI for Online Help

Figure C-6 shows a online help GUI which provides lots of information about the
WFSE system. For example, the help information includes how to set parameters, how to
enter values of variable, how to run this system, how to understand exceptions, etc. These
help information is to help users to master this system and guide them to solve their
problems. It is very easy for user to operate this GUIL. by selecting each question and

obtaining the relative help information.

Ejonline Help Information. "' %"

This GUI provides lots of information to help you undersland"and mn

this system. You can find your answer from your selecting questions.

Select Your Question : | System Intoduction -~~~ -

' He]p Information:

==== WWelcome to Online Help ==

Introduction to the Web-btased Fading Channel Simulation and Estimat

This online system is concerned with fading channel simulation and es
with the state-space models
This online system includes three mainly functions :
(1) Simulation and estimation for different fading channels suchas Ra
fading channel, Ricean fading channel and N-path fading channel;
(2) Parameter estimation with sam ples that are used to verify the EM g
by setting different model parameters;
(3) Parameter estimation for the measurement data provided by CRC u
algorithm and Kalman filter theory.

I AR T
O

" Monday, October 20, 2003 3:49:48 PM.

 University of Otta.xs{a;j»'CinadsL ‘

Figure C-6. A Subsvstem’s GUI of Online Help
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C.3 Introduction to Results Plotting

In the WFSE system, a lot of computing results are plotted in 2 dimension plane.

Figure C-7 is an example of plotting results.

Byroea Coxep
1 bartf atosgreeer Haglevph o2 nal Satre) Medsl
et [ L e 00, A 07, D210, St a0
: i’ Folais 1 F
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Figure C-7 An Example of Plotting Result

This figure includes six operation buttons, the important parameters description and

the final simulation results. These operation buttons, such as 4, P, G,
, provide the relative operations; and these parameters description provide the displayed
variable(s), its maximum and minimum values, related system parameters, date and so
on. The simulation results shows the final simulation results based on the selected

parameters and types.

Users can display, zoom and print many displaying pages by these button
operations. The buttons, 4 and. », are used to switch the displaying page forward and

backward; the 4 button is used to go to previous page; and the P button is used to go to

o i

next page. The buttons, and 22, are used to zoom the size of displayed pages;

iz
i
O

when the button #2¢ is clicked once, the size of the displayed page increases 10%; when
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the button £ZF is clicked once, the size of the page decreases 10%; the maximum

limitation of zooming is 50%. The button & is used to print the current page. The button

. is used to close the opening window and stop running.




Appendix D

Installing the CD-ROM

The companion CD-ROM contains all of the author’s java source codes and the

measurement data for the web-based fading simulation and estimation system.
D.1 Installation Instruction

The Java source code in the CD-ROM is easy to install into a local computer. The
following introduces the install, compile and run the Window operating system.

e Insert the CD-ROM disc into your CD-ROM drive

¢ From the Windows Explorer, Set your folder at your driver

e Copy these files from CD-ROM into your folder
D.2 Compiling and Running

The Java source code can be run in any operating systems that include JDK version

1.3 or above.

D.2.1 Compiling and Running in JBuilder Tool

The software package is edited, compiled and run using JBuilder7.0 or JBuilder9.0.
If the local computer is already installed with JBuiler that can be download free from

http://www.borland.com/jbuilder.

In JBuilder tool, you just open this project with “WirelessSim” from “File/Open
Project”, the java files are listed; then you run this project from “Run/Run Project”, a

Java GUI will be displayed. You just follow the operating guide to run this system.
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D.2.2 Compiling and Running in Windows Operating System

The source code can also be compiled and run in Window operating systems, you
just use compile.bat for compiling Java source code and use run.bat for running Java
source code. However you must change the class path of JDK and the source code.

These are examples for compiling and running Java source code. In these examples,
it is assumed that JDK 1.4.0 is installed in C:\Java\ and the source code is installed in

c:\work\.

D.2.2.1 Compfling Instruction

o path=c:\Java\jdk1.4.0\bin

o set CLASSPATH =c:\Java7\jdk1.4.0\lib\dt.jar;
c:\Java\jdk1.4.0\lib\tools.jar;
c:\Java\jdk1.4.0\jre\lib\jaws.jar;
c:\work\WirelessSim\src; c:\\work\Wireless\classes;

e cd c:\work\WirelessSim\src

e javac —d c:\work\WirelessSim\classes * java

D.2.2.2 Running Instruction

e path=c:\Java\jdk1.4.0\bin
e set CLASSPATH=c:\work\WirelessSimCopy\classes;
e cd c:\work\WirelessSim\classes

o java UserInterfaces

Note: the thesis does not include all Java source codes. If some one is interested in our

research, please contact with my superior, Professor C.D Charalambos.
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