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ABSTRACT

The advancement of electromagnetic engineering has been driving the need to develop efficient
techniques for the transient analysis of transmission, propagation and reception of electromagnetic
waves in different media. This thesis addresses a new method based on the numerical inversion of
Laplace transform (NILT), which overcomes the restrictions in previous approaches, leads to good
accuracy in both late and early time, and has simple algorithms, short calculation time and small
required memory sizes. To our knowledge, this would be the first time that systematically treats the
theory of NILT and its application in the transient analysis of electromagnetic waves. In this thesis,
firstly a literature survey is carried out and the weaknesses and limitations of some current time
domain techniques are identified. Then Hosono’s algorithm for the NILT is treated and developed
under a strict theoretical framework. Next, this new technique based on NILT is employed to model
the transient reflection of horizontally and vertically polarized waves from a conductive interface
with exponentially decaying incident signals. After that, this technique is combined with Prony’s
method and applied to modeling the transient reflection from a conductive interface and propagation
through a lossy dielectric slab with an arbitrary incident signal for both polarizations. Furthermore,
this technique is used for the transient analysis of exponentially decaying pulses propagating in
plasma with a zero and nonzero electron collision frequency for both polarizations. The technique is
extended and applied to the transient anlysis of horizontally and vertically polarized waves reflected
from Lorentz, Debye and Cole—Cole half spaces with an arbitrary incident pulse, using the
convolution of a time domain reflection coefficients and an incident signal. Finally, based on the
transient anlysis of pulses reflected from a dispersive medium half space, the relationships between
the waveform parameters of reflected pulses and the properties of dispersive materials as well as the
incident angles are discussed, and the application of these results to material characterization and
diagnosis is explored. This thesis highlights how to overcome the restriction that numerical inversion

of Laplace transform has high demands on image functions, and places the emphasis on how to
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extend and apply this method to a variety of cases. The correctness and effectiveness of this thesis
work are validated through the comparisons between our results and those published in the literature.
Meanwhile, the results that cannot be achieved with the previous approaches are also provided.
Moreover, this thesis presents some applications of the new technique in diverse engineering fields,

including ultra wideband technology and material science.
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CHAPTER 1: INTRODUCTION

The transient analysis of short duration electromagnetic pulses propagating through a variety of
media is of interest in diverse technological applications, e.g., wireless communications, geophysical
probing, material science and biomedical engineering. When an appropriate model has been adopted
for the medium, one can manage to work out the frequency-domain solution for wave propagation in
this medium. The main difficulties are encountered when trying to transform from the frequency-
domain to the time-domain. An inverse fast Fourier transform (IFFT) can be employed to yield the
desired transient result. However, several investigations have shown that a large number of sample
points are required if one desires to reduce aliasing so that an accurate characterization can be
obtained. Besides, when a frequency-domain solution has singular behaviors at some frequencies,
direct use of IFFT is inappropriate and some preprocessing must be done for removing these
singularities. Furthermore, it is preferable to solve the problems directly in the time-domain under
certain circumstances, in which time-varying media or nonlinear systems are involved, or a time-
domain response persists very long time.

Other techniques have their own inherent problems. Numerical integration algorithms are free
from the problem of aliasing, but the highly oscillatory integrands that are encountered mandate a
large number of sample points for the integration and correspondingly a relatively large amount of
computation time. Asymptotic techniques are computationally efficient and provide valuable insight
into the physical mechanism. However, an asymptotic analysis can be quite cumbersome and the
resulting asymptotic expressions can be applied only to parameter values that fall within the range of
applicability for the asymptotic expansion. The finite-difference time-domain (FDTD) technique has
the advantage that it can be applied to relatively complex, inhomogeneous media, but it also has the
following disadvantages. Firstly, the FDTD method does not accurately fulfill the boundary
conditions at material interfaces posed by Maxwell’s equations, and can cause high calculation costs

even in combination with surface impedance boundary conditions for achieving high accuracy under



some circumstances. Secondly, when the widths of signal pulses are very narrow and the calculation
time domain is large, FDTD solutions may become computationally intractable. Thirdly, the standard
FDTD approach cannot handle simulations of long propagation distances because of finite computer
memory resources and accumulation of phase errors associated with numerical dispersion. Another
common drawback of the FDTD technique, fast Fourier transform (FFT) and numerical integration is
that all the three techniques are purely numerical, and therefore it is difficult to extract the physical
phenomenology from the numerical data.

The advancement in various engineering fields has been driving the need to develop efficient
techniques for transient analyses of electromagnetic pulses. The objective of this thesis research is to
develop some new technique that is based on the numerical inversion of Laplace transform (NILT)
for the analysis of transient electromagnetic fields in a variety of media. In this chapter, first of all,
the previous related investigations, majority of which are not based either on FFT, or on FDTD, or
on other purely numerical methods, are overviewed, and some limitations of these methods are
discussed. Then our research aims are addressed. Next, the contributions of this thesis to the

development of efficient time-domain methods are presented. Lastly, the thesis outline is given.

1.1 OVERVIEW OF PREVIOUS INVESTIGATIONS

Theoretical investigations of pulse propagation through different media and interaction with
objects have been performed since the days of Sommerfeld during the early last century [1]. These
investigations involved the calculations of the reflected and/or transmitted fields at the interface
between two different media. The problem involving a time-harmonic plane wave obliquely incident
on a finite conductive half-space is a classic boundary value problem in electromagnetic theory that
is thoroughly treated in standard textbooks, for instance, those by Stratton [2] and by Balanis [3].
However, due to the mathematical complexity, it is not easy to analytically integrate the required
inverse Laplace transform. Dudley et al. [4] undertook a thorough investigation of transverse electric

(TE) and transverse magnetic (TM) reflected waves associated with a double decaying exponential,



obliquely incident plane wave. They utilized contour integration techniques to rewrite the inverse
Fourier transform representation for the reflected fields in terms of a residue term and an integral
around the branch cut. The contribution of this branch cut was calculated using numerical
integration. Papazoglou [5] extended the analysis to the treatment of TE and TM transmitted waves.
He also studied a Debye model which accounted for the frequency dependence in the electrical
properties of the conductive media. Klaasen [6] showed that the TE transmitted and reflected fields
associated with a unit-step, obliquely incident plane wave can be represented in terms of convolution
integrals involving exponential functions and modified Bessel functions. Klassen employed a time
marching procedure to evaluate the required convolution integrals. The FDTD technique was applied
to this problem [7-9], but computation costs are high even in combination with surface impedance
boundary conditions [9]. The approximate form of a frequency-domain reflection coefficient permits
one analytical expression for the impulse response of a lossy half space [10], but makes the solutions
inaccurate or even invalid in some cases, e.g., for large incident angles relative to the normal to the
interface and/or for relative dielectric constants below the order of 10. Pao et al [11] [12] developed
a method for the analytical evaluation of the inverse Laplace transform representations for transient
TE and TM plane waves, obliquely incident on a conductive half space. They assumed that the
permittivity and conductivity of the dispersive half space are independent of frequency. The time-
domain expressions for the reflected and transmitted waves are first represented as inverse Laplace
transforms. The transient fields are then shown to consist of two canonical integrals that in turn are
solved analytically, thus leading to the solutions involving incomplete Lipschitz-Hankel integrals
(ILHI’s). Rothwell and Suk introduced a rapidly converging series of the time-domain reflection
coefficient into the analysis of the transient reflection from a lossy half space, which is valid for all
the incident angles for the horizontal polarization [13], and for the incident angles less than the
Brewster angle for the vertical polarization [14]. Few terms provide good accuracy for late time,
while many more terms may be required to approach acceptable accuracy for early time. Pantoja et al

[15] compared the method in [13] [14] with that in [10] by changing angles of incidence and



constitutive parameters of half-spaces, and presented the accuracy and errors for the direct
computation of the time-domain plane wave reflection coefficients for TE and TM plane waves
incident on a lossy half-space.

Electromagnetic wave propagation through dispersive media has been a subject of interest to
researchers for many years. The advent of ultra wideband (UWB), short pulse sources has recently
attracted renewed interest in this aspect. Accurate modeling and improved physical understanding of
pulse propagation in and scattering from dispersive media is crucial in a number of applications,
including optical waveguides, UWB radar, ground penetrating radar, UWB biological effects,
propagation through the ionosphere, stealth technology and remote sensing. Numerous researchers
have demonstrated that plasma, Lorentz, Debye and Cole-Cole models can be used to accurately
predict dispersive properties of many media.

If a simple homogeneous, collisionless, cold plasma model is utilized for the ionosphere, i.e., the
plasma is characterized by a plasma cutoff frequency and losses are ignored, then the dispersion is
analogous to that exhibited in a single mode, homogenecously filled waveguide. It has been
demonstrated that the impulse response for this problem can be expressed in a closed form in terms
of Bessel functions of the first kind [16-18]. In 1948, Cerillo showed that the transient waveguide
fields, corresponding to a number of typical source typical source excitations, can be expressed as
Neumann series expansions which were in the form of Lommel functions of two variables [19].
Cerillo noted that the usefulness of the closed form expressions, in terms of Lommel functions of
two variables, is limited by the slow convergence properties of the Neumann series expansions. He
also found it difficult to extract the physics from the closed form solutions because of the highly
oscillatory behavior of the Lommel functions of two variables. Thus he resorted to asymptotic
techniques to achieve the approximate expressions for the response. Knop [20] used the Neumann
series expansions to numerically calculate the transient waveguide response of a step modulated
carrier signal. He noted that the result is also applicable to a lossless, unbound, isotropic plasma

excited by a pulsed electromagnetic wave. Wait and Spies [21] used the exact Neumann series



expansions to numerically validate an approximate transient result involving Fresnel integrals that
was applied to the earth-ionosphere waveguide. Vogler [22] further extended the analysis by
achieving Neumann series expansions for arbitrary source distributions. He demonstrated the
extension through the investigation of the propagation of a double exponential signal in a waveguide.
Vaisleib and Gan [23] noticed that, in addition to being able to represent the Neumann series
expansions for waveguide transients in terms of Lommel functions of two variables, it is also
possible to relate them to incomplete Weber integrals and incomplete Lipschitz-Hankel integrals
(ILHI’s) of the first kind {24]. They used these relationships to directly obtain approximate
expressions for the early and late time responses. Mohammadian [25] represented the time dependent
dyadic waveguide Green’s function in terms of Lommel functions of two variables, but did not
perform any numerical calculations. Dvorak [26] employed the contour integration techniques to
analytically evaluate the inverse Fourier transform representation for the potential associated with a
continuous wave transient pulse propagating in a waveguide. The obtained closed form expression
for the potential has the same form as the results of Vaisleib and Gan [23], and involves ILHI’s of
the first kind. With a differential-equation-based technique, Dvorak and Dudley [27] derived a closed
form expression for a double decaying exponential pulse propagating in a homogeneous,
collisionless, cold plasma in terms of ILHI’s, and evaluated the ILHI’s using efficient convergent
and asymptotic series expansions. Dvorak, Ziolkowski and Dudley [28] also investigated the
propagation of a double decaying exponential signal through homogeneous, cold plasma that is
characterized by a nonzero electron collision frequency. Because the high-frequency behavior does
not depend on the electron collision frequency, an analytical frequency-domain expression, which is
similar in form to the one encountered for the collisionless, cold plasma and encompasses this high-
frequency behavior, can be subtracted from the exact expression for the plasma with nonzero
collision frequency. In their treatment, the extracted term was evaluated analytically, and the
remaining expression was transformed to the time domain through FFT with a modest number of

sample points.



In the seminal work of Sommerfeld [1] and in the subsequent refinements of Oughstun and
Sherman [29-32], the investigations have focused on the Lorentz material, which is a good model for
many materials encountered in optics and engineering. The reflection of a short pulse by a Lorentz
medium has been considered for TE polarization by Gray [33] and for TM polarization by Stanic et
al [34]. In each of these studies, the authors find the impulse response of the reflected field by
calculating the inverse transform of the frequency-domain reflection coefficient as an infinite series
of fractional order Bessel functions. Although this gives a convenient analytical result, the series
form provides little insight into the behavior of the reflected field waveform. Cossman et al have
presented a compact form for both TE [35] and TM [36] reflection coefficients, which provide useful
intuition about the response of a Lorentz medium half space, involve exponential and modified
Bessel functions and require convolution operation to evaluate.

The use of short pulses to probe materials has prompted the study of the reflection of transient
waves from material half space of other types. The Debye model [37] is utilized to describe the
frequency behavior of the permittivity of many type materials, especially polar liquids. This model
has been extended to include conductivity [38] and several relaxation components [39], and has been
used to describe the behavior of such diverse materials as biological tissues [40], building materials
[41], circuit boards [42] and ceramics [43]. A standard technique for the measurement of material
parameters is to interrogate the material, either in free space [44] or in a waveguide system [45] with
an electromagnetic pulse. It is therefore important to have an efficient method analyzing the time-
domain reflection propertiecs of a Debye material. Rothwell [46] worked out the time domain
reflection coefficients of a Debye half space for both horizontal and vertical polarizations that
involve exponential and modified Bessel functions and require convolution operations to evaluate.
Another model commonly used to capture the relaxation-based dispersive properties is the Cole—
Cole model [47] that is more general than the Debye model. For many types of materials including
biological tissues, the Cole—Cole models provided an excellent fit to experimental data over the

entire measurement frequency range. However, to our knowledge, the time-domain reflection



coefficient of a Cole—Cole half space for any polarization has been not available so far, perhaps due
to the computational complexity of embedding a Cole—Cole dispersion model into numerical
methods.

The reflection of electromagnetic waves from a layered medium is of interest in diverse
technological applications, e.g., electromagnetic compatibility, geophysical probing, material science
and biomedical engineering. Based on the results achieved from the studies of pulse propagation in a
single medium and pulse reflection from a single medium half space, some time-domain analyses of
wave scattering in a layered, lossy or dispersive material have been pursued. Suk and Rothwell
analyzed both TE [48] and TM [49] transient reflection from a layered, lossy medium. Oh et al
presented the natural resonance representations of the transient fields reflected by a conductor-
backed lossy layer [50] and by a conductor-backed layer of Debye material [S1]. Perry and Rothwell
[52] investigated the transient wave reflections from layered, dispersive media. In contrast, a large
number of achievements have been made in FDTD and other pure numerical modeling of lossy and
dispersive media, for instance, FDTD analysis of lossy dielectrics [53], FDTD formulation for a
plasma slab [54], 2-Debye-pole FDTD model [55], FDTD modeling of biological tissue Cole—Cole

dispersion [56], FDTD and FETD algorithms for modeling complex media [57].

1.2 OUR RESEARCH AIMS

There are four major goals in this thesis work.

1. Conduct a literature survey and identify the weaknesses and limitations of some current time
domain techniques, including both purely and non-purely numerical ones.

2. Discuss and further develop the algorithm for the numerical inversion of Laplace transform
under a strict theoretical framework.

3. Extend and apply the approach for the numerical inversion of Laplace transform to transient
analysis of electromagnetic pulses and other topics of the time domain electromagnetic

fields.



4.

Combine other numerical methods with the numerical inversion of Laplace transform to
develop some hybrid techniques and find the applications of these hybrid techniques in

electromagnetics.

1.3 THESIS CONTRIBUTIONS

The contribution of this thesis is listed as follows.

1.

Hosono’s algorithm for the numerical inversion of Laplace transform is treated and
developed under a strict theoretical framework.

The numerical inversion of Laplace transform is employed to model transient reflection of
TE- and TM-polarized waves from a conductive interface with an exponentially decaying
incident signal.

The technique based on the numerical inversion of Laplace transform is combined with
Prony’s method and then is applied to modeling transient reflection of TE- and TM-
polarized waves from a conductive interface with an arbitrary incident signal.

The technique combining the numerical inversion of Laplace transform and Prony’s method
is extended and applied to the characterization of horizontally and vertically polarized waves
transmitting through a lossy dielectric slab with an arbitrary incident pulse.

The technique based on the numerical inversion of Laplace transform is used for the
transient analysis of exponentially decaying pulses propagating in plasma with a zero and
nonzero electron collision frequency for horizontally and vertically polarizations.

The technique based on the numerical inversion of Laplace transform is extended and
applied to transient analysis of TE- and TM-polarized waves reflected from Lorentz, Debye
and Cole—Cole half spaces with an arbitrary incident pulse, using the convolution of a time
domain reflection coefficients and an incident signal.

Based on the transient anlysis of pulses reflected from a dispersive medium half space, the

relationships between the waveform parameters of reflected pulses and the properties of



dispersive material as well as incident angles are discussed, and the application of these
results to material characterization and diagnosis is explored. Furthermore, using the reduced
time domain reflection coefficients brings more physical insights and leads to an efficient

algorithm and a robust scheme for dispersive material diagnosis.

1.4 THESIS ORGANIZATION

This thesis consists of this introductory chapter, a literature review chapter, three fundamental
chapters and a concluding chapter. Each of the three fundamental chapters deals with a topic of this
thesis research. Following this introductory chapter, our work is presented in the order below.

Chapter 2 reviews four major analytical methods to model the transient reflection of horizontally
and vertically polarized wave reflected from lossy and dispersive medium half spaces, summarizes
the merits and limitations of these methods, and lays a base for this thesis work.

Chapter 3 treats and develops the algorithm for the numerical inversion of Laplace transform
under a strict theoretical framework.

Chapter 4 covers the transient reflection of exponentially decaying and arbitrary signals from a
conductive interface and propagation of arbitrary signals through a lossy dielectric slab for TE- and
TM-polarizations.

Chapter 5 handles transient analysis of exponential pulses propagating in plasma and arbitrary
pulses reflected from Lorentz, Debye and Cole—Cole half spaces for horizontally and vertically
polarizations, presents the waveform estimation of reflected pulses, and shows the application of
transient analysis to material characterization and diagnosis.

Finally, chapter 6 summaries this thesis research and achievements and proposes the future work

in this orientation.



CHAPTER 2: REVIEW OF MAJOR ANALYTICAL METHODS FOR TRANSIENT

REFLECTION AND TRANSMISSION

2.1 BARNES AND TESCHE’S METHOD

Barnes and Tesche [10] discussed an approach for calculating the electromagnetic field reflected
from a lossy half space directly in time domain. This approach requires first evaluating the impulse
response of the half space and then convolving it with the specified incident field waveform. To
obtain the impulsive reflected field, either for vertical or horizontal polarization, approximations to
the reflection coefficients in frequency domain are made, thus permitting an analytical expression in

time domain.

The reflected electric field spectrum excited by an incident plane wave E™ (s) impinging on a
lossy half space is given as

E (s)=R(6,5) E™ (s). @.1-1)

In this expression, s is the complex frequency Laplace variable, @ is the incidence angle relative to

the normal to the interface, and R(B,s) is the Fresnel reflection coefficient, and is denoted by R,
and R, below for vertical and horizontal polarization, respectively. The frequency domain reflection

coefficients for a lossy half space with a conductivity o and a relative dielectric constant &, are

1o} / o
(8 +—J cos@— |g, +——sm
R (6,5) = 0 2.1-2)
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V7 se,

10

and




where g, is the permittivity of free space.
The transient counterpart of (2.1-1) for the reflected field is given as the convolution of the
incident field and the inverse Laplace transform of the reflection coefficient R(t) as
E(1)=R(t)*E™(¢). (2.1-4)
In this way, the transient quantity R(t) is viewed as the impulse response of the lossy half space.
The evaluation of R(t) directly in time domain requires the analytical inverse Laplace transform of

the Fresnel reflection coefficient. This is difficult to do without making some approximations. It is

found that (2.1-2) can be written as

Rv(e,s)=s+rﬁﬁ*'s(s+7) (2.1-5)
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2.2

10 or more and the angle # is small so that St
£

r

4 <<1 and then y = 7. This allows (2.1-5) to be

approximated as

Vser-ps
\/S_+_T+ﬁ\/;

It is noted that this approximation will limit the applicability of the solution to non-grazing angles of

R,(6,5)= (2.1-6)

incidence. The horizontally polarized reflection coefficient of (2.1-3) has the form

\/;—a BAs+y
6,5) = ; . 1-
R,(6,s) Ve Bsir (2.1-7)

It is noted again that ¥ ~7 for a large relative dielectric constant and non-grazing angles of

incidence, so that (2.1-7) can be approximated as

B ) I
Jsvr+(s, p)' s

R,(6,5)= (2.1-8)
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Both the vertical and horizontal reflection coefficients now have the form

R(0,s)=i-—————m. (2.1-9)
Js+2a +K\/.;

where a =—;— and x = g for vertical polarization, and x =(8, ,B)_1 for horizontal polarization. The

leading + and — signs are used for vertical and horizontal polarizations, respectively. Thus, the same
inverse Laplace transform can be utilized to determine the transient reflected field for either
polarization.

In order to invert (2.1-9) into the time domain, the Laplace transform pair
L'F(s—a)]=e"1(t) (2.1-10)
can be used. Equation (2.1-9) can be written as a function of (s —a) as

+\/S+a—K' S—a

Ris—a)=1= 2.1-11
)= e sa @D
which can be expanded to give
R(s—a)=+| =5, 4% 2 2.1-12)
I+x (1+x) s+\/s2—a2+a1_—’(
l+x
Defining K = :_K and S =s++s’—a’,(2.1-12) can be written as
+K
R(s—a):i[K+l4K2 y (—1)"*‘(Ka)"s-"}. (2.1-13)
— K aa
The inverse Laplace transform of (2.13) is given as
-1 4K't_l = n n
L'[R(s-a)]=% K&(t)+ = S (-1 nk"1,(at) (2.1-14)
—K 5o

where &(¢) is the Dirac function and 7, () is the modified Bessel function of order 7. Using (2.1-

10), the impulse response of the lossy half space is then given by

12



—at o

R(1) :i[K5(t)+ 14 s eT S(-1)'nk"I, (m)} . (2.1-15)
-K n=1

This expression is valid for both vertical and horizontal polarization, depending on the values of x

and K and the + sign, and contains two terms, with the first being an impulse that is independent of

the material conductivity and the second being a response term persisting in time. With (2.1-15), the

transient reflected field can be calculated through (2.1-4).

2.2 PAO,DVORAK AND DUDLEY’S METHOD

Pao, Dvorak and Dudley presented a method that allows for the analytical evaluation of the
inverse Laplace transform representations for transient TE [11] and TM [12] plane waves, obliquely
incident on a conductive half space. They assumed that the permittivity, permeability and
conductivity of the lossy half space are independent of frequency, but did not make any
approximation to the reflection coefficients in frequency domain. The time domain expressions for
the reflected and transmitted waves are first represented as inverse Laplace transforms. The transient
fields are then shown to consist of two canonical integrals. The canonical integrals are solved
analytically in turn, thereby yielding closed form solutions invoiving incomplete Lipschitz-Hankel
integrals (ILHI’s). The ILHI’s are calculated numerically using the algorithms developed by Dvorak
and Kuester [58]. Only the transmitted fields are discussed for the TE case, while both the
transmitted and reflected fields are discussed for the TM case, which is more complex than the TE
case since the TM transmission and reflection coefficients contain second-order poles.

As shown in Figure 2.2-1, consider a uniform TM plane wave that is obliquely incident with

angle of incidence & on a conductive half space (medium II), and assume that the source of the
plane wave resides in the air, that the half space is homogeneous and that x4, ¢ and o are

independent of frequency.

The wave equation in the lossy medium is given by

13



O’H,(1)  0H, (t) @221

VH, (t)-¢ u 5 COH—S

After defining the Laplace transform pair as

II (Conductive Half Space)

I (Air)
Eo> My

Figure 2.2-1: Geometry and coordinate system for a transverse magnetic (TM) plane wave incident

onto a conductive half space.

H,(s)=[ e H,(¢)dr (2.2-2)
and
1 Je o,
H,(1) =5~ [ e H (s)ds, (2.2-3)
it is found that the wave equation reduce to
(V*-»*)H, (x.2,5)=0 (2.2-4)
in the Laplace transform domain. In the above equation
(2.2-5)

y=ys(spe+uc —% ’ — Re(y)>0

14



is the complx propagation constant and

V= ! (2.2-6)
JHE
is the phase velocity of light in a lossless medium modeled by x and ¢ .
The general solution for (2.2-4), under the constraint a—a— =0, can be written as
y
H,(x,z,5)=H,(s)exp(F7 - F) (2.2-7)
where
y=yX+y,y (2.2-8)
and
F=xX+yy+zz (2.2-9)
The incident magnetic field can be written as
P—IS) (x,z,5)=H, (s)exp[—%(x sind, +z cosd, )) (2.2-10)

where H, (s) is the spectrum of the incident waveform and ¢ is the speed of light in free space.

Likewise, the reflected and transmitted fields are given by
ﬁi’) (x,z,5)=H,(s)R exp(—i(x sin@. —z cosé’,)) (2.2-11)
and
f_Ii') (x,2,8)=H,(s)T exp(—(yx xX+y, z)) (2.2-12)

where R and T are the reflection and transmission coefficients, respectively.

After defining the constant
a=——= (2.2-13)

2£cos’ 6,

and the lossless refraction angle

15



~2
cosf :,/1-”—2sin29, : (2.2-14)
5

use the phase matching condition along x at z =0 to show that

7, =>sin@ =Zsind, (2.2-15)
C v

and

y, =% [ oas (2.2-16)
\%

The corresponding electric fields are given by

EY(x,2,5) _ L cos6, H,(s) exp(—i(x sin@, +z cos&l)) , (2.2-17)
ce, c
EY (x,z,5)=——sin8 H,(s) exp(—i(x sinf, + z cos&l)j . (2.2-18)
ce, ¢
EV (x,2,5) :icosel H,(s) exp(—i(x sing, -z cosH,)J , (2.2-19)
ce, ¢
ED (x,2,5) = =R sin6, H, (s) exp(—i(x sinf —z cosf, )) , (2.2-20)
ce, c
=) T cosé, 2 — X . = z = [
EY (x,2,5)= —\Js* +2as H,(s)exp| —| =ssinf, + = cosb, \/s* +2as ||, (2.2-21)
o+sg ¥ v 7
_(t) —TS Slnel eyl X . A V4 A 2
E"(x,z,5)= H,(s)exp| —| = ssing, +=cosb, y/s* +2as ||. (2.2-22)
o+se ¢ v v

After enforcing the boundary conditions (i.e., H , and E_ are continuous at z =0), it is found that

R_(s+p)-b s’ +2as

= 2.2-23
(s+p)+bys* +2as ( )

and
2(s+p) (2.2-24)

z(s+p)+b\/s2 +2as

16



where

b [Et OO, (2.2:25)
M E, cosb,

p=Z. (2.2-26)
£

and

Starting with (2.2-12) and (2.2-24), the transmitted magnetic field is given by

_ 2 _ ~ -
HS) (x,2,8) = (s+) H,(s) exp(—[gs sind, + écos&, s +2asD. (2.2-27)
(s+p)+b\/s2 +2as v v

Multiply the denominator as well as numerator of (2.2-27) by —(s + p) +b/s* +2as sothat

2(s+p)(b s’ +2as —(s+p))

A9 (x,2,5) = (b2 _1) o (a E p) P~ H,(s) exp(—(% ssing + % cosf +Js” + 2asD :
(2.2-28)
The poles of the transmitted magnetic field, which are the roots of the polynomial
(6 -1)s* +(ab* - p)s—p* =0, (2.2-29)
are given by
5 =—b2a_1 (b2 —2cos?, b M)
; b#l. (2.2-30)

S, :—bTa—l(b2 —2co0s? 8, +b\b* —sin’ 267,)

Applying the polynomial factorization technique, the transmitted magnetic field can be rewritten as

_ > B 5 ) )
I—_Ii')(x,z,s)zHO(s) 2(S+p)sz +2as 2(s+p) exp[—(éssin@, +—f—cosl9, \/sz+2asj].
v v

b -1 (s—5)(s-5s,)

(2.2-31)
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It can be shown that the term under the square root in s, and s, is always larger than or equal to
zero. Hence, s, and s, are always real valued. The special case b =1 needs to be handled separately

but is not included in [12].
Consider the transient transmitted fields associated with a double decaying exponential pulse

excitation,
Hy(t)=A(e™ e )u(l) (2.2-32)

where A is chosen so that the peak value of the pulse is unity and ¢, @, >0. Because the pulse

reaches a maximum at

, =—22 (2.2-33)
a —a,
it is found that
A=(em —gem) (2.2-34)

The spectral representation of the double exponential pulse is

}_Io(s)zA( R ] (2.2:35)

s+a, s+a,
Reference to (2.2-31) shows that the time domain transmitted field is given by the inverse
Laplace transform representation below

T — ){ffwz(sw)bdsz+2as—z(s+p)2
T

j(b2_1 T (s-5)(s-5,)

( 1 Jexp(st—issiné,—écosé, s2+2asjds}. (2.2-36)
s+a, s+a, v v

Use the partial fraction expansion technique to express the time domain transmitted field in the

following canonical form

18



:2Ae_‘” [(BZI—Bll)bf(ﬁ])+(B|z_Bzz)bf(ﬁz)_clbf('BS)+C2 bf('B“)

HY (x,z,t) 51

¥y

+(D21 _Dll)e(:31)+(D12 _Dzz)e(ﬂz)_El e(ﬂ3)+Ez e(ﬂ:):l .

The canonical integrals are defined as

z ~
r_“ 9 2 2
- . J{Hwexp(ut 5 c0s ) Ju +a)p)
2 j e Jik +o, (u+p)
4 %)
. +jmexp(ut - cos@,,/u2+wp2)

=57 L. .

du

du

The constants in the above expressions are defined by
w,=ja

X . =
t'=t—-=sin6
v

B =-s—a (
by==s,—-a
B=-a—a
B.=—a,—a

and
3 (2a+p-a,+s+s,)s +(2ap-ss,+a,s,)s, |
- (5:—5,) (s, +a,)
c _(2a+p-a,+s+s)a,’ +(2ap+sa, +s,a,)a,
" (s, +a,)(s, +a,)
D (s, +p)
" (s —8,) (s, +a,
E (am_p)

(2.2-37)

(2.2-38)

(2.2-39)

(2.2-40)

mn=12. (2.2-41)

To calculate the transient fields, an efficient method for calculating the canonical integrals needs

to be found. FFT techniques can be used to evaluate f (/) and e(/3) numerically, however, a large

number of points are required in the FFT to minimize aliasing and truncation errors. To achieve high
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accuracy, the analytical evaluations of f () and e(3) are desirable but difficult because of the

presence of the branch cut. f(3) and e(/) can be expressed as

Z ~
ult'—= cos@

f(’g)_(_ﬂ_\/_iiw_zr){ A smh( cosf, B +o, )+i[(%c059~,—t',[ﬂz+a)p2)e"*{Je0(a*,cf)

_ ﬁZ A ' 2 a{ -
(_\7 cosb, +t JB +a) Je0 }} (2.2-42)
e(ﬁ):u(t’—écosé,j{ cosh(—cosﬁ,/ﬂ +o, )+——K—cos9 —t./ﬂ2+a)p2)e"*4Je0(a+,§)
v
ﬂZ A ' 2 P 4 .
+(—‘7 cosf, +t' B’ +w, Jey(a ,C)} (2.2-43)

where
Lz 2
. _—,Bt 130059,1/,32+a)p (20
+ = I .
and
z ~
=, [t —=cos’ 6 . (2.2-45)
v

These expressions involve ILHI’s of the first kind
Je(a,.0)=[ e 27, (1)d (2.2-46)

which is numerically calculated using the algorithms Dvorak and Kuester developed [58].

The transient transmitted electric field components are given by

EO (x,2,1)= M—[( G, )be(R)+(Gn ~G,)be(B,)+ H, be(B,)~H, be(f,)

+(Bll _le)f(ﬂl)+(322 _B1z)f(ﬁ2)+c1f(:33)_cz f(ﬂ;):l (2.2-47)

and
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_2A4sing e "

Eg) (x,Z,t)—c—g(b2——1)—

[(Fy-Fn)e(B)+(Fy —Fy)be(B8)+ 1, e(B) -1, e(B.)

+(G11 _GZI)Slbf(ﬂl)+(G]2 _Gzz)szbf(ﬂz)"'alHlbf(/Bs)_aszbf(ﬂ4):| (2.2-48)

where 7 is the intrinsic impedance of the medium and the constants are defined as

s> +ps,

) va)
G = (2a+sn)sn

T e, va,) mn=12. (2.2-49)
D - (am ——2a)

(s ta,) (s +a,)
£ - a’+pa,

" (s+a,) (s, +a,)

Using the usual relationship between the transmission and reflection coefficients
R=T-1, (2.2-50)

the following expressions for the transient reflected fields are obtained

HS) (x,2,¢) =H£')(0,0,t—fsin9l +Z cos¢9,j—exp(—oz1 (t—E sin@ +£cos0,D
¢ c

c c
x . z
th:xp(—oz2 (t——smel +—cosl9,]], (2.2-51)
¢ c
) cos, ()
E; (x,z,t) =-———"H, (x,z,t) R (2.2-52)
cg,
) SinG, 10
E; (x, z,t) =——"H (x, z,t) . (2.2-53)
cg,

. X . z o
The expression ¢ ——sin8 +—cosd, denotes the retarded time in the free space.
c c

As shown in Figure 2.2-2, consider a uniform TE plane wave that is obliquely incident with

angle of incidence §, on a conductive half space (medium II), and assume again that the source of

the plane wave resides in the air, that the half space is homogeneous and that x4, ¢ and o are
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independent of frequency. Following the above procedure, only the transmitted fields for the TE case

are discussed below. The obliquely incident electric field is defined as
EY (x,2,5) = E, exp(~%(x siné, + z cosé, )] (2.2-54)

and the boundary conditions are used to show that the transmitted field is given by

>

I (Conductive Half Space)

1 (Air)

Figure 2.2-2: Geometry and coordinate system for a transverse electric (TE) plane wave incident

onto a conductive half space.

EY (x,z,s)=EoTexp(—é(xs sind, +z cosd, /s +Zas)) (2.2-55)

where the transmission coefficient is given by

T= 2s (2.2-56)

b
s+bys*+2as

s,c, v, a and b are the same as those in TM case. The phase velocity for the wave propagating in

medium II is frequency dependent and is given by
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v=2_ ! (2.2-57)
y

2
\/%g[ 1+_c2)'7 +1]
o€

The corresponding magnetic fields are given by

ﬁy) (x,z,s)=—E0—T— co§9, exp(—%(xssiné + 2080, /s +2as)) (2.2-58)
spu v v

_(t) - T . 1 .o ~ 2

H)(x,z,5)= E,—sin6, exp —j(xssmﬁ, +2zc086, 45 +2as) . (2.2-59)
cu v

Consider the transient transmitted fields associated with a double decaying exponential pulse

excitation, i.c., £, () has the same waveform as H,(t) in (2.2-32), the transmitted fields in terms of

the canonical integrals are given as

EO (x,2,1)= 2;6_'“1" {(aﬁﬁ(zz—)az) (B, -a)bf(B)-e(B)]
+(af—a) (B —a)bf(ﬂl)—e(ﬁl)]—ﬁ [(B, —a)bf(ﬁz)—e(ﬂz)]} (2.2-60)

HO (3,2,1) = 240502 {(“z —@)aza)ry ) g £ ()]

(b2 —1),u\7 (o —a,) (o, — )
+(2a—a1)[be(ﬂ)—a f(ﬂ)]_w[be(ﬁ )_a f(ﬁ ):l (2.2-61)
o, — ' ' ' o, —Q, 2 2 2 ’
and
HY (x,2,6) = 5;% EW(x,2,1) (2.2-62)

where B, =q; —a for i =1,2, and all the rest parameters are the same as those in TM case.

2.3 ROTHWELL AND SUK’S METHOD

Rothwell and Suk introduced the converging series representations of the time domain TE [13]

and TM [14] plane wave reflection coefficients. They also assumed that material parameters are
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frequency independent but did not use any approximation to the reflection coefficients in frequency
domain. Their analytical expressions of the transient reflection coefficients have the forms similar to
that in [10]. The first term involves a Dirac § function and is the specular reflection coefficient
identical to the lossless case, while the remainder involves modified Bessel functions and the integral
of modified Bessel functions and results from the dispersive nature of the conducting medium. Since
the integral of modified Bessel functions hindered efficiency of computation, it was replaced with an
infinite sum of modified Bessel functions through mathematical manipulations. Then the infinite sum
was truncated, resulting in an approximation for the reflection coefficient.

Consider a plane wave incident from free space onto an interface between free space and a

conducting material with frequency independent material parameters € =¢, &,, 1, and o . If the

electric field is polarized parallel to the interface (TE polarization) and the incident wave vector
makes an angle 6, with the normal to the interface, then the frequency domain reflection coefficient

18

.2 . O
cos 6, —\/ar —sin"G, ~ j

W&,

I'(0)=

cos 6, + \/8, —sin’6, -
wE,

The inverse Fourier transform of this expression is the time domain reflection coefficient given by

Bt

ot g )2

S R DR Y M

where u(x) is the unit step function, 7, (x) is the modified Bessel function of the first kind, and

D_f:,—sin2¢90 Bo_ O
- 2 - 2pn "
cos” 6, &,cos" 6,
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The first term in (2.3-1) is the specular reflection coefficient identical to the lossless case, while the
remainder, designated R(t) , results from the dispersive nature of the conducting medium.

Writing the integral in (2.3-1) as

[()ax={ ()dx- [ ()ax. (2.3-2)

With the help of the integral [59]

fe"‘“ln(ﬁx)dx: F : (2.3-3)

T o]

it is found that the integral over [—oo,O] exactly cancels the third term in (2.3-1), leading to

ROl el ) | = e i e

where f,(x)=e"I,(x), and polynomial approximations for f,(x) and f;(x) may be found in

[60]. Using the change of variables u = %t_li) and defining Q(x) = f, (x)+ £, (x), (2.3-4) can be

written as

Bu(?) Bt D-1 Bt
R(t)=—F—=—""— | ™" ————u |-0| — | |du, 2.3-5
) VD(D-1) f {Q(zD 2D ] Q(wﬂ (23-5)
which is conducive to numerical calculation due to the presence of the decaying exponential in the

integrand. It is also noted that when ¢ is large the term in brackets is a good approximation to the

derivative of QO(x), and thus R(¢) should be proportional to Q’(?_B—Dt} However, for small ¢ this

approximation is poor and the integral must be calculated with more accuracy.

If the magnetic field is polarized parallel to the interface (TM polarization) and the incident

wave vector makes an angle 6, with the normal to the interface, then the frequency domain

reflection coefficient is
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g —sin’0, — j —cos@| € —j
r 0 0 r
wE, we,
. e e
g —sin’@, — j +cos0,| & — j
r 0 0 r
we, we,

Here T is defined as the ratio of the tangential component of the reflected electric field to the

I'(0)=

tangential component of the incident electric field. The inverse Fourier transform of this expression

is the time domain reflection coefficient given by

2D
(D-1)(1+D)

I‘E 5(t)+2’3\/5

”Oﬂ+f‘ o (KK ) eI (Bryu(e)- (K e +K, " )ul(r)

+2K;RﬁJBém
D-1

u(r) Len(mﬂ)x I(Bx)dx+ 2K, PZD'B_\{BePZ' u(r) _';e_(P2+ﬂ)t I(Bx)dx  (2.3-6)

where u(x) is the unit step function and 7(x)=1,(x)+7(x) with 7, (x) the modified Bessel

function of the first kind. Additional quantities are given by

g
D= g’ cos’ 6, B %
g, ~sin’ 6, &, —sin’ g,
o B
A== _Z
£ o 2
2DA-B DA
b:—— CcC=
1-D D-1

3:%@+Jﬁf22) g:é@— b -4c)
E=B-4(1-JD) F=4JD

K = ER*F K ER+F
RE-5 £-HA
P kB
R-F P, -R
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It is noted that (2.3-6) is valid under the condition that P, < P, <0. This requires D >1, and thus

£
@, <sin™ r_1=6
° (a‘,+lj 8

where 6, is the Brewster angle when o =0. Like TE polarization, the first term in (2.3-6) is the

specular reflection coefficient identical to the lossless case, while the remainder, designated R(t) ,

results from the dispersive nature of the conducting medium. Equation (2.3-6) is in a form similar to
(2.3-1) for TE polarization but is considerably more complicated.
Using (2.3-2) and (2.3-3), (2.3-6) can be finally written as

R(t)=- 2N_K ”(’)f { (ﬂwgu]—g(ﬁt)}du

1

2D K,u(0) [e |:Q(’gt+gu]—Q(ﬂt)}du 2.3-7)

2

where Q(x)=e"I(x).

2.4 COSSMANN, ROTHWELL AND KEMPEL’S METHOD

In the above presentations of the three techniques handling the transient reflection from a lossy
half space, it is assumed that the the material parameters are independent of frequency. In practice,
the permittivity, permeability and conductivity show a weak frequency dependence only within some
frequency ranges, e.g., microwave bands, and so can be approximately treated as frequency
independence quantities within these frequency ranges. When approaching the visible spectrum,
permittivity and conductivity began to show a strong frequency dependence and cannot be
considered frequency independent anymore. Cossmann, Rothwell and Kempel analytically
determined the time domain reflection coefficients for a TE [35] and TM [36] polarized plane wave
obliquely incident on a Lorentz medium half space whose permittivity obeys some specific relation

with frequency. They utilized the inversion of the frequency domain reflection coefficients, and the
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resulting expressions contain exponential and modified Bessel functions and require convolution
operation to evaluate.

Consider a sinusoidal stead-state plane wave of frequency @ incident on an interface separating
free space (region 1) from a homogeneous Lorentz medium (region 2). The angle of incidence
measured from the normal to the interface is @, and the electric field is polarized perpendicular to

the plane of incidence (TE polarization). Region 1 is described by the permittivity &, and
permeability z,, while region 2 is described by the permittivity g(a)) =g,€, (a)) and permeability
H, - The reflection coefficient, defined as the ratio of the tangential incident field to reflected electric
field, is given by

Z(w)-Z,

") 2z,

(2.4-1)

where the wave impedance of the incident wave is Z, =17, /cos@ and the wave impedance of the

transmitted wave is

Z(0)= UQLIO (2.4-2)

k. (@)
Here 77, = (,uo/so)'/2 , = (,uo/s)l/2 , k= (k2 ~ Kk sin’ 9)1/2 kg =0 (16,)" and k=0 (4, 8)1/2 :
The relative permittivity of a single resonance Lorentz medium has the form

b2

g'(w):1+a)2—a)2+2ja)5'
0

(2.4-3)

Here @, is the resonance frequency, & is the damping coefficient, and b is the plasma frequency of
the medium. Letting the Laplace transform variable be s = j@ and substituting Equation (2.4-3),

then the Laplace domain reflection coefficient may be written in the form

(s2 +25s+a)g)]/2 —(s2 +28s+w} +Bz)1/2

(s2 +2§s+a)§)1/2 +(s2 +28s+@; +BZ)

I'(s)= (2.4-4)

/2 °
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where B =b/cos8 . Factoring the quadratic forms under the radicals gives the alternative form

- ((S—Sl)(s—sz))l/z —((s—s3)(s—s4))l/2
(=) (=) +((s-2) (s-5.))"

I'(s)

b

where
/2
5,,=—0%4 h=(6"-m)",

Sy =—0+ A, A=(6"-a}-B°)".

4, and A, may be either real or imaginary, depending on the values of @,,  and B.

(2.4-5)

(2.4-6)

(2.4-7)

The reflection coefficient, Equation (2.4-5), may be put into a form amenable to inversion via a

look-up table by rationalizing the denominator, leading to

r(s):_m

BZ

b

where

F(s)=((s—5)(s=5))" ~((s-5,) (s—5,))""

Through mathematical manipulation, F(s) can be written as

(2.4-8)

(2.4-9)

1 1 1 1
Fls)=si| [ 252 T oa || S8 P onflog [ S252 ] ot o [ 225 1 (s -s,) . @24-10)
55 5=, =5 58,

Defining the transform pairs

5=

(s_s4]%_leﬂ(t),

5=,

(2.4-11)

(2.4-12)

with the differentiation theorem of Laplace transforms, the inversion of F (s) can be written as
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10)=F (FO) =250 50) -5 A+ 5 5O~ -5)50). @413

Using the transform pair

1

R Ly (T P

s~ B
and substituting from Equations, (2.4-6) and (2.4-5) give
L) =4 [L(A0)+I,(A41)]u(t), (2.4-15)
L) =2 € [ L(At)+ 1, (A1) ]u(t). (2.4-16)
Here u(t) is the unit step function, and /,(x) and 7, (x) are the modified Bessel functions of orders

0 and 1, respectively.

The derivatives required to specify f (t) can be found through direct differentiation.

d{;t(t) = e [/?1 L (At)+(A=8) 1, (A1) -61,(4 z)} u(t)+ 4 8(1), (2.4-17)
d/";t(t) =he’ [13 I (A 0)+(4 —5)11(/13t)—510(ﬂ,3t)} u(t)+ 2, 5(t). (2.4-18)

Substituting (2.4-17) and (2.4-18) into (2.4-13) gives
F@)=A e [K ()= L0 Ju@) -2 L () -L(a) [u().  @a19)
Using the derivative identity
%11 (x)=-I (x)+1,(x) (2.4-20)

allows Equation (2.4-19) to be simplified to

211 211 &t
£(0)=|-4 (;;’)uj gj’;’) e ul). (2.4-21)
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The time-domain reflection coefficient, F(t) , can be found by computing the inverse transform of

Equation (2.4-8) and using convolution formula. Substitutig from Equation (2.4-21) for f (t) leads

to

BT()=1()* /()

P R PR

=P (A () 2478 £, (1) + 4 £ (1)) (2.4-22)
The covolutions comprising f,(¢) and f.(¢) can be written explicitly. Writing f, (¢) in integral

form gives

fa()=u(t) J; gf‘(ft_tt))) dr'. (2.4-23)

Using the substitution u = 4 (¢ — ') gives

ﬂ,lt u) I, (u)
fu(t)=ul(t )JZ, FY— ( /Jdu. (2.4-24)
Defining 7 = A, ¢ allows the integral to be evaluated as follows:
__u() pL(r—u) (W) | u(t)( )
fi(t)= ) [ e ,(7) (2.4-25)
Hence f,(t) and f,(¢) can be written as
£.(0) =21, (A1) 1) =21,(41), (2.4-26)
4 %
where
I, (x)=£)(c—x)u(x). (2.4-27)

With these, the time domain reflection coefficient becomes
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2 s ~ ~ = ~
r()=-—¢’ (W' L(40)+ 4 L(A0) - 2747 L (4 1)+ (41)). (2.4-28)
Equation (2.4-28) is general valid. However, when A or 4, is imaginary, the modified Bessel

functions may be replaced by ordinary Bessel functions according to three possible cases. Case 1

occurs when @} >3°, making both 4 and A, be purely imaginary. Defining

4 =(w2-6%)" % =(o} +8-5)" (2.4-29)
and using
L(jx)=7"J,(x) (2.4-30)
lead to
()= 2 (BRI R LE)TRGLEPLE),  eas
where
T (x)= —J"ix) u(x). (2.4-32)

Here J, (x) is the ordinary Bessel function of order .
Case 2 occurs when @_ + B® <37, making both 4, and A, be purely real, then Equation (2.4-28)

can be directly used. Case 3 occurs when @] + B* >3 and @} <&°. In this case, 4 is purely real

but A, purely imaginary, leading to

2 . = = — -
F(t):—Fe 5’(43 L(At)+ 2 T, (At)- 2222 T (A)* T, (4 t)). (2.4-33)
There are some interesting differences between the results obtained in the TE and TM cases.
Because of the greater complexity of the TM frequency domain reflection coefficient, a more
involved process is needed, including the introduction of a term that does not appear in the TE case.
Interestingly, under some conditions this term is noncausal, although the final expression for the

impulse response is causal. This is an artifact of the technique used to manipulate the frequency
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domain expression and does not cause any difficulty in calculation. Also, it is found that when the
incident angle is equal to 45°, a special form of the reflection coefficient is obtained that does not
involve the additional term.

For the case of TM polarization (magnetic field perpendicular to the plane of incidence), the
originally defined reflection coefficient is still given by (2.4-1), the impedance of a plane wave in the
free space (ratio of tangential electric field to tangential magnetic field at the interface) is

Z, =1,cos8, the impedance of a wave in the Lorentz medium is

Z(w)= % : (2.4-34)

The incident angle 6 is measured in the same way as in TE case, 7,, 77, k,, k,, and k are the same
as those for TE polarization, respectively. Letting the Laplace transform variable be s = jo» and

substituting (2.4-3) and (2.4-34) into (2.4-1), the Laplace domain reflection coefficient may be

written in the form

((5-5)(5-5)(s=5) (s=5)" = ((5=5) (5-5.))"  N(s)

O ) ) ) D
where
Sa=—04+4, A=(52-a?)", (2.4-36)
Sya=—0% 4 =("-at -1%)", (2.4-37)
Se=—0 %A 5 =(6"-a} -B)". (2.4-38)

Here w,, 8§, b and B are the same as those for TE polarization, and 4,, 4, and A; may be either
real or imaginary, depending on the values of @,, §, b and B.

The denominator in (2.4-35) is rationalized by the operation

r(s)= () M(s) (2.4-39)

D(s) N(s)
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For 6 # 45°, the denominator of (2.4-39) can be written as
D(s)N(s)=b2(tan20—1)(s—sA)(s—sB), (2.4-40)

where

1/2

S,s=—0%A, 4, =(6” @} -b*/(tan’ 6-1)) (2.4-41)

The numerator of (2.4-39) can be written as

(N(s)) =(s=5.) (s =5,) G(s). (24-42)
where
G(s)=g.(s)+ 8, (s)~2b°¢,(s) + b8, (s) + 27, (2.4-43)
&(s)=(s=5) (s=5)~((s=5.) (s=5,) (s =) (s =s.))"", (2.4-44)
g2(s)=(s =) (s=5,) (s =s)) (s =) (s-5) (s -5,)) ", (2.4-45)
2.(5)= (s=55) (s =) 2:446)

((s=s)(s —SZ)(S_SS)(S_S6))1/2 ’

(2.4-47)

1
gu(s) = ————.
(s=s)(s-s,)
Using the convolution theorem of Laplace transforms, the time domain reflection coefficient can

be written as
b’ (tan’ 6 -1) T (£)=c(t)* g(1), (2.4-48)
where g(¢) is the inverse transform of G(s) and is given by
g(t) =g (t)+ g, (t) - 2b%g, (£) + b*g, () + 2b* 5(¢), (2.4-49)

and ¢(¢) is the inverse transform of

C(s) = (5=5)(s=5:) (2.4-50)

) (s=5,)(5-55)
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The quantity g(t) may be found by taking the inverse transform of each of the terms in (2.4-

43). The terms g, (s)+ g, (s) are identical to the numerator of the reflection coefficient for the TE

polarization, termed (F (s))2 there. Using the inverse transform developed there gives

g (1) + & (1) =2 [ AL (A ) u(t)+ AL (A 1) u(e)- 2247 (T (A ) () *(T, (A1) u(2) ], (24-51)

where u(¢) is the unit step function and
I(x)= I"—(xl, (2.4-52)
x

with /,(x) as the modified Bessel function of the first kind of order n. This definition does not

include the unit step function and thus differs from the definition in the TE case.

Using the transform pair

1

o
(s+ ,0)1/2 (s+ 0')1/2

and employing the differentiation theorem of Laplace transforms, the term g, (t) can be written as

A 1( (p—a)%)u(t) (2.4-53)

d b \_
(t) [——4'25;;4'600 +m] g3(t), (24-54)
where
g ()= [L(A0)u(t)|*[1,(4t) u(t)]. (2.4-55)
Using the definition of A, (2.4-54) can be simplified as
d2
g ()= [ y ] g(1). (2.4-56)
s
Recalling that ﬁ% =0 (t) and using the differentiation rule,

21052 ()]= LW g)= 9+ 15

(2.4-57)

-
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gives, after some simplification,

g (t)=e"’ [—/152 (L, (A ey u(e))* (1, (A ) u(e)) + A4 1, (A t) u(z)] +6(1). (2.4-58)

The fourth term in (2.4-49) may be inverted by using the partial fraction expansion

1 1 1
2:(5)= (s- sl)(s 5,) ﬁ[s—sl_s—szJ’ (24-59)

giving
g.(1)=5 smhM )u(?). (2.4-60)

Substituting (2.4-51), (2.4-58) and (2.4-60) into (2.4-49) then gives

g(t)=2¢" [zﬁiz (A u(t)+ AL, (A t)u(t) - 4747 (L (A ) u () * (£, (A 1) u(?))
+5° A (1, (A ) u () * (1, (A ) u(t)) - D A L, (A £) u(r)+ % sinh (4, 1) u(t)} . (24-61)

There are three possible variants of g(t) . Case 1 occurs when @] > &%, making both 4 and A,
be imaginary. Using (2.4-30) and sinh(j x) = jsin(x) and letting
4 =(ef-5%)" %=(at +B-5)" (2.4-62)

give

g(t) =2 BT, (Ao u(t)+ BT, (R t)u(e) - 222 (T, (R u(r))* (I, (1) u ()
—b2 A} (Jo (ﬂ_l t) u (t)) * (Jl (/7.5 t) u (t)) +b* 2 J, (Z t) u (t) + Eb/% sin(/T1 t) u(t):} . (2.4-63)

In case 2, @} <&° — B?, then both A and A, are real and Equation (2.4-61) can be directly used.

Finally, case 3 occurs when 8° — B> < @] <&, then J, is real but 4, imaginary, and Equation (2.4-

61) becomes

g(t)=2e“”[213f2(ﬂ1t)u(t)+253]2(151) ()= 4"% (L (A1) u()*(, (A ) u(2))
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#0222 (L, (A1) u(0))*(J, (A1) u(r)) - bzﬂ,lll(ﬂlt)u(t)+%sinh(ﬂlt)u(t)}. (2.4-64)

The last step in determining the reflection coefficient is to invert C(s). Expanding (2.4-50) in

partial fractions gives

b’ 1 1
C(s)=1 - . 2.4-65
(5) +24A(tan26?—1)(s—s,, s—sB) ( )

The form of the inverse transform of this function depends on the values of s, and s,, with three
possible cases. Case 1 occurs if &° +b2/(tan2 9—1) > o) >b2/(tan2 6—1) . Then the transform
identity 1/(s + B) <> e™”'u(t) can be used to give

e(1)=5(1) —ﬁﬂ sinh (4, 1) (7). (2.4-66)

Case 2 occurs if @} >3 + bz/(t;an2 0- 1) , for which 1, is imaginary. Defining

B b2 12
ﬂ’A = (a); — 52 + m] , (24-67)
gives for this case
2 —5: _
c(t)=5(t) ter— ( 51) sin(Z, ) u(t). (2.4-68)

Finally, case 3 occurs if @] <b2/ (tanzé’—l). Then A, is real and greater than &, resulting in

Re(s, )> 0. This requires use of the identity 1/(s — B) <> ¢”' u(—t), giving

é't

e())=5()+ ( . 1)( M u(~t) =™ u(r))= 5(t)—(—t e (2469

tan’ @ 1)
With c(t) determined, the reflection coefficient is found through the convolution described by
(2.4-48). When @] <b’ / (tan2 6’—1), then c(¢), as given by (2.4-69), is noncausal. However, the

numerical inversion of (2.4-35) shows that F(t) is causal under all circumstances. This apparent
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contradiction is the result of the rationalization process inherent in (2.4-39). Since this process is a
multiplication by unity, there is no effect on the spectrum, and in the TE case the process leads to no

difficulties. However, for the TM case, under certain circumstances, the inverse transform of the

term 1/ N (s) is noncausal, and so the convolution introduced by multiplication in frequency domain
must somehow eliminate any noncausal effect.

When 6 =45°, the expressions achieved above cannot be used directly due to singularities.
Since the denominator of (2.4-39) reduces to N(s)D(s)=-b* when 6=45", from (2.4-42) the
reflection coefficient is given by

~b'T(s)=(s—5,)(s—5,) G(5) =(s* + 285+ &} ) G(s). (2.4-70)

Inverting (2.4-70) with the differentiation theorem gives

] d’ d
-b*T(1)= d—t+25d +o; | g(1), (2.4-71)

where g(¢) is given in (2.4-61). Using the definition of 4, , (2.4-71) reduces to
BT (£) =267 (— A ] L), 2.4-72)
where g, (t) =ée” g(t) . Computing the derivatives of g, (t) gives
" 393 7' 7! 1 3,25 1,5+
g'(1)= -4’2, [11 (4 t)u(t)}*{]l (ﬂst)u(t)}—ixﬁ BT () u(e) 25T () u(e)
PR T (A0 u(e)+ A5 E (A1) u(t)+ B AT A [II'(/Lt)u(t)}*[fl'(/ls t)u(t)}

624 1 (A1) u(t) + % b*4, sinh(4, ) u(t) (2.4-73)

where a prime (') indicates differentiation with respect to argument. Substituting this expression

into (2.4-72) and using

'(x )_ nl(x) 11y (). (2.4-74)

n+1
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produces, after some simplification, the reflection coefficient for 6 = 45°,

r()=-25- {_m; (7, (A ()] [ (i ()] 2 27 (47« 22) (A )]+ (2 ()]
RELAOu()-AAT (B u()+ L AT (RO u() 2T (1) u(t)} (2.4-75)

When /A is imaginary or when both 4, and A, are imaginary, then (2.4-75) can be modified as

was done before. For example, when both 4, and A are imaginary, (2.4-75) becomes

)=~ 2 BR[O [ (R0 S22 (3 2[R 0] [ R )]

2.5 CONCLUDING REMARKS

This chapter reviews some major analytical methods to model transient reflection of horizontally
and vertically polarized wave reflected from lossy and dispersive medium half spaces, and has
shown that they are not good enough. The merits and limitations of each method are summarized as
follows.

In section 2.1, the approximate form of a frequency-domain reflection coefficient permits one
analytical expression for the impulse response of a lossy half space, but makes the solutions
inaccurate or even invalid for large incident angles relative to the normal to the interface and/or for
relative dielectric constants below the order of 10.

In section 2.2, the transient TE and TM plane waves obliquely incident on a conductive half
space are first represented as inverse Laplace transforms, and then shown to consist of two canonical
integrals that can be solved analytically. However, these inverse Laplace transform representations
are derived only for the incidence of a double exponential signal. The solutions for the reflected and
transmitted waves involve incomplete Lipschitz-Hankel integrals for which some specific software is

needed for rapid calculation.
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Section 2.3 introduces a rapidly converging series of the time-domain reflection coefficient into
the analysis of transient reflection from a lossy half space, which is valid for all incident angles with
the horizontal polarization, but only for incident angles less than the Brewster angle with the vertical
polarization. Few terms provide good accuracy for late time, while many more terms may be
required to approach acceptable accuracy for early time, making calculation complicated and time-
consuming.

Section 2.4 presents the closed form solutions for both TE and TM transient reflection
coefficients, which provide useful intuition about the response of a Lorentz medium half space.
However, the mathematical derivations are lengthy and the solutions involve exponential and
modified Bessel functions and require convolution operation to evaluate. Particularly, because of the
greater complexity of the TM frequency domain reflection coefficient, a more involved process is
needed, including the introduction of a term that does not appear in the TE case. Under some
conditions this term is noncausal, although the final expression for the impulse response is causal.
Moreover, when the incident angle is equal to 45° the general expressions cannot be used directly
due to singularities, and a special form of TM time domain reflection coefficient is separately
achieved.

In order to overcome the disadvantages of the above methods, we introduced one method based
on the numerical inversion of Laplace transform into the transient analysis of electromagnetic waves
in lossy and dispersive media. In next chapter, the theory on the numerical inversion of Laplace

transform is discussed and the method is put on a firmer mathematical basis.
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CHAPTER 3: THEORY ON NUMERICAL INVERSION OF LAPLACE
TRANSFORM

All the analytical methods discussed in Chapter 2 for transient reflection and transmission rely
on the evaluation or computation of inverse Fourier transforms or inverse Laplace transforms. As
indicated in [61], the most straightforward numerical approach is to use the fast Fourier transform
algorithm in a direct numerical synthesis of the Fourier integral representation of the dispersive pulse
propagation problem. Unfortunately, the computational efficiency of this numerical procedure
decreases rapidly when an attempt is made to calculate the fine high frequency field structure that is
characteristic of the onset of the Sommerfeld precursor field. It has been found that FFT techniques
require a large number of sample points for correct modeling of the early time behavior in dispersive
regions [11] [12] [27] [28]. In fact, this is one of the reasons that some analytical methods like those
in Chapter 2 are needed to be developed. However, as shown in the last chapter, a process for
evaluating or calculating inverse transforms is lengthy, some skills in mathematical manipulation are
often needed, and particularly, the procedure is relative complicated but not generic. For instance,
the usage of the closed form representation in terms of incomplete Lipschitz-Hankel integrals
(ILHI’s) are more complex than the usage of FFT for the dispersion problems relevant to lossy
materials in [11] [12] [26] [27], but cannot be directly applied to dispersion problems related to
Lorentz material because of the complexity of the Lorentz model.

The inversion of Laplace transforms is a topic of fundamental importance in many fields of
applied and computational sciences. For a transform with a suitable structure, the inverse function
can be recovered by using tables of function-transform pairs [59] or by using the Bromwich integral
and Cauchy integral theorem [67]. For more complicated transforms that are not given in these tables
and for which the Bromwich integral and Cauchy integral theorem cannot be used, the numerical
transform inversion would be a viable option. Many methods have been developed for performing

numerical transform inversion. Davies [62] gives a good summary of the more popular methods.
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Although no method is universally superior, one that boasts a good combination of accuracy,
robustness and similicity and is well suited to technological applications is the Fourier series method,
which is so-called because it involves approximating the inversion integral with an infinite Fourier
series. The partial sums of a Fourier series thus formed are often slow to converge, so an effective
convergence acceleration technique needs to be applied. Euler summation [63] is a classical scheme
for accelerating the convergence of certain sequences. Simon et al [64] were the first to use Euler
summation for Laplace transform inversion with the Fourier series approach. Hosono [65] [66]
employed a more flexible Euler summation, made refinements to the basic Fourier series approach,
and pioneered new areas of application. Since then, however, Hosono’s algorithm has only found
quite limited applications in electromagnetics and seems to have received less attention in the related
fields over the last thirty years. The aims of this thesis are to further develop Hosono’s algorithm and
to extend and apply the inversion approach to transient analysis of electromagnetic pulses. In this
chapter, Hosono’s algorithm for numerical inversion of Laplace transform is discussed and treated

under a strict theoretical framework.
3.1 APPROXIMATION OF EXPONENTIAL FUNCTION

The Laplace transform (image function in the complex frequency domain) F (s) and the inverse

Laplace transform (original function in the time domain) f (t) are related by the forward

transformation

L(f (1)) =F(s)= [ f()e'ar (3.1-1)

and the inverse transformation

L'(F(s)) = f(t):—zjr—j [ F(s)emds. (3.1-2)

Jjoo

The most distinctive feature of this method lies in approximating e** with some function, such

as
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y2) st

e e

E,_(st,p)= = =&~ et e~ 3.1-3
«(51.P) 2cosh(p-st) 1+t G-1-3)
Hence,
e =limE, (st,p). (3.1-4)
po

' differs from E, (s¢,p) in nature, because e” is an entire function that has an essential

singularity at infinity but has no finite-plane singularities, while E_ (s t, p) is a meromorphic
function that has any number of poles in the finite plane.

In order to conduct the complex integral, a partial-fraction expansion of £, (s t, p) which takes

the form of an infinite series needs to be found. E, (s ¢, ) has first-order poles at

_p+j(n-05)x
t

N

(3.1-5)
where # is an integer. According to the Mittag-Leftler theorem [67], E_ (s t p) can be expressed by

E (st,p)=) p.(st,p) (3.1-6)
where p, (s t, p) is a single principal part arising from an expansion about each pole, if E_ (s t, p)
or [cosh (0 —st)}_1 is uniformly bounded on a set of curves. The square contours shown in Figure

3.1-1 can be chosen as the set of curves, on which it is checked whether [cosh(,o—st)]_1 is

uniformly bounded or not.
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Figure 3.1-1: Contours used in obtaining the partial-fraction expansion of £, (s t, p) .

With s=x+/ y,

lcosh(p—st‘)l2 =|cosh(p—xt—jyt){2 =sinh>(p—xt)+cos’*(y1). (3.1-7)
On a vertical side x=p+nﬂ (n==%1,%2,...),
|cosh(p —st)'2 =sinh® (n )+ cos® (y t) = sinh* (n z) >1. (3.1-8)

On a horizontal side y:f—” (n=%1,+2,---),
t

|cosh(p—st)|2 =sinh® (p—xt)+cos’ (nz)=sinh® (p—xt)+1=cosh’*(p—x1)21. (3.1-9)
Hence, on each contour shown in Figure 3.1-1,

1

—|<1 3.1-10
cosh(p—st) ( )

which verifies that the conditions of the Mittag-Leffler theorem are satisfied. At each pole, the

residue of I:cosh ( p— st)]_1 is
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file:///cosh

im =
s (p+s(n-05)7) /1 cosh(p —st)

st‘(P"‘J’(”_O'S)”)_{ ! }
sinh(st—ﬂ) s (o4 (n-05)7) [ 1

- ! _ ! Ty _
~sinh(j(n-05)7) j(-1) (3.1-11)

J sin(n V4 —EJ ) cos(n ”) )
2

so that

_E3 () _
Eo(st.p)= 2 ,,;; st—[p+j(n—0.5)7t] ' (3.1-12)

In [65] and [66], (3.1-12) was simply given without the derivation and verification that the
conditions of the Mittag-Leffler theorem are met.

3.2 APPROXIMATION OF INVERSION OF LAPLACE TRANSFORM

The inversion of Laplace transform is approximated by a function f,_ (t, p) that is defined as

£.(t:0) :%,- [ F(s)E.(st.p)ds. 32-1)
Substituting (3.1-3) into (3.2-1) leads to
fo(p)=f(t)- f(3t)+e™ f(5t) - (3.22)
Thus,
f()= lim f.. (t,p). (3.2-3)

The evaluation of the Bromwich integral for f, (t, p) in (3.2-1) was not strictly treated in [65]

and [66]. This thesis attempts to present a more strict treatment as follows. The purpose is to transfer

the Bromwich integral for f,, (t, p) , under some conditions F (s) satisfies, to an integral that
encloses all the poles of £, (s t, p) but does not contains any singularity or branch point of F (s) ,
so that f, (¢,p) is evaluated as a summation of the residues of F(s)E, (st,p) at all poles of

E,(st,p).If E, (st,p) had a finite number of poles, the transfer could be done straightforwardly.
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With E, (st,p) containing an infinite number of poles now, as indicated in the partial-fraction
expansion given by (3.1-12), the transfer cannot be done straightforwardly, since the contour of

integration will pass through singularities of E, (s ¢,p) when n —c.

Based on the properties of F (s) , such a number y, can always be found that in the region of
convergence, 0 <y, <Re(s), 1) F(s) converges absolutely, 2) lim F (s)=0, 3) F(s) does not
have any singularity and branch point, and 4) F (s') =F"(s) where * denotes complex conjugate.

Meanwhile, a number p in (3.1-3) can also be determined such that y, <€‘, With the partial-

fraction expansion of the approximating function £, (s t, p) given by (3.1-12), the Bromwich
integral for f,, (t, p) in (3.2-1) can be transferred to the integral around the poles of E,. (s t, p)

when F(s) satisfies the above four conditions. The procedure is justified below.

7y
[ y+nxft nxft+ janft

k >

(2s-1)x 2 /

v

70 v,

C

n

X X X XX X X X

|

2t L4
7-naft naft—jnxaft

Figure 3.2-1: Bromwich integral path for £, (1,p).
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As shown in Figure 3.2-1, y, <y < ? , a sequence of expanding closed rectangular contours are

chosen in such a way that no contour passes through any pole of E, (s t p). When n increases to

infinity through the positive integers (n—> o ), the height 2n 7 and width Z(T—y] of the

rectangular contour go to infinity through discrete values and the closed contour will enclose all the

poles of E, (s t,p). The Bromwich integral for f,_(t,p) is evaluated as follows.

271” [ T F(s)E. (st,0) dszijcng(s)E“ (styp)ds—1,~I, -1, (3.24)
where
11=371[—j n’”F[x+jn—t”—jEec(xt+jn7t,p)dx, (3.2-5)
1, =ﬁ§ ‘ET,%F(?—kjija(nﬂ+jyt,p)dy, (3.2-6)
1;%}, t,,F(x—j%JEec(xt—jnir,p)dx. (3.2-7)

The goal is to argue that the integrals I, (k=1, 2, 3) vanish as n — o . With the above first

condition on F (s) , such a number £ can be found that

’F[x-kjﬁ)
t
! F(x+jﬁt£J‘

ce 1
dx= ! dx
sinh® (p - xt +c0s2(n7r) 4r J‘V_‘?‘)Sh(P—Xt)

<g, 7Sx£¥, (3.2-8)

Hence,

1
|cosh(p—xt—j nr)

|I'IS$ : Eec(xt+jnﬂ,p)|dxsiiﬁ :dx

nr
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2l L _ax (vex)

4t cosh(p—x)

2 [—arctan(e"'f )T :!

4

eP

> (arctan (e""’ ) - arctan(ep"’” )) .

With the above second condition on F (s) , n—> o is making & arbitrarily small and

P

|- % arctan(e”7") 0. (3.2-9)
/4

Then consider 1, ,

1 nrx ge’ - 1 |
Lis— ' |F|l—+Jjy|I|E iyt,p)ldy< ! d
] 2|<27r ‘[z,ﬁ ( [ +Jyj) «(nm iyt p)] y= 4r 'U,‘”,Cosh(/)—nﬂ—jyt), g
p nx e’ nx
"r \/smhz(p nrr)+cos2 (yt) ‘r lsznh (p- n;r)‘
ge’ nrx
= . 3.2-10
27rt|sinh(p—n7r)| (n_)oo) ( )
Similar to 7,
1 &~ N cge’ = 1 |
I <— t —_ —_ t
|3|<27r F(x / t j ( Jnﬂ,p)ldx< 4z J;;cosh(p—xt+jn/r)|
e’ - -nz
=57 (arctan(e" ”)—arctan(e" ))—)O (n—> ). (3.2-11)
From (3.2-9), (3.2-10) and (3.2-11),
liml, =0 (k=1,2,3). (3.2-12)
Applying (3.2-12) to (3.2-4) leads to
— ““’F :— F Jp)ds. 3.2-1
2ﬂ'j (s) (st p)d. {f (s c(st p) ds ( 3)

So the Bromwich integral for f,_(t,p) is transferred to the integral around the poles of E, (s 1p)

with the above three conditions on F(s). From the residue theorem,
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L. YUE (s E (st,p)ds=— F(s)E, (st,p)at all polesof E, (st,p (3.2-14)
27[.] rere residues

Substituting (3.1-12) into (3.2-14) results in

fo(t,p)= Z ) lim [F(s) E, (s t,p)]

— —(p+1(n-05)7) /1

:_;it 3 (_I)MJ,F(pﬁuj(nt—o.s)nJ. (32-15)

Using the above fourth condition on F(s), it can be obtained from (3.2-15) that

fult.p)= %iF (3.2-16)
where
F,=(-1)’ IrnF[p+j(nt— 0'5)”} (3.2-17)

Theoretically, f,, (t, p) can be evaluated from (3.2-16), which gives a good approximation to f (t)

when o >>1, based on (3.2-2).

3.3 PRACTICAL COMPUTATION OF INVERSION OF LAPLACE TRANSFORM

In practice, the infinite series in (3.2-16) has to be truncated after a proper number of terms.
Since the infinite series is a slowly convergent alternating series, truncating it to a small number of
terms leads to a significant error and thus is not practical. An effective approach using the Euler
transformation has been developed, which works under the following conditions [63]:

a) There exists an integer k£ >1 such that the signs of F, given by (3.2-17) alternate for n>k .

b)For n>k, 1< <1.

F,./F,

With the conditions a) and b), (3.2-16) can be truncated with f." (t, p) , which hasN=1+m

terms and is given by
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fir(e.p)=(e"/t) (IZIF + 2"”“iA,,,"F,+,,] , (3.3-1)

where 4, are defined recursively by

1
A4 =1, Amn_lemn+(m+ J (3.3-2)

3.4 ERROR ESTIMATION

In this method, there are three kinds of errors: truncation errors, approximation errors and round-
off errors. The truncation errors increase with ¢ and decrease with N =/ +m. For a typical value of
t, the calculation is repeated by increasing N to determine a proper number of terms in (3.2-16),
which makes the truncation errors small enough. The upper bound of the truncation errors is given
by

le —

L2 (6p) = £ (60)|- (3.4-1)

For the approximation errors, according to (14), the upper bound is given by

fe(tsp)-f(t) =M e, (3.4-2)
if

‘f(t)|SM forall ¢>0.
The round-off errors depend on the significant digits used, the complexity of the image function
F (s) , the number of terms in the summation, the order of operations, and so on. Usually, the round-

off errors are so small that they can be neglected if a computer with significant digits of no less than

nine is used.

3.5 CONCLUDING REMARKS

In this chapter, the theory on numerical inversion of Laplace transform is discussed, and the

scheme is put on a firmer mathematical basis. The conditions under which the scheme is developed
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and can be applied in practice are clarified. In next chapter, this scheme is extended and applied to
modeling pulses reflected from a conductive half space, and is combined with Prony’s method to

characterize pulses propagating through a lossy dielectric slab.
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CHAPTER 4: PULSE REFLECTION FROM A CONDUCTIVE HALF SPACE AND
PROPAGATION THROUGH A LOSSY DIELECTRIC SLAB

The waveform analysis for pulses propagating through and interacting with different media is a
topic of importance in many technological fields. In this chapter, an efficient time domain technique
is developed on the basis of the numerical inversion of the Laplace transform discussed in last
chapter and Prony’s method for the analyses of electromagnetic pulses reflected from a conductive
interface and propagating through a lossy dielectric slab. First, using the numerical inversion of the
Laplace transform but without using Prony’s method, the reflection excited by exponentially
decaying incident pulses impinging on a conducting half space is analyzed for both horizontal and
vertical polarizations. Then the technique is directly applied to the case of the vertical polarization
with an incident angle not smaller than the Brewster angle. For arbitrary incident signals, it is
clarified that the technique based on the algorithm discussed in Chapter 3 is still usable but needs to
be combined with Prony’s method. Following this clarification, the details on Prony’s method and
some associated practical problems in the combination with Prony’s method are discussed. After
that, the approach combining the numerical inversion of the Laplace transform with Prony’s method
is applied to the analyses of arbitrary pulses reflected from a conductive interface. Our numerical
results are illustrated and compared with those published in the literature. A good agreement between
the two validates the correctness and effectiveness of this approach. Based on the studies of pulses
reflected from a conducting half space, characterization of arbitrary pulses propagating through a
lossy dielectric slab is pursued. Comparison between the results obtained with this technique and
previously published results and those obtained using the FDTD technique indicates a good
agreement. Moreover, the concern on whether the treatment of permittivity and conductivity in this
chapter accords with the Kramers—Kronig relations is properly addressed. Finally, this approach is
summarized and the significance of this work is discussed. In Appendix A, a mathematical proof is

presented, showing that the numerical inversion of the Laplace transform is applicable to the
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characterization of the reflected pulse due to an incident pulse that is a linear combination of
exponentially decaying signals and is impinging upon a conductive interface at any incident angle

for both polarizations.

AZ

K5 & O, #8550,

ﬁr

1

Figure 4.1-1: Horizontal, transverse electric (TE) or perpendicular polarization.

A

Hs &, O H,>8,,0,

Figure 4.1-2: Vertical, transverse magnetic (TM) or parallel polarization.
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4.1 REFLECTION OF EXPOENTIALLY DECAYING PULSES FROM A CONDUCTING HALF

SPACE

For the convenient discussions in this chapter and in next chapter, the horizontal and vertical
polarizations, the transverse electric (TE) and transverse magnetic (TM) polarizations, and the
perpendicular and parallel polarizations are defined firstly. The horizontal polarization is called when
the electric field is parallel to the interface between two media, which is identical to the transverse
electric (TE) polarization since the electric field is transverse to the normal of the interface or to the
wave propagation direction, and is also identical to the perpendicular polarization since the electric
field is perpendicular to the plane of incidence (xz plane), as shown in Figure 4.1-1. The vertical
polarization is called when a component of the electric field is perpendicular to the interface, which
is identical to the transverse magnetic (TM) polarization since the magnetic field is transverse to the
normal of the interface or to the wave propagation direction, and is also identical to the parallel
polarization since the electric field is parallel to the plane of incidence, as shown in Figure 4.1-2.

The plane pulsive wave is incident from free space onto an interface between free space and a

lossy material with the conductivity o and the relative dielectric constant & . The reflection

coefficients in complex frequency domain for vertical and horizontal polarizations are given by (2.1-

2) and (2.1-3), respectively. In order to compare our results with those in [10], the same parameters
for the conducting half space, £ =10, o =10 mS/m, and the same incident angle 6=45° are

chosen, and the same Bell Laboratory waveform incident field is used as in [10]. Such an incident

field is plotted by the dotted line in Figure 4.1-3, and is given by
E™(t)=Ay(e - ) (4.1-1)
with 4, =52.5(kV/m), @ =4x10°(1/s), and B=4.76 x10° (1/s). This double decaying exponential

incident pulse has the spectral representation

E""C(s)zAO[ P 1 ] (4.1-2)

s+a s+p
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The image functions F,(6,s)=R,(6,s)E"™(s) and F,(6,s)=R,(6,s)E™(s) not only clearly
satisfy the four conditions under which equation (3.2-16) holds, but also obey the two conditions in

section 3.3 under which f." (¢, p) can be used to approximate f,,(¢,p), for which a proof is given

in Appendix A. The following results are obtained with p=6 and N =20 (/=14, m=6).
For problems involving a lossy soil, typical values of o range from 1 to 30 mS/m, although

conductivities as high as 100 mS/m are sometimes encountered in the literature, while typical values

of &, range from 10 to 30 [10].

The reflected field is calculated when 8 =45°, o =10 mS/m and ¢, = 10, 20, 30, and is plotted

in Figure 4.1-3 and Figure 4.1-4, for vertical and horizontal polarizations, respectively. Both figures

show that, change of &, values only results in a little change of the waveforms of the reflected field

pulse. The reflected field when & =45°, g, =10 and o =1, 10, 30 mS/m is also calculated, and is
plotted in Figure 4.1-5 and Figure 4.1-6, for vertical and horizontal polarizations, respectively. From
these two figures, it is seen that, as o becomes larger, the amplitude of the reflected field
significantly increases in early time, and slightly decreases in late time. This agrees with the fact that,
with the increase of the conductivity of a medium, the reflected field from this medium increases
more significantly at high frequencies than at low frequencies, while the early and late time
responses are associated with the high and low frequency components of the reflected field,

respectively.
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Figure 4.1-3: Reflected field for vertical polarization (§ =45°, o =10 mS/m and ¢, = 10, 20, 30).
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Figure 4.1-4: Reflected field for horizontal polarization (6 = 45°, o = 10 mS/m and ¢, = 10, 20, 30).

56



50 T I
: —— o=1mmho/m
45/ - i |—- o=10mmho/m i
: —-- ¢=30mmho/m
7Y U SO I Actual in [Barnes and Tesche, 1991} I
N : © Approximate in [Barnes and Tesche, 1991]

Reflected Field (kv / m)

(] 0.2 0.4 0.6 0.8 1
Time (p s)

Figure 4.1-5: Reflected field for vertical polarization (6 =45°, £, =10 and & = 1, 10, 30 mS/m).
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Figure 4.1-6: Reflected field for horizontal polarization (6 = 45°, g, =10and o =1, 10, 30 mS/m).
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Figure 4.1-7: Contour plots of reflected fields for (a) vertical polarization and (b) horizontal

polarization.
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The reflected field values for §=45°, & =10 and o = 10 mS/m in Figures 4.1-3, 4.1-4, 4.1-5
and 4.1-6 are closer to the actual values given in Figure 5 of [10] than the approximate values also
given in Figure 5 of [10]. To show this clearly, the actual and approximate values in Figure 5 of [10]
are indicated by stars and circles from Figure 4.1-3 to Figure 4.1-6, respectively. In order to check
overall behavior of our approximation to reflected field, a series of calculations are carried out for a
number of different incident angles and the results are given as contour plots in Figure 4.1-7 (a) and
(b), for vertical and polarizations, respectively. Comparing Figure 4.1-7 (a) with Figure 6 (a) (b) in
[10] and Figure 4.1-7 (b) with Figure 7 (a) (b) in [10] confirms that our results are closer to the actual
values than the approximate values in [10], particularly for small incident angles and late time in the
case of vertical polarization.

It is worthwhile to mention that the results obtained with p=3 and N =15 (/=9, m=6) and
with p=6 and N =25 (/=14, m=11) are almost the same as the above results, indicating the
truncation errors are very small [69].

For comparing our results with those in [68], the same parameters for the conducting half space,
€,=10, o =10 mS/m, and the same incident angles of & =72.45° and 6 =85° are chosen, and the
above incident pulse is used as in [68]. Both incident and reflected fields are plotted in Figure 4.1-8,
which shows a good agreement between our results and the published ones, and validates the
correctness and effectiveness of this approach.

To obtain the general variation trend of the reflected pulse for both polarizations with the
incident angle, the reflected pulses is calculated for any incident angle with o = 10 mS/m, ¢, =10,
and is plotted for horizontal polarization in Figure 4.1-9 and for vertical polarization in Figure 4.1-
10, respectively. The two figures indicate the following important points. (1) For horizontal
polarization, the reflected pulse always has negative values for all incident angles, considering that
the reflection coefficient R, is negative for all incident angles. (2) For vertical polarization, the

reflected pulse has positive values for the incident angles that are smaller than some angle denoted
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by 6, here. On the other hand, the reflected pulse may become negative in some early time for an

incident angle larger than 6, , and then become positive (it certainly tends to zero eventually).
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Figure 4.1-8: Reflected pulse for vertical polarization, ¢ = 10 mS/m, &, = 10, 8=72.45° and

0=85°.
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Figure 4.1-9: Variation trend of reflected pulse for horizontal polarization with incident angle &,

o =10 mS/mand ¢, =10.
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Figure 4.1-10: Variation trend of reflected pulse for vertical polarization with incident angle &,

o =10mS/mand ¢, = 10.

This phenomenon can be attributed to a pseudo Brewster angle [12] [70]. From (2.1-3), the

reflection coefficient in frequency domain for vertical polarization is given by

(6‘,—j g Jcos@—\/s,—j I _sin’6
WE, WE,

R, (0)= (4.1-3)
(8, ;2 jcos6’+\/£, -2 _sin%6
oE, 0E,
The Brewster angle is defined by R, =0, and then can be determined by
1
cosl, = ————e—. (4.1-4)
. O
g, —J +1
wE,

Although (4.1-4) only has real solution in the limiting cases @ — © or o — 0, the reflected pulse is

small when & > 8, if the conduction current is small in comparison with the displacement current,

. o
1e, —<<1,
wE,
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which shows that the pseudo Brewster angle effect is strongest at high frequencies. In the high
frequency limit, the reflection coefficient (4.1-3) and the Brewster angle (4.1-4) reduce to the
lossless case, respectively,

R = &, cos@—.Jg, —sin’0 4.1-5)

- s
£ cosO+ \/gr —sin’6

and

1

COS@B :—gr\/—ﬁ.

The reflection coefficient R, in (4.1-5) is positive and negative for an incident angle smaller and

(4.1-6)

larger than the Brewster angle respectively, which is 8 =72.45° for this material parameter and is
determined through (4.1-6). Since the early time response is associated with high frequency
components, the early time pulse changes sign when the incident angle passes the Brewster angle. In
contrast, since the late time response is associated with low frequency components, which experience

little of the pseudo Brewster angle effect, the late time pulse does not change sign when the incident

angle passes the Brewster angle. The curve for 8 =85° in Figure 4.1-8 clearly illustrates this effect.

4,2 PRONY’S METHOD AND ITS APPLICATION TO DECOMPOSITION OF ARBITRARY

SIGNALS

Last section demonstrates the method based on a numerical inversion of the Laplace transform
has been applied to the transient analysis of the reflected pulse due to a double exponential pulse
incident on a lossy interface for the horizontal and vertical polarizations. This method eliminates the
restrictions in [10] on the relative dielectric constant and the incidence angle, leads to good accuracy
in both late and early times, and has a simple algorithm, short calculation time, and small required
memory size. However, double exponential pulses are only one kind of electromagnetic signals.
When the incident pulses are some other kind of signals, e.g., a Gaussian monocycle that has

popularly been used as a UWB signal recently, numerical inversion of the Laplace transform may
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not be applied directly to the transient analysis of the reflected pulses for the following three reasons.
1) Direct use of numerical inversion of the Laplace transform needs an analytical expression of the
Laplace transform (image function) of the incident signal, which is not available for a number of
commonly used signals. 2) Even if a signal has an analytical image function, it can be one function
defined only in some real domain, while the argument of the image function takes a complex value

in the numerical inversion of the Laplace transform. For instance, the analytical image function of a

Gaussian monocycle contains the complementary error function erfc(x) , which is defined only in

the real domain. 3) Even though a signal has an analytical image function defined in some complex
domain, it does not mean that direct application of a numerical inversion of the Laplace transform
can definitely be carried out. It is required that the final image function, viz., the product of the
frequency domain reflection coefficient and the image function of an incident signal, obey some
conditions for numerical inversion of the Laplace transform. Although these conditions are often
satisfied by the final image function, numerical inversion of the Laplace transform also involves an
infinite sum of a slowly convergent alternating series. Simply truncating it and retaining only some
terms leads to a relatively large error and thus is not practical. An effective approach using the Euler
transformation has to be used, which requires that the final image function meet two additional
conditions. Hence, numerical inversion of the Laplace transform can be applied directly to the
transient analysis of the reflected pulses, only if the final image function is defined in some complex
domain, satisfies some conditions for numerical inversion of the Laplace transform, and two
additional conditions for the Euler transformation.

Now an interesting and meaningful question arises: How to overcome the limitations mentioned
above and be able to apply numerical inversion of the Laplace transform to the transient analysis of
the reflected pulses with an arbitrary incident signal? It has been shown in Section 4.1 that numerical
inversion of the Laplace transform can be utilized for the transient analysis of the reflected pulse

when an incident signal is a linear combination of two real decaying exponential functions. Thus it
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can be imagined that numerical inversion of the Laplace transform would also work when an
incident signal is a linear combination of a finite number of complex attenuating exponential
functions. An arbitrary realistic signal can be approximated by a series of finite attenuating
exponential functions. Prony’s method has been widely used for this purpose [9] [71] [72]. Although
decomposing a signal into a series of finite attenuating exponential functions will incur numerical
errors, some criterion can be set and some measures can be adopted to achieve required accuracy.

A signal can be represented as a superposition of exponential functions, i.e.,
a —a,t
E(t):ZCpe o, (4.2-1)
e

where the number of exponential functions, ¢, can be an infinite or a finite number. Only the case

where ¢ is finite or can be truncated to a finite number is considered in this work; when «, is

nonnegative, C, is a real; when ¢, is a complex number with a nonnegative real part, C, is a

complex number, and the corresponding conjugate term, C; e , must be included in (4.2-1) in this

case. C, and «, can be determined directly from one set of sample values of E (t) . This technique

is known as Prony’s method [71]. Rewrite (4.2-1) as
q
E(t)=>.C,7,, (4.2-2)
p=1

where y, = e “ . Assume that values of E (t) are specified at equally spaced points over some time

range. Then

E(ty +m,A)=3C,y ™), (4.2-3)
p=1

where m_=0,1,2,---,M, M is the number of sampling points, ¢, is the starting time, and A is the

time increment.
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The difficulty in solving (4.2-3) lies in that it is nonlinear in terms of y,. However, this

difficulty can be minimized as follows. E(¢) satisfies the difference equation
q _
E(t,+qA)-BE(t,+(g-1)A) == B E(t,)=D.C,7," [(Vp“)q ~B(7,)" —---—ﬁq} . (42
p=l

9
Let 7%, 7%, ..., 7," be the roots of the algebraic equation

=By =By =B r-B,=0. (4.2-5)

Ifthe B, (p=1,2,--,q) are known, then (4.2-5) can easily be solved for y,. On the other hand,

since 7, is a root of (4.2-5), (4.2-4) reduces to

BE(t,+(g-1)A)+-+ B E(t,) = E(t, +qA). (4.2-6)
By changing g to g+1, ¢+2, ..., g +m_, generalize (4.2-6) to form a set of linear equations of 7,
as

g

> BE(t,+(q+m,~p)A)=E(t, +(g+m,)A), (4.2-7)

p=1

where m =0,1,2,---,M —q.

From this set of M —g +1 linear equations, ¢ B’s can be determined when M =2¢ -1, or can
be over-determined by applying a least square error algorithm to the entire equation set when
M =2q. After ,3,, is determined, y, can be found through (4.2-5). Then (4.2-3) becomes linear in
terms of C, and can be solved in the same manner as solving (4.2-7). Therefore, C, and «, are
completely determined through Prony’s method.

In this work, over-determination of ,5,, and C, is adopted, since a large number of numerical

trials have shown that over-determining ,3,, and C, makes computational accuracy much higher
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than determination of ﬂp and C,. In [9], the number of exponential functions, g =20, is simply
chosen. In this work, ¢ is selected through a series of numerical trials to meet some accuracy

requirement, as shown in next section. The list of y, is sorted and any duplicates will be removed.

Then the fB’s are determined from this reduced set of linear equations. For a complicated shape of
an incident pulse, a large number of exponential functions may be needed to meet some accuracy
requirement. Nevertheless, if the complicated waveform has a very short pulse length, which is the
case for most UWB pulses, this waveform can still be efficiently expanded into a series of
exponentials within some short time interval, i.e., reasonable accuracy can be maintained without
significantly increasing the number of exponential functions. This will be also illustrated in next

section.

4.3 REFLECTION OF ARBITRARY PULSES FROM A CONDUCTING HALF SPACE

A pulse which is a linear combination of a finite number of exponential functions is expressed by
(4.2-1), and is incident from free space onto an interface between free space and a lossy material
with conductivity o and relative dielectric constant &, . The reflection coefficients in the frequency
domain for the vertical and horizontal polarizations are given by (2.1-2) and (2.1-3), respectively.

The image function of E(¢) in (4.2-1) is

E(s)= Z (4.3-1)

4s+a
The final image functions, F,(6,s)=R,(6,s)E(s) and F,(68,s) =R, (6,s)E(s), obviously satisfy
conditions 2) — 4) listed in Section 3.2. A proof is given in Appendix A that, for
=[p+ ] n-0. 5 ] / t, Fv(H,s) and F,,(Q,s) also obey the above two conditions a) and b)

described in Section 3.3, under which f.” (t p) can be used to approximate f,, (t, p)

4.3.1 Gaussian Monocycle as an Incident Signal
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In order to compare our results with those in [9], the same Gaussian monocycle pulse as that in

[9] is used as the incident pulse, which is called the differentiated Gaussian pulse in [9] and is

expressed as

2
E(t)=""5 exp 0.5—0.5[’_’5] , (4.3-2)
P

T Tp

where the amplitude has been normalized to unity, 7, is the parameter used to control the pulse
width and is actually the time from the zero crossing to the peak of the pulse, and ¢, is time shift

with £, =4 7 in the calculation.

Amplitude

Scaled Time (t/ tp)

(M)
0 .6 T T T T T T

Error

s 10 15 20 25 30 35 40
Number of Exponentials

Figure 4.3-1: (a) Incident pulse (black line) and approximating pulses with 5 (blue line) and 6 (red

line) exponentials. (b) Error versus number of exponential functions.

First, a series of numerical trials with Prony’s method are carried out for selecting a proper
number of exponential functions. Figure 4.3-1 (a) plots the incident pulse and two approximations

with 5 and 6 exponential functions, respectively, versus the scaled time, t/ 7, . It is seen that different
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approximation errors occur at different instants. A reasonable error measure should reflect the
cumulative error over the entire time range considered, and can be defined as

M

Y IE. (t, + mA)—E(t, + mA)|

error =2=° (4.3-3)

M
ZJE(:O +mA)|

where E, (t) is the approximating waveform. Figure 4.3-1 (b) plots the cumulative error versus the

number of exponential functions, indicating that the error first rapidly decreases with the number of
exponentials and then does not significantly decrease when the number of exponentials is above 10.
Thus, at least 10 exponentials should be used for approximating this Gaussian monocycle pulse to
obtain good computational accuracy.

Next, the transient analysis of the reflected pulse from a conductive interface is performed with
the approximating incident pulse and the numerical inversion of the Laplace transform. For an easy
comparison between our results and those in [9], following the expression of the frequency domain

reflection coefficients for the horizontal polarization in [9], (2.1-3) is rewritten as

cosH—\ﬁ',(lwthj—sinZG
ST
p
Py . 2
cos0+\/£,(l+—}—sm o
5T,

where p,, is the loss tangent at the peak frequency o, of (4.3-2), p,, =o/w,¢ , and the peak

Ry(s)= : (4.3-4)

frequency w, = 1/ 7, . This representation is used for the final generating function. The incident pulse

is approximated by a linear combination of 31 exponentials. The reflected field is calculated when

=45, g, =1.0and p, p = 0.1, 1.0, 10.0, and is plotted versus the scaled time in Figure 4.3-2 and

Figure 4.3-3, for the horizontal and vertical polarizations, respectively. From these two figures, it is

seen that, as p,, becomes larger, the peak amplitude of the reflected pulse significantly increases
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and the reflected pulse goes through less distortion for both polarizations. Figure 4.3-2 compares our

results with the exact ones in [9] and demonstrates good agreement between the two.

1 T T T T
- =0.1
08} Px .
o Py 1.0
- ——p,, =100
04 - . C  Exact Value
% 0.2
% 0 B or—a—
£
« -0.2
-0.4
-0.6
-0.8+ B
-1 ) 1 1 1 1
0 2 4 6 8 10 12

Scaled Time (t/ tp)

Figure 4.3-2: Reflected field for the horizontal polarization (8=45°, &, =1.0 and p,, = 0.1, 1.0,

10.0).
1 T T T T T
Incident Signal
08 —p =01 T
p
06} ——p,, =10 4
04} P, =100

Amplitude
[~

1 1 1 i

0 2 4 (] 8 10 12
Scaled Time (t/ tp)

Figure 4.3-3: Reflected field for the vertical polarization (8=45°, £ = 1.0 and P, = 0.1, 1.0,

10.0).
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4.3.2 Gaussian Doublet as an Incident Signal
For comparing our result with that in [73], the same Gaussian doublet pulse as that in [73] is
used as the incident pulse, which is the second derivative of a Gaussian pulse and is given by

E(r)= 1—47{’_’SJ exp —2;{’2’5] (4.3-5)

TP 14

where the waveform parameter z,= 1.7262 ns and the time shift ¢, = 0.75 ns in the calculation.

Since the waveform of a Gaussian doublet is more complicated than that of a Gaussian
monocycle, more exponential functions would be needed to approximate it with good accuracy.
However, the Gaussian doublet has a short pulse length and thus can be approximated with good
accuracy within a short time range without using significantly more exponential functions. Several
numerical trials are carried out for approximating the Gaussian doublet by a series of exponentials

within the time interval of 0.3 — 1.2 ns.

@
1-5 T T T T T T T T T
@ 1f
<
_g 05t
-9 L
£ 0
< o5
_1 1 1 1 1 i 1 1 1 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 11 1.2
Time (ns)
®)
ﬂ.s L) T T T T T

1 2 - ST A A A AT T ATAT AT AT
5 10 15 20 25 30 35 40
Number of Exponentials

Figure 4.3-4: (a) Incident pulse (black line) and approximating pulses with 5 (blue line) and 10 (red

line) exponentials. (b) Error with number of exponential functions.
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Figure 4.3-4 (a) plots the incident pulse and two approximating pulses with 5 and 10 exponential
functions, respectively, while Figure 4.3-4 (b) plots the cumulative error against the number of
exponential functions, showing the error first decreases rapidly with the number of exponentials and
then does not significantly decrease if the number of exponentials is above 20. Hence, more than 20
exponential functions should be used for approximating the Gaussian doublet pulse with good
accuracy.

Equations (2.1-2) and (2.1-3) are used for the final generating functions. The incident pulse is
approximated by a linear combination of 40 exponentials. The reflected field is calculated when
0 =45", £ =10, 25, 40 and o =0.1 mho/m, and is plotted in Figure 4.3-5 and Figure 4.3-6 for the
horizontal and vertical polarizations, respectively. These two figures illustrate that the reflected pulse
has less distortion for both polarizations in this case, and the peak amplitude of the reflected pulse
increases with the increase of &, . Comparison between the two figures indicates that the reflected
pulse has smaller peak amplitudes for the vertical polarization than for the horizontal polarization.
Figure 4.3-6 compares our results with those in [73] and shows good agreement. It is worthwhile to
point out that the result in [73] is accurate in this case where the incident angle is not large and the

relative electric constant is on the order of 10.
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Figure 4.3-5: Reflected field for the horizontal polarization (92450,8r =10, 25, 40 and o =0.1

mho/m).
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Figure 4.3-6: Reflected field for the vertical polarization (=45, ¢ =10, 25, 40 and o = 0.1

mho/m).
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4.4 PROPAGATION OF ARBITRARY PULSES THROUGH A LOSSY DIELECTRIC SLAB

The transient analysis of pulses propagating through a lossy dielectric slab is of great
significance in a number of engineering fields, such as material characterization and diagnosis, wall
penetration radar, and pulse radio. In fact, this kind of analysis can provide valuable insights into the
appreciation of the capabilities and limitations of UWB communication for indoor and indoor-
outdoor scenarios [74]. As discussed in Section 2.1, the approximation to a frequency-domain
reflection coefficient permits one analytical expression of the impulse response of a lossy half space
[10], but makes the solutions inaccurate or even invalid in some cases, e.g., for large incident angles.
Based on the approximate form in [10], the time domain solutions for pulse transmission through a
lossy dielectric slab were achieved and some related UWB issues were addressed [73] [75]. These
solutions contain infinite sums of modified Bessel functions and time domain convolutions, and are
implemented in three directions, perpendicular polarization, normal and tangential parallel
polarizations [75] (wrongly written as ‘“normal and tangential perpendicular polarizations” in [75]),
leading to considerable calculations.

In this section, based on the discussion in the three sections above, the technique combining
numerical inversion of Laplace transform with Prony’s method is extended to the transient analysis
of pulses propagating through a lossy dielectric slab. Comparison between our results obtained and
those obtained using the FDTD technique indicates a good agreement. The waveforms and strengths
of the transmitted signals are governed by four main parameters, thickness, relative permittivity and
conductivity of the slab and incident angles. The analysis of transmitted signal waveforms is
conducted for four different parameters and the results are shown to be comparable to those given by
[75]. Based on this waveform analysis, the transmission loss is discussed for different parameters
and the results are shown to be consistent with the previously published results [75]. Our approach
also yields the results for a large incident angle, these being unavailable using alternative approaches

[75]. In this investigation, the Gaussian doublet pulse with the same waveform parameter and time
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shift as in Section 4.3 is used as the incident pulse. Figure 4.4-1 plots the incident pulse and the

approximating pulse with 40 exponential functions, showing a good approximation.

1.2 T T T T . T T T
Incident

1+ . * | ———Approximating |1

08

06

Amplitude

0.2

0.4

A 1 i

63 04 05 06 07 08 09 1 11 12
Time (ns)

08 e

Figure 4.4-1: Incident pulse and approximating pulse with 40 exponentials.

Figure 4.4-2: Pulse is impinging on lossy dielectric slab.
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Figure 4.4-2 shows that the pulse is impinging on a homogeneous lossy slab at an incident angle
of 6. The slab has an thickness of d , permeability of 4, conductivity o and permittivity of
£ =¢g,&, where g, is the permittivity of vacuum and ¢, is the relative permittivity of the slab. The
transmission through a dielectric layer is governed by the equation [76]

—J¢
tOn tnO e

Ir= -J2¢
1_ rOn rnO €

(4.4-1)

where r and t denote the reflection and transmission coefficients of the interface, respectively. The

subscripts On and n0 mean that the pulse is incident from air onto the layer and from the layer onto
air. The quantity ¢ is the complex frequency dependent electrical length of the layer as seen by the

wave and is given by

q)(s):i_i \/5, —sin? 0+ (4.4-2)
jec 5E,
where s is the complex frequency and ¢ is the phase velocity of the wave in vacuum.
With ¢, t,, — 1, 7,0 =1 and 7, =—7,, [76], (4.4-1) is written as
1-~ "2 s))e )
T(s)= 1= () (4.4-3)

1-7,’ (s)e” 20(5)
where 7, (s) is the reflection coefficient in complex frequency domain and is given by (2.1-2) for

vertical polarization, or by (2.1-3) for horizontal polarization.

The image function of the approximating pulse is

Emc( )_i CP (444)
s)= 2ira . 4-
The final image functions is

F(s)=T(s)E™(s)- (4.4-5)
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It satisfies the four conditions specified in Section 3.2 under which f (t) can be approximated
by f..(t,p). For s=[p+ j(n—0.5)x]/t, F(s) does not obey the two conditions in Section 3.3

under which £, (¢,p) can be used to approximate £, (t,p).

The total transmitted field can be decomposed into a series of successive transmitted

components,
gt ' ' -0 2 29 2 20\
T=u+uy+u, +--=t,,t,e l+r, e +(r,,0 e ) 4+ (4.4-6)
Consider the first term modeling two transmissions through two surfaces of the layer,
r_ - _ 2\ -ie
u =ty t,e’’ = (1 -%, )e . 4.4-7)
E (s) =u, (s) E™ (s) still does not satisfy the two conditions for Euler summation due to the phase

factor e¢’? when s=[p+ j(n—-0.5)7x]/t.

From (4.4-2), it is observed that, when s —» w0,
o(s) =@, (s) =§% JE, —sin’ 6. (4.4-8)
The replacement image function for F, (s) is defined as
F(s)=ul(s) E™(s) e ") = F(s) e (4.4-9)

and satisfies the four conditions listed in Section 3.2 and the two conditions specified in Section 3.3,

where ¢’ is the modifying phase factor and the time shift is

T :1.15, —sin’ @ . (4.4-10)
[4

im
rlec

Hence, (3.3-1) is applicable to calculate (t,0) which approximates f,, ,.(t,0), the
original function of F,,(s). From (4.4-9), the relationship between f!", (1,p) and £/7 (1,p)
which approximates f (t, p), the original function of E(s) , 1s given by

sec
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m(tp)=fir.(t-1,p). (4.4-11)
Similarly, consider the second term in (4.4-6), which characterizes two transmissions through

two surfaces and two reflections between two surfaces,

Uy =ty byt €720 =(1=1,, ) 1 7. (4.4-12)

F,(s)=uy(s) E™ (s) does not satisfy the second of the two conditions above due to the phase
factor e /*? when s=[p+ j(n—0.5)7]/t. The replacement image function for F, (s) is

F,(s)=ul(s) E™ (s) ") = F (5) " (4.4-13)

and meets the four conditions listed in Section 3.2 and the two conditions for Euler summation.

m (t,p) can be calculated by using (3.3-1), and is a good approximation to f. t,p), the
2,ec r2,ec

r

original function of F,(s). From (4.4-13), the relationship between £y, (f,p0) and f,".(t,p)

2,ec

which approximates f, (t, p) , the original function of F, (s) , 1s given by
e (6P)= 1 (1 =375 ). (4.4-14)
Following the above procedure, f'7. (t, p) can be achieved and is a good approximation to
f....(t,p), the original functions of F,(s)=u/(s)E"™(s), i=1,2,3, --.
From
F=F+F,+F,+, (4.4-15)
the final original function can be given approximately by
F@O)% foe(1:0) = froc (69) + froc (6:9) + S e (1) 4+
= free(6.0)+ il (t.p) + flec(t.p) + -+ (4.4-16)
In general, the terms beyond the first term have much weaker impacts than the first one in (4.4-

16), and then only taking the first term f,’,’:'ec (t, p) leads to a high accuracy. If a very high accuracy

is required for some specific purposes, the first several terms in (4.4-16) will be added together. In

77



the following discussion, only the first term in (4.4-16) is taken into account. Figure 4.4-3 plots the
waveform of the transmitted pulse at the layer’s back surface, and shows that our results agree quite

well with FDTD results. In our calculation, only the first term in (4.4-16) is taken as the transmission

coefficient.
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Figure 4.4-3: Waveforms of transmitted signal obtained using this method and using FDTD. (a)

horizontal polarization; (b) vertical polarization. d =0.02 m, &, =2, 6 =0.1 S/mand 8=30°.
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Figures 4.4-4 to 4.4-7 illustrate the waveforms of the transmitted signal through a slab with
different thickness, relative permittivity, conductivity and incident angles. With reference to the
incident pulse shown in Figure 4.4-1, the attenuation, delay and distortion of the transmitted pulse
can be seen and compared with each other in the different cases.

Figure 4.4-4 shows that the amplitude of the transmitted signal decreases, the delay increases and
the distortion becomes larger with the increase of the thickness. In Figure 4.4-5, the amplitude
becomes a little smaller, the distortion becomes a little larger and it takes longer for the pulse to go
through the layer as the relative permittivity increases. Figure 4.4-6 illustrates that the amplitude
decreases, the distortion increases but the delay almost remain the same when the conductivity

ncreases.
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Figure 4.4-4: Waveforms of transmitted signal. (a) horizontal polarization; (b) vertical polarization.

Varying d , ¢, =2, 0 =0.1 S/mand 6=30°".
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Figure 4.4-5: Waveforms of transmitted signal. (a) horizontal polarization; (b) vertical polarization.
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Figure 4.4-6: Waveforms of transmitted signal. (a) horizontal polarization; (b) vertical polarization.

Varying ¢, d=0.02 m, & =2 and 8=30".
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Figure 4.4-7: Waveforms of transmitted signal. (a) horizontal polarization; (b) vertical polarization.

Varying 8, d =0.02 m, &, =2 and 0 =0.1 S/m.
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In the above three cases, the incident angle is fixed and the other three parameters are varying,
the transmitted pulse experiences roughly the same variation for both polarizations. On the other
hand, when the incident angle is varying, the transmitted pulse undergoes different variations for two
different polarizations. As shown in Figure 4.4-7, when the incident angle increases, the amplitude
decreases, the delay decreases slightly and the distortion becomes larger. Meanwhile, the transmitted
pulse undergoes larger variation for horizontal polarization than for vertical polarization. The above

results accord with those in [75]. Nevertheless, Figure 4.4-7 demonstrates that the amplitude and

distortion largely change when the incident angle is close to 90°, This case was not discussed in
[75].

On the basis of the above results, the transmission loss through a layer is discussed for different
parameters. Figure 4.4-8 (a) illustrates that the transmission loss is basically proportional to the
thickness and increases with the increase of the conductivity. As the conductivity becomes larger, the
change rate of the transmission loss with the conductivity becomes larger. Figure 4.4-8 (b) shows
that the transmission loss has the minimal value for a normal incidence, and slightly increases as the
relative permittivity increases. The comparison between Figure 4.4-8 (a) and Figure 4.4-8 (b)
indicates that the thickness and conductivity have much larger impacts on the transmission loss than
the other two parameters, the relative permittivity and incident angle. These conclusions are

consistent with those drawn in [75]. In Figure 4.4-8 (b), it is seen that the transmission loss for the

incident angle close to 90° is much larger, and increases much faster with the increase of the relative
permittivity than that for a small incident angle, which is not addressed in [75] and then is added

here.

84



s S H A B
%-10:--‘-*««;:;---------;-- T B S |
- ~ P : Z :
c .20 S R T - e
S N s
~ . H i

E 30 b e B SRR -
3 - N T~k
O 40w e e
S ' | T | '
7 50 oooooneo boomennennns N s fomnnne .
L : : : i
g 60 5 =0.05s/m R S N B ]
€ gl | —_©=0d08m | i G L 1
|=' -~ 06=20208/m |7 : AN

50 I S S S

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Thickness (m)
(a)
) : é
il : :
= | =
: ] 0
Y E ;
o i i
% ‘ 0°
' . , T =

Q : : '
O 10— | poeseaseseoees o] — - 9 =45° [
g N — - 6=85°
& o : a
L [ s SIS S SR -
7 S H
c ~ '
o T~
= e

.20 i | I P

2 4 6 8 10 12
Relative Permittivity
(b)

Figure 4.4-8: Transmission coefficient of slabs with different parameters. (a) thickness and

conductivity; (b) relative permittivity and incident angle.
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4.5 ADDITIONAL COMMENTS

As is well known, the principle of causality stating that the response cannot come before the

stimulus leads to the Kramers—Kronig relations describing the interdependence of the real and
imaginary parts of the susceptibility ;((a)) [77] [78]. The Kramers—Kronig relations compose one of

the most elegant and general theorems in physics, since they depend for their validity only on the
principle of causality. As applied to wave propagation, the real part of susceptibility describes
essentially the index of refraction and imaginary part the absorbstion coefficient of a medium. Thus,
the Kramers—Kronig relations explain in the most fundamental and general terms, completely
independent of the underlying physical mechanisms, the intimate connection between refraction and

absorption. Actually, given one, the other follows immediately. The Kramers—Kronig relations are

given by
Re[z(a))]:%P thna[ig(g)]dg (4.5-1)
Im[;{(w)]z—%P ﬁ% dQ (4.5-2)

where P stands for principal part. The expressions show that causality requires the real and
imaginary parts of the dielectric susceptibility (permittivity) or magnetic susceptibility (permeability)
to depend on each other through the Hilbert transform pair.

Without losing generality, we focus on isotropic dieletecric materials. For narrowband modeling,

o (@)

the complex permittivity &, (@) =&(@)— j ——= can be determined for a fixed operating frequency.
®

For wideband and ultra wideband modeling, the frequency dependence of the permittivity g(a)) and
the conductivity O'(a)) should be taken into account to appropriately characterize reflection and
propagation mechanisms over some specified frequency range. In practice, the permittivity g(a))

and the loss tangent p(a)) are measured for some materials over frequency bands, with the
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o(@)

relationship between p(w), (@) and o (@) being p(w)= )
owe(w

Some measured values of g(a)) and p(a)) for plywood have been used in modeling path loss of

, as specified in Section 4.3.1.

UWRB signal propagation [79].

In Section 4.3.1, p,, is the loss tangent at the peak frequency and varies when maintaining

g, = 1.0, which seems not to obey the Kramers—Kronig relations but actually can be considered as

the behaviors of permittivity and conductivity of a good conductor. The free electrons within a
conductor can be considered as an electron gas that is free to move under the influence of an applied
field. Since the electrons are not bound to the atoms of the conductor, there is no restoring force
acting on them. However, there is a damping term associated with electron collisions. Hence a
conductor can be modeled as a plasma, but with a very high collision frequency. The conductivity

and permittivity of the plasma are given by [77]

2
o(0)==4" (453)
and
s(w)=eo[1— 2 J (4.54)
W +Vv

respectively, where v is the electron collision frequency, @, is plasma frequency given by

2
2:Ne

@y

(4.5-5)
me,

where N represents the number of free electrons in a unit volume, m is the mass of an electron, and

e denotes the charge. The complex permittivity

sc(w)=8(w)—f@=so[l— “ }—ja)g" ke 4.5-6)

@* +v? (a)2 +v2)

obeys the Kramers—Kronig relations.
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For a good conductor v is very large, then the conductivity and permittivity can be approximated by

2 2
& Ne . ..
o(w)="2"2= and ¢(w)=g¢g,, respectively. Therefore, it is reasonable for a good conductor
y my 0 P Yy g

that p(») or o(w) is independent of frequency and is varied when maintaining &, = 1.0.
In Section 4.1, Section 4.3.2 and Section 4.4, &(w) varies when o (@) is fixed, and o ()

varies when a(a)) is fixed. This seems not to obey the Kramers—Kronig relations either but also can

be considered as the approximations of permittivity and conductivity of a conductive dielectric at
low frequencies. The complex permittivity of a dielectric is best described by the resonance model

[77]

gc(a)):g(a))+j£”(a))=e(a))—j@:go +y 7= ~, 4.5-7)

2

Ne ' . .
where a);, =—— is the plasma frequency of the i th resonance component, and @, and I, are the
m g,

oscillation frequency and damping coefficient, respectively, of this component. Splitting the

permittvity into real and imaginary parts we have

&> wz — o’
g(@)=g,| 1+, (2 ) - (4.5-8)
: (a) — ) +40° I;
20T, o’
e"(w)=—-¢ i L , (4.5-9)
() Oz(wf—a)z)2+4a)2 I
and then
20°T, &
o(w)=-we"(0)=¢, ), i — Do . (4.5-10)

: (a)f —a)z) +4a0° T?

For low frequencies,

2
g(w)zgo(nz%j, (4.5-11)
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which is the static permittivity of material. A conductive dielectric has such small values of ®, that

the electrons become unbound. At low frequencies,

a)Z

o(w)~¢, 221”; , (4.5-12)

which is the dc conductivity. Hence, it is not unreasonable for a conductive dielectric at low

frequencies that (@) and o (@) are approximately frequency independent and one of them varies

when another is fixed. Even for modeling propagation of UWB signals in a typical band from 3 GHz
to 10 GHz, the permittivity and conductivity of a construction material are still considered as
constants independent in [80]. In [81], the permittivity (or conductivity) of a lossy dielectric varies
when the conductivity (or permittivity) is fixed. In [82], one of the permittivity, permeability and

conductivity of a conductive medium varies when fixing the rest.

4.6 CONCLUDING REMARKS

Section 4.1 shows that numerical inversion of Laplace transform is applied to the transient
analysis of the reflected pulse for horizontal and vertical polarizations with a double exponential
pulse incident on a lossy interface at an arbitrary angle [69] [70]. This method gets rid of the
restrictions in [10] on the relative dielectric constant and the incident angle.

In Appendix A, it has been mathmaticall proved that numerical inversion of Laplace transform
can be utilized for the transient analysis of the reflected pulses when an incident signal is a linear
combination of finite complex attenuating exponential functions. Section 4.2 demonstrates that an
arbitrary realistic signal can be approximated by a series of finite attenuating exponential functions
with Prony’s method. In Section 4.3, the approach combining numerical inversion of Laplace
transform with Prony’s method is applied to the analysis of transient reflection of non exponential
pulses from a conductive interface [83]. This work has led to the following results: 1) the peak
amplitude of the reflected pulse increases with the increase of the conductivity and/or the dielectric

constant of the interface. 2) The distortion of the reflected pulse becomes less with the increases of
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the conductivity and dielectric constant. 3) The reflected pulse has smaller peak amplitudes and is
subject to more distortion for the vertical polarization than for the horizontal polarization.

Section 4.4 discusses propagation of non expontial pulses through a lossy dielectric slab [84].
The part transmitted through both interfaces without undergoing any reflection can be taken as the
major part. Taking the phase difference between both interfaces into account as a factor makes the
final image function not satisfy two additional conditions for Euler transformation. In order to
override this obstacle, the original final image function is modified into the so-called replacement
image function, which is the product of the original final image function and a modifying f)hase
factor and satisfies two additional conditions for Euler transformation. In this way, the time domain
technique on the basis of numerical inversion of Laplace transform and Prony’s method is extended
to the transient analysis of pulses transmitting through a lossy dielectric slab, with good accuracy and
low computation costs.

In Sections 4.3 and 4.4, starting with Prony’s method, the number of exponential functions is
determined based on the compromise between the required accuracy and computational costs. Then,
the incident pulse is approximated by a linear combination of exponentials. After that, numerical
inversion of the Laplace transform is applied to the transient analyses of pulses reflected from a
conductive interface and pulses propagating through a lossy dielectric slab, ending up with
meaningful results and good agreement between the results achieved using this approach and those
using the FDTD method and those published in the literature. The significance of this contribution is
twofold: First, the corresponding results for an incident angle close to 90° can be provided with this
technique, which can not be generated with the previous approaches. Second, this efficient time
domain technique can be extended in a straightforward manner to the transient analysis of multiple
reflections and transmissions in lossy media, and thus provide a powerful tool for electromagnetic

analysis and design.
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CHAPTER 5: PULSE PROPAGATION IN A DISPERSIVE MEDIUM AND
REFLECTION FROM A DISPERSIVE MEDIUM HALF SPACE

All materials are to some extent dispersive. If a field applied to a material undergoes a sufficient
rapid change, there is a time lag in the response of the polarization or magnetization of the atoms. It
has been found that such materials have complex, frequency dependent constitutive parameters. On
the one hand, the lossy material discussed in last chapter is dispersive since it has a complex,
frequency dependent permittivity. On the other hand, the Kronig—Kramers relations imply that if the
constitutive parameters of a material are frequency dependent, they must have both real and
imaginary parts. Such a material, if isotropic, must be lossy. So dispersive materials are general lossy
and must have both dissipative and energy storage characteristics. However, many materials have
frequency range called transparency ranges over which the imaginary parts are smaller compared to
real parts of constitutive parameters. If we restrict our interest to these ranges, we may approximate
the material as lossless.

In this chapter, numerical inversion of Laplace transform is contiuously developed and extended
to the modeling of pulse propagation in plasma and reflection from Lorentz, Debye and Cole—Cole
media. All these four dispersive models satisfy the Kronig—Kramers relations required for a causal
material [77]. Firstly, pulse propagation in plasma with a zero and nonzero electron collision
frequency is discussed. Next, the time domain reflection coefficients, viz impulse responses, of
Lorentz, Debye and Cole—Cole half spaces are achieved for both TE and TM cases. Then, the
transient reflections of an arbitray pulse from these media are determined by convolving the incident
pulse with the impulse responses of these media, instead of using Prony’s method to decompose the
incident pulse into a series of finite attenuating exponential signals as in last chapter. Based on the
time domain analysis of reflected pulses from these dispersive half spaces, some waveform
parameters are estimated and the material diagnosis is carried out. Lastly, the work on transient wave

propagation in and reflection from dispersive media is summarized with some meaningful
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conclusions. Our results show excellent agreement with those in the literature, validating the

correctness and effectiveness of our technique.

5.1 PULSE PROPAGATION IN PLASMA

The advancement of radar technology has been driving the need to develop efficient time domain
techniques for transient analysis of electromagnetic pulses propagating in plasma, which is used to
represent a simplified model of the atmosphere. A plasma is an ioized gas in which the charged
particles are free to move under the influence of an applied field and through particle-particle
interaction. It differs from other materials in that there is no atomic lattice restricting the motion of
the particles. However, even in a gas the interactions between the particles and the fields give rise to
a polarization effect, causing the permittivity of the gas to differ from that of free space. In adition,
exposing the gas to an external field will cause a secondary current to flow as a result of the Lorentz
force on the particles. As the particles collide with each other, they relinquish their momentum, an
effect describable in terms of a conductivity. In this section, the problem of plane wave propagation
through the ionosphere is focused on. Without losing generality, a simple model of the ionosphere is
employed where it is assumed that the plasma is homogeneous, that is, the number of free clectrons
does not depend on the altitude. If the earth’s magnetic field is ignored, then a frequency domain, x-
polarized plane wave propagating in the z-direction must satisfy the harmonic differential equation

[27] [28],

>, _
(ﬁw JEx(z,a))—O (5.1-1)

where

k:l wz_ja)a)lf
c vV+jo

(5.1-2)

is the propagation constant, v is the electron collision frequency, and ¢ is the speed of light in a

vacuum. The plasma cut-off frequency @, is given by
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=", (5.1-3)

where N represents the number of free electrons in a unit volume, m is the mass of an electron, and

e denotes the charge. The general solution for (5.1-1) is
E (z,0)=E, (0,0)[exp(-jkz)+Texp(jkz)]. (5.1-4)
Let s = jw, specify the incident field on the plane z =0 (viz. E, (O,t) ) and assume that there are no

reflected waves (I" =0 ), then

2

Ex(z,t)zﬁj "E(0.5)exp st—% 1+S(fiv) ds (5.1-5)
where
E (0,5)= [ E(0,)exp(-st)dt. (5.1-6)
The image function
sz w,’
F(s):EX(O,s)exp[——c— 1+s(siV)J (5.1-7)

satisfies the four conditions specified in Section 3.2 under which f (t) can be approximated by
Soe (t,p). For s=[p+ j(n-0.5)x]/t, F(s) obey the first but does not obey the second of the two

conditions in Section 3.3 under which f." (¢,0) can be used to approximate £, (f,p). F(s) can be

rewritten as

F(s)zEX (O,s) exp(—er (s)) (5.1-8)

z wpz
T, (s)=; /1+ s(s+v) . (5.1-9)

As in Section 4.4, a replacement image function for F (s) is defined as

where
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F.(s)=F(s) exp(sr(s)) ‘ (5.1-10)
and meets the four conditions listed in Section 3.2 and the two conditions for Euler summation,

where exp (s T (s)) is the modifying phase factor and the time shift is
r(s)zlimrp(s)z-z—. (5.1-11)
5§90 C

Hence f,’,':c (t, p) can be calculated by using (3.3-1), and is a good approximation to f, ,, (t, p) , the

original function of F, (s) . From (5.1-10), the relationship between f'" (t, p) and f/" (t, p) which

approximates f,_(¢,p), the original function of F(s), is given by
L2(6p)= 10 (t=1,p). (5.1-12)
In order to compare our results with those in [27], the same plasma parameters,
o, =1.0x 107 sec™, v =0 (collisionless plasma), are chosen, and the same incident signal is used as
in [27]. The incident signal is a double exponential signal given by
E (0,6)=A(e™ —e™)u(t), (5.1-13)

where u(¢) is the unit step function, &; =1.0x107, @, =1.0x10°, and 4=1.435.
The same parameters for the collisionless plasma are chosen, and the same incident signal is
used as in [20]. The incident signal is a step modulated carrier signal expressed by
E,(0.)=u(t) sinw,t . (5.1-14)
Figure 5.1-1 and Figure 5.1-2 plot the results for the two incident signals given by (5.1-13) and
(5.1-14), respectively. Both figures demonstrate a good agreement between our results and those

published in [27] and [20], verifying that our approach is correct and effective in modeling pulse

propagation in collisionless plasma.
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Figure 5.1-1 (a): Transient waveform at z =100 m in the plasma (®, =1.0x10" sec™, v=0), due to

incidence of a double exponential signal (¢, =1.0x107, &, =1.0x10°, 4=1.435).
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Figure 5.1-1 (b): Early time (above) and late time (below) transient waveform at z =100 m in the
plasma, due to incidence of the same double exponential signal as in Figure 5.1-1 (a).

Solid line: our resuits; Small circle: ILHI results in [27].
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Ex(z, 1)

Ex(z, )

Figure 5.1-2: Transient waveform at z=L in the plasma, due to incidence of a step modulated

%L _ 0 875 below: @, Jw, =0.95, Lot
c 2zc

=3.58).

carrier signal (above: w,/w, =1.10,

Solid line: our results; Small circle: series results in [20].

For comparing our results with those in [28], the same double exponential signal given by (5.1-

13) is used as the incident signal, and the same plasma parameters, @, =1.0x10" sec™ and

v =1.0x10" Hz, are chosen as in [28]. Figure 5.1-3 illustrates that our results agree well with those
in [28], which confirms our approach is also correct and effective for characterizing pulse

propagation in plasma with a nonzero electron collision frequency.
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Figure 5.1-3: Transient waveforms in the plasma with @, =1.0x10” sec™ and v =1.0x10’ Hzatz =

5 km (a) and z = 500 km (b). Solid line: our results; Small circle: series results in [28].
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5.2 PULSE REFLECTION FROM A LORENTZ MEDIUM HALF SPACE

In Section 1.1 and Section 2.4, the significance and major analytical method for modeling pulses
reflected from a Lorentz space have been addressed. In this section, following the formulations given
in Section 2.4, we present our results achieved with numerical inversion of Laplace transform first

for TE polarization and then for TM polarization.

The image function T’ (s) given in (2.4-4) clearly satisfies the four conditions specified in
Section 3.2 under which f (t) can be approximated by f,, (t, p). Through a proof similar to that in
Appendix A, it can be proved that I'(s) meets both two conditions in Section 3.3 under which
fin (t, p) can be used to approximate f,, (t, p). So the transient reflection coefficient I’ (t) , the

original function of F(s) , can be calculated using numerical inversion of Laplace transform. To

compare our results with those in [35], the same incident angle and the same three sets of parameters

are chosen as in [35], with each set of parameters corresponding to each of the three possible cases.

The first set of parameters is chosen as @, =4.0x10'°s™, § =0.28x10"s™", b*> =20.0x10"s7,
corresponding to case 1 for § << @,. In this case, the analytical solution of F(t) is given by (2.4-

31), whose composition involves only the oscillatory ordinary Bessel functions, and so the waveform

highly oscillates and only lightly damps. This is confirmed by our result plotted in Figure 5.2-1.
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Figure 5.2-1: Transient reflection coefficient for TE polarization with incident angle 6 =30° and
material parameters, @, =4.0x10"s™, §=0.28x10s™", b* =20.0x10”s7*, corresponding to case

1 for 6 << w,. Solid line — our result; Small circle — result in [35].

The next set of parameters is @, =2.0x10"s™", §=0.28x10"s™", »* =20.0x10”s . This
choice of parameter corresponds to case 2 for 6% > @, + B> where equation (2.4-28) is used as the
analytical solution of F(t). Since the expression of F(t) involves only modified Bessel functions

that do not have oscillatory behavior of ordinary Bessel functions, the resulting waveform is
overdamped and has only one single negative peak without any oscillation, which is verified by our

result shown in Figure 5.2-2.
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Figure 5.2-2: Transient reflection coefficient for TE polarization with incident angle 8 =30° and

material parameters, @, =2.0x10"s™", §=0.28x10"s™", b*> =20.0x10” s, corresponding to case

2 for 8> > w; + B*. Solid line — our result; Small circle — result in [35].

The third choice of parameters is @, =2.0x10"s™, §=0.28x10"s", b’ =20.0x10"s7",
which corresponds to case 3 for § >, but 6’ <@} + B*. With this set parameters, the analytical

expression of F(t) given by (2.4-33) has a combination of ordinary and modified Bessel functions,

so that the waveform has more damping and less oscillation than that in case 1, but has more

oscillation than that in case 2. This is confirmed well by our result illustrated in Figure 5.2-3.
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Figure 5.2-3: Transient reflection coefficient for TE polarization with incident angle 8 =30° and

material parameters, @, =2.0x10%s™, § =0.28x10"s™", 5> =20.0x10”s7, corresponding to case

3 for § > w, but 5 <@ + B*. Solid line — our result; Small circle — result in [35].

As indicated in Section 2.4, the solution of transient reflection coefficient in TM case is more
complicated and involved than that in TE case. With the analytical method in Section 2.4, a term that
does not appear in the TE case needs to be introduced and a special form of the time domain

reflection coefficient needs to be separately solved when the incident angle is equal to 45° [36],
which is however not needed with numerical Laplace transform. The image function F(s) given in
(2.4-35) clearly satisfies the four conditions in Section 3.2, Furthermore, through a process similar to
Appendix A, it can be proved that F(s) meets both two conditions in Section 3.3. So the time
domain reflection coefficient F(t) , the original function of F(s) , can be calculated using numerical

inversion of Laplace transform. To compare our results with those in [36], the same incident angles

and the same sets of material parameters are chosen as in [36].
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The first case uses &=30° along with the material parameters, @,=4.0x10"s" ,
5=0.28x10"s™", and b’ =20.0x10%s7, corresponding to case 1 for g(¢) given by (2.4-63) and
case 2 for ¢(t) given by (2.4-68). Since & << @, and the composition of g(¢) involves only the

oscillatory Bessel functions, the waveform of F(t) is highly oscillatory and only lightly damped,

which is confirmed by our result plotted in Figure 5.2-4.
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Figure 5.2-4: Transient reflection coefficient for TM polarization with incident angle 8 =30° and

material parameters, @, =4.0x10"s™", §=0.28x10"s™", b* =20.0x10" 57, corresponding to case

1 for g(¢) and case 2 for ¢(t), where & << @, . Solid line — our result; Small circle — result in [36].

In the second case, the material parameters are chosen as @, =2.0x10"s™", §=0.28x10"s™",
and b* =20.0x10%s7, along with 6 =30°. This corresponds to case 2 for g() given by (2.4-61)
and case 1 for ¢(¢) given by (2.4-66). For this choice of parameters, 5 >w; + B*, and g(¢) is

overdamped, while ¢(¢) is exponentially damped. Since g(f) only involves modiefied Bessel
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functions that do not oscillate like ordinary Bessel functions, the waveform of F(t) shows no

oscillatory behavior and only a single negative peak, which is verified by our result plotted in Figure

5.2-5.
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Figure 5.2-5: Transient reflection coefficient for TM polarization with incident angle 6 =30° and

material parameters, @, =2.0x10%s™", § =0.28x10"s™", »* =20.0x10” s, corresponding to case
2 for g(t) and case 1 for ¢(t), where 6° > @] + B . Solid line — our result; Small circle — result in

[36].

In the third case, the choice of parameters is @,=2.0x10"s" , §=0.28x10"s" ,
b> =20.0x10”s7*, again with 6 =30°, which corresponds to case 3 for g(¢) expressed by (2.4-64)
and case 2 for ¢(r) expressed by (2.4-68). Since & > w, but 8° <@ + B>, g() has a combination
of ordinary and modified Bessel functions, and so I’ (t) is more damping and less oscillatory than

with the first choice of parameters but more oscillatory than with the second choice of parameters.

This is verified by our result shown in Figure 5.2-6.
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Figure 5.2-6: Transient reflection coefficient for TM polarization with incident angle € =30° and
material parameters, @, =2.0x10"%s™", § =0.28x10"s™", b> =20.0x10”s7, corresponding to case
3 for g(¢) and case 2 for ¢(¢), where § > @, but 5% <@, + B*. Solid line — our result; Small circle

—result in [36].

In the fourth case, material parameters are the same as those in the first case, but 8 = 50° is used,
corresponding to case 1 for g(t) given by (2.4-63) and case 3 for a noncausal c(t) given by (2.4-
69). However, the convolution of ¢(¢) with g(¢) produces a causal result. This is confirmed by our

result shown in Figure 5.2-7, which is achieved by directly using our approach that does not lead to

any noncasual term.
The final case examines the special case of & =45" with the same choice of material parameters

as in the first case, which corresponds to the closed form expression of F(t) given by (2.4-76). With

our approach, this case does not need to be processed separately and can be treated as a general case
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for any incident angle. This result is illustrated in Figure 5.2-8, and is very similar to that shown in

Figure 5.2-7, since the incident angle in this case differs by only 5° from that in the fourth case.

1.5 T T T T T T T T

Reflection Coefficient

-1 1 L 1 S

I 1 1 1 1
0 0.1 0.2 03 04 0.5 0.6 07 0.8 0.9 1
Time (femto second)

Figure 5.2-7: Transient reflection coefficient for TM polarization with incident angle 8 =50° and

material parameters, @, =4.0x10°s™, § =0.28x10"s™", b’ =20.0x10”57, corresponding to case
1 for g(¢) and case 3 for c(¢), which results in a noncausal behavior of ¢(¢). Solid line — our

result; Small circle — result in [36].
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Figure 5.2-8: Transient reflection coefficient for TM polarization with incident angle 8 =45° and
material parameters, @, =4.0x10"°s™, §=0.28x10"°s™", b* =20.0x10%”s7, corresponding to the

special case in [36]. Solid line — our result; Small circle — result in [36].

5.3 PULSE REFLECTION FROM A DEBYE AND COLE—COLE MEDIUM HALF SPACE

The knowledge of material properties is required in various technological fields, such as
geophysics, material science and biomedical engineering. The characterization of bulk materials
would be the most direct way to acquire this knowledge and greatly helpful to understand the
underlying physics at the microscopic level, which is much more complicated in comparison with the
existing formulations of the bulk effects. A typical approach to bulk material characterization is to
examine reflected electromagnetic pulses from the interface between free space and the investigated
material. Many kinds of materials show the relaxation-based dispersive properties that are commonly
captured by the Debye [37] and Cole—Cole [47] models. Rothwell [46] worked out the time domain
reflection coefficients of a Debye half space for both horizontal and vertical polarizations that

involve exponential and modified Bessel functions and require convolution operations to evaluate.
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To our knowledge, the time domain reflection coefficient of a Cole—Cole half space for any
polarization has been not available so far. It is the purpose of this section to develop a new technique
for transient analysis of pulse reflection from Debye and Cole—Cole media, and apply this technique
to waveform parameter estimation and material characterization.

5.3.1 Time Domain Reflection Coefficients

Without losing generality and for the comparison with the results in [46], the one-order model

with zero ionic conductivity is utilized in this work. Introduce the Laplace variable s = jw, and
consider the interface between free space and a dielectric half space with unity permeability and a
permittivity £(s)=¢,¢,(s) described by the following unified equation

85 _gw

— = 5.3-1
1+ (sr)l_a ( )

g (s)=¢,+

where &, and g, are the static and optical dielectric constants (& >¢, ), respectively, 7 is the

relaxation time, (11) becomes a one-pole Debye equation when « =0, and is a one-order Cole-Cole
equation when 0 < <1. A nonzero Cole—Cole parameter « is a measure for broadening dispersion,
which tends to broaden the relaxation spectrum and results from a spread of relaxation times
centered around 7 [77]. A unified formulation for a Cole—Cole or Debye half space is given below.
A plane wave is obliquely incident onto a dispersive half space from free space, at an incidence

angle @ relative to the normal to the interface. The reflection coefficients are given by

R,(s)= J*” (5.3-2)

cos6 + /¢, (s)—sin’0

and

R, (5) JE (s)—sin’0 — £, (s)cos 6 (5:33)
v S)= I
JE (8)—sin’0 + £, (s)cos O

for horizontal and vertical polarizations, respectively. Substituting ¢, (s) from (5.3-1) leads to
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\/sl"’ +5, —KH\/s"" +5 (534)

R =
49 \/sl‘“ +5, +KH\/s‘“" +5,

and

R (5) J&, (s)—sin’0 —¢,(s)cos 6 5.3-5)
L (s)= , 3-
JE, (s)—sin’@ + ¢, (s)cos 6

I-a I-a . 2 l-a
1 1 - 1
SOZH , SIZH AL Sz:(_j & (53)
T T £, —Ssin’ 6 T £,

—sin’ @
% _,/sw sin ’ (5.3-7)

Y=
cos@
and

K, 22959 (5.3-8)

Y JE, —sin’ 8 .
Either R, (s) or R, (s) does not satisfy the third one of the four conditions listed in Section 3.2,

that is, is not asymptotic to zero at high frequency, but instead

1-K
limR =R = L 5.3-9
limR,, (s) = R; v (5.3-9)
and
1-K
limR =R’ = - 5.3-10
om V(s) y 14K, ( )

So R, (t) and R, (¢) have the impulsive components, R;; (¢) and R}’ (), with the amplitudes of R},
and R, respectively. Subtracting the terms R;; and R; from R, (s) and R, (s) respectively gives

the “reduced” reflection coefficients,

l1-a lI-a
_ 2K, \/s + 5, —\/s + 5,
1+ K, s +5, +KH\/s1“’ +5,

R, (s)=RH (s)—R; , (5.3-11)

and
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2K, \/sl’“ +5, \[91'” +, —(sl_“ +s2)
LHK, [s7% 4 5o0fs"™ +5, + K, (s +s,)

R,(s)=R,(s)-R} = (5.3-12)

Both R, (s) and R, (s) satisfy the four conditions in Section 3.2, under which f(¢) can be
approximated by f, (¢, p). It can be proved that, for s =[p+j(n—0.5)7r]/t , both R, (s) and
R, (s) also obey the two conditions a) and b) in Section 3.3, under which £ (¢, p) can be used to
approximate f,, (t, p). The proof is similar to that given in Appendix A. Hence, both reduced time
domain reflection coefficients R, (t) and R, (t) can be calculated using Equation (3.3-1). The
required time domain reflection coefficients R,, (¢) and R, (¢) are obtained by adding Ry, () and
Ry (¢) to R, (r) and R, (¢), respectively.

Before applying this technique to waveform parameter estimation and material characterization,
its correctness and effectiveness are verified by comparing the reduced transient reflection

coefficients with those in [46]. Several different cases are considered, each following the Debye

model (a = 0) with different values of the parameters ¢_, &, and 7. In the numerical trials, for each
p value (p =3,6, 10 and 20), weset N=15(1=9,m=6),20(1=14,m=6), 39 (1=20, m = 19),
59 (1 =29, m = 30), and 99 (1 = 49, m = 50) and achieved almost the same results for £, (z,p),

indicating that the truncation errors are small enough. In the followiné examples, p =3 and N= 15
1=9,m=6).

Figure 5.3-1 (a) illustrates the reduced reflection coefficients of water (at standard temperature
and pressure) calculated using our technique, and compares them to the results in [46] with an

excellent agreement. The reduced reflection coefficients do not include any impulsive component
with the amplitude of R}, or R} . The large scale on the vertical axis may be disconcerting at first

look, but it should be noted that these reflection coefficients will be convolved with incident pulses

with durations on the order of nanoseconds.

109



Amplitude (1/s)

Amplitude (1/s)

0 0.002 0.004 0.006 0.008
Time (ns)

x10

0.01

9 L

0 0.05 0.1 0.15
Time (ns)

(b)

110

0.2



Amplitude (1/s)

14 . L x
0 0.5 1 1.5 2 25 3

Time (ns)
(©
Figure 5.3-1: Time domain reduced reflection coefficients of Debye half space for 8 =30°.
(a) water, =0, g, =783, &, =5.0, 1=9.6x10""s.
(b) Martian soil simulant. =0, &, =3.57, ¢, =3.12, 7=0.041x 107 s.
(c) ceramic. @ =0, &, =494, g =155, 1=1.39x10"s.
Solid line: Our results for horizontal polarization; Plus sign: Results for horizontal polarization in

[46]; Dashed line: Our results for vertical polarization; Circle: Results for vertical polarization in

[46].

Figure 5.3-1 (b) compares the reduced reflection coefficients of a Martian soil stimulant found
using our technique to the results in [46]. Our results agree with those in [46] very well. Since the
static and optical permittivities for the soil are comparable, the relaxation effect is less dramatic than
that for water while the durations of transient reflection coefficients are longer than that for water

due to the longer relaxation time.
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Figure 5.3-1 (c) shows the reduced reflection coefficients of a Lanthanum modified PbTiO,

ferroelectric ceramic. There is an excellent agreement between our results and those in [46]. The
static and optical permittivities are much larger than those in the above two cases, but relaxation time
is also quite large, making the durations of these reflection coefficients have the order of several
nanoseconds.

Consider a Gaussian waveform incident upon a water half-space at @ =30°. The incident field is

horizontally polarized and has an amplitude of 1 V/m and a pulse width of 1 ps. The reflected

waveform can be determined using the convolution,
E (1)=R,(1)*E'(t)=R, (1)*E (t)+R}; E'(1), (5.3-13)
where R, (t) is shown in Figure 5.3-1 and R}, is given by (5.3-9). The reflected waveform is plotted

in Figure 5.3-2, from which it is seen that the incident Gaussian waveform is maintained, but with a

long tail contributed by the waveform of R, (t) due to the relaxation effect.

0.1+

Amplitude (V/im)
=
w

0 0.002 0.004 0.006 0.008 0.01
Time (ns)

Figure 5.3-2: Reflected waveform for a horizontally polarized Gaussian pulse incident on a water

half space at & =30°.
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5.3.2 Waveform Parameter Estimation and Material Characterization

Based on the above transient analysis, this technique can be utilized for the estimation of
waveform parameters of reflected pulses. As an example, consider a mixture of water and ethanol
with a volume fraction v, . Here, v, =0 corresponds to pure ethanol while v, =1 corresponds to
pure water. Bao et al. have shown the permittivity of this mixture is described quite well by the
Debye model and have measured the Debye parameters for various volume fractions. The parameters

can be approximated by the following expressions [81]:

g,=-19.1v,> +18.5v, +4.8, (5.3-14)
€, —¢€,=53v,+22, (5.3-15)
7=0.15x10"%"" ns. (5.3-16)

For water the Cole—Cole parameter « is only 0.02, indicating that a Debye description is sufficient.
However, not all polar materials have a permittivity that follows the Debye model as closely as
water. Some oil has a Cole—Cole parameter & up to 0.23 [77]. In this work, assuming that the
permittivity of the mixture above is described by the Debye and Cole—Cole equations, waveform
parameters estimation and material diagnosis are explored, respectively, and the corresponding
results in two cases are compared with each other.

One of the most important waveform parameters is the correlation between two waveforms. It

indicates the degree to which two waveforms resemble and is defined by

c()- fsl (£') s, (¢ +1") dt’

N

m

(5.3-17)

s, =max(fs12 (') dr, fszz (") dt') (5.3-18)
Let s,(r) and s,(¢) be the incident and reflected waveforms, respectively, and consider the

Guassian waveform in Section 3 incident upon a mixture half space. The maximum value C, of
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C(t) is plotted versus the volume fraction v, for three values of Cole-Cole parameter  and three
incident angles in Figure 5.3-3 (left), and versus o for two v, values and three incident angles in

Figure 5.3-3 (right). It is seen that C,_, increases with the increase of v, « and 6.
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Figure 5.3-3: Maximum correlation between the incident and reflected waveforms for a mixture

irradiated by a horizontally polarized Gaussian pulse.
Left: versus v, for @ =0 (solid lines), 0.1 (dash-dot lines) and 0.23 (dashed lines), and for 8 =0°
(blue lines), 45° (red lines) and 89° (green lines).

Right: versus @ (0<a <0.23) for v, =0.2 (solid lines) and 0.8 (dashed lines), and for &=0° (blue

lines), 30° (red lines) and 60° (green lines).

Assume that a mixture with =0 and v, =0.7 is desired. Whether this fraction has been

achieved can be determined by examining the maximum correlation between two reduced reflected

waveforms for the desired volume fraction and for the mixture to be determined. C,, =1 indicates
that the mixture has the desired volume fraction, while C_, <1 means that the mixture has a
different volume fraction from the desired one. Using a reduced reflected waveform obtained from

E, (t)=R,(1)*E (#) leads to a much higher detection accuracy than using a reflected waveform
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calculated by E}, (t)=RH (t)*E’ (t) Figure 5.3-4 (right) shows that the desired mixture can be
easily identified since C,, calculated using reduced reflected waveforms decreases sharply on two

sides of the peak. Furthermore, increasing the incident angle even up to 89° (almost grazing
incidence) will not deteriorate the detection accuracy. In contrast, Figure 5.3-4 (left) shows that it is
not easy to detect the desired mixture because C_, calculated using reflected waveforms does not
decrease quickly in the proximity of the peak. Moreover, increasing the incident angle will
significantly deteriorate the detection accuracy. The peak nearly cannot be detected for larger

incident angles.

04
0

Figure 5.3-4: Maximum correlation between two reflected waveforms (left) and between two

reduced reflected waveforms (right) for the desired volume fraction and for the mixture to be
determined, with a horizontally polarized Gaussian pulse incident on the mixture at 8 =0° (solid
lines), 45° (dashed lines) and 89° (dash-dot lines), when @ =0 and v, varying. Plus sign:

Corresponding results in [46].

Assume that a mixture with @ =0.1495 and v, =0.6 is desired. Figure 5.3-5 (right)
demonstrates that the desired mixture can be identified since C,,, calculated using reduced reflected

waveforms decreases on two sides of the peak. Meanwhile, increasing the incident angle even up to
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89° will not deteriorate the detection accuracy basically. With the range of C,_, , Figure 5.3-5 (left)

ax >
indicates that it is almost impossible to detect the desired mixture because C,, calculated using
reflected waveforms does not significantly decrease on two sides of the peak. In addition, increasing
the incident angle will further deteriorate the detection accuracy. Comparing Figure 5.3-5 (right)
with Figure 5.3-4 (right), it is seen that detection of a mixture with a desired « value is much more

difficult than detection of a mixture with a desired v,. value.

Figure 5.3-5: Maximum correlation between two reflected waveforms (left) or between two reduced

reflected waveforms (right) for the desired volume fraction and for the mixture to be determined,
with a horizontally polarized Gaussian pulse incident on the mixture at & =0° (solid lines), 45°

(dashed lines) and 89° (green lines), when v, =6 and « varying.

5.4 CONCLUDING REMARKS

Section 5.1 discusses pulse propagation in plasma with a zero and nonzero electron collision
frequency. For an excitation like a double exponential signal that has the long tails in both time and
frequency domains, a large number of sampling points are required to compute the tramsient
response using fast Fourier transform (FFT). The closed form incomplete Lipschitz-Hankel integrals

(ILHI) representation is more efficient than FFT but only can be used to model transient wave
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propagation in plasma with a zero electron collision frequency [27]. For the plasma with a nonzero
electron collision frequency, a hybrid method from ILHI representation and FFT can be employed in
the following way. Because the plasma high-frequency behavior is approximately independent of
electron collision frequency, an analytical frequency domain expression that is similar in form to the
one encountered for the collisionless plasma encompasses this high-frequency behavior is
substracted from the exact expression for the plasma with a nonzero electron collision frequency.
The extracted term is evaluated analytically. The remaining expression, which can be transformed to
the time domain with FFT, requires only a modest number of sampling points [28]. Using our
method based on numerical inversion of Laplace transform (NILT), we do not need to extract the
high-frequency behavior from the expression for the plasma with a nonzero electron collision
frequency, since our method can be directly applied to plasma with a zero and nonzero electron
collision frequency [86]. Furthermore, our approach is not only applicable to a double exponential
signal but also to other signals. Although the application of our approach is not as wide as that of
FDTD method, it is more cost effective for basic pulse propagation studies of import to the
communications and radar communities. FDTD method can in principle be applied to the
corresponding full three-dimensional vector problem. However, the standard FDTD approach cannot
handle simulating the desired long propagation distances due to finite computing resources and the
accumulation of phase errors associated with numerical dispersion. The results we present in this
chapter can be used as validation cases for FDTD method and other numerical approaches in their
regions of validity.

In this thesis research, two approaches are employed to analyze transient reflection and
propagation. As shown in sections 4.2 and 4.3, one is to approximate an arbitrary incident signal
with a finite number of attenuating exponential signals using Prony’s method and to apply NILT to
the final image function, which is the product of the frequency domain reflection or tramsimission
coefficient and the image function of the approximating incident signal. The accuracy of this

approach is limited by the numerical errors from both NILT and the decomposition of the original
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incident signal into of a series of finite attenuating exponential signals. As shown in sections 5.2 and
5.3, another approach is to use NILT for determinating the transient reflection or transmission
coefficient and to convolve the incident signal with the time domain reflection or transmission
coefficient. The accuracy of this approach depends on both NILT and numerical convolution, which
normally incurs smaller errors than decomposing an arbitrary signal into a series of finite attenuating
exponential signals. Section 5.2 presents time domain reflection coefficients for both TE- and TM-
polarized plane waves incident on a Lorentz medium half space using NILT. Three possible cases
are discussed, each of which is determined by a different relationship between the damping
coefficient, oscillation and plasma frequencies. The result is an exponentially damped waveform that
oscillates based on the conditions of each case.

In section 5.3, the properties of a half space are described in frequency domain by the Debye and
Cole—Cole models, respectively, which are commonly used to capture the relaxation-based
dispersive properties. First, transient reflected pulses are analyzed and waveform parameters are
estimated. Then, based on the estimation, the relationships between the waveform parameters of
reflected pulses and the properties of dispersive material as well as incident angles are discussed.
Meanwhile, the results obtained with the Debye model are compared to those obtained with the
Cole—Cole model. The application of these results to material characterization and diagnosis is
explored. It is shown that using the reduced time domain reflection coefficients often brings more
physical insights and leads to an efficient algorithm and a robust scheme for dispersive material
diagnosis. There is excellent agreement between our results and those in [46], which validates the

correctness and effectiveness of this work [87] [88].
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CHAPTER 6: CONCLUSIONS

6.1 SUMMARY OF THESIS WORK

This thesis addresses several issues regarding the transient analysis of short duration
electromagnetic pulses propagating through a variety of media and some related subjects. Hosono
introduced numerical inversion of Laplace transform (NILT) into electromagnetics and optics. Since
then, however, his algorithm has only found quite limited applications in electromagnetics and seems
to have received less attention in the related fields over the last thirty years. First of all, this thesis
discusses and treats Hosono’s algorithm for NILT under a strict theoretical framework.

The waveform analysis for pulses propagating through and interacting with different media is a
topic of importance in many technological fields. An efficient time domain technique is developed
on the basis of the numerical inversion of the Laplace transform and Prony’s method for the analyses
of electromagnetic pulses reflected from a conductive interface and propagating through a lossy
dielectric slab. First, using numerical inversion of the Laplace transform but without using Prony’s
method, the reflection excited by exponential incident signals impinging on a conducting half space
is analyzed for both horizontal and vertical polarizations. Then the technique is directly applied to
the case of vertical polarizations with an incident angle not smaller than the Brewster angle. For non
exponential incident signals, it is clarified that our technique is still usable but needs to be combined
with Prony’s method. Following this clarification, the details on Prony’s method and some
associated practical problems in the combination with Prony’s method are discussed. After that, the
approach combining a numerical inversion of the Laplace transform with Prony’s method is applied
to the analyses of non exponential pulses reflected from a conductive interface. Numerical results are
illustrated and compared with those published in the literature. A good agreement between the two
validates the correctness and effectiveness of this approach. Based on the studies of pulses reflected
from a conducting half space, characterization of non exponential pulses propagating through a lossy

dielectric slab is pursued. Comparison between the results obtained with this technique and
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previously published results and those obtained using the FDTD technique indicates a good
agreement. Moreover, the concern on whether the treatment of permittivity and conductivity in this
chapter accords with the Kramers—Kronig relations is properly adressed. Finally, this approach is
summarized and the significance of this work is discussed. A mathematical proof is presented,
showing that the numerical inversion of the Laplace transform is applicable to the characterization of
the reflected pulse due to an incident pulse that is a linear combination of exponential signals and is
impinging upon a conductive interface at any incident angle for both polarizations.

Numerical inversion of Laplace transform is contiuously developed and extended to the
modeling of pulse propagation in plasma and reflection from Lorentz, Debye and Cole—Cole media.
All these four dispersive models satisfy the Kronig—Kramers relations required for a causal material.
Firstly, pulse propagation in plasma with a zero and nonzero electron collision frequency is
discussed. Next, the time domain reflection coefficients, viz impulse responses, of Lorentz, Debye
and Cole—Cole half spaces are achieved for both TE and TM cases. Then, the transient reflections of
an arbitray pulse from these media are determined by convolving the incident pulse with the impulse
responses of these media, instead of using Prony’s method to decompose the incident pulse into a
series of finite attenuating exponential signals. Based on the time domain analysis of reflected pulses
from these dispersive half spaces, some waveform parameters are estimated and the material
diagnosis is carried out. Lastly, the work on transient wave propagation in and reflection from
dispersive media is summarized with some meaningful conclusions. Our results show excellent

agreement with those in the literature, validating the correctness and effectiveness of our technique.

6.2 FUTURE WORK

There are over 100 algorithms available for numerical inversion of Laplace transform (NILT).
The technique developed in this thesis based on Hosono’s algorithm is categorized into the method
of Fourier series expansion. It is needed to choose some algorithms and compare them with each

other and choose favorable ones for application to time domain electromagnetics.
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We have extended and applied numerical inversion of Laplace transform to the analysis of
transient waves in a stratified medium and achieved some preliminary results [89]. It is worthwhile
to investigate the possibility to extend and apply numerical inversion of Laplace transform to
transient analysis of plane waves reflected from and propagating in inhomogeneous media as well as
non plane wave reflection and propagation.

A novel computational technique has been proposed very recently for transient electromagnetic
scattering problems. This technique is based the combination of the method of moments (MoM) and

numerical inversion of Laplace transform [90] and opens a door for further studies.
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APPENDIX A

In this appendix, it will be proved that, for s = [ p+]j (n ——0.5)7[] / t, the final image functions,

F,(s) and F,(s), satisfy the two conditions a) and b) mentioned in Section 2, under which

fim (t, p) can be used to approximate f, (i s ,0)-

Here only the proof for F, (s) with @, and C, being real numbers is given, since the proofs for

F,(s) with , and C, being complex numbers and for F, () are similar. If we let

(8, +iJcos¢9=a+jb,

SE,

o .2 .
g +——sin"O=c, + jd,
SE,

o . .
£, +——sin’@ =c+ jd,
SE,

a :(sr +pT?tjcos9, b:—(”L;)”mcose, B =[p2 +(rz—0.5)2 ﬂz}go,

Cl=8,—sin2¢9+p—o-t, d1=—M,
B
€= arlelrdl dos e +d’ —q
= 2 s __|d1| 2
If we denote
q Cp q
;S+ap _;(uP“LJ"p)’
then
(p+a' t)C ! (n—05)zC,t ,
up=+”, V,,:—__A_P, A=(p+05pt) +(n_0‘5)2ﬂ2.

From F, (s) =R, (s) E(s),
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(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)



Fv(s): q §a+jb)—(c+j:d)(u +jvp), (A9)

then

F,=(-1) in(F,(5)) = (-1)" 2 (s); f”* () E;?c()vf(; fd];) > (A10)

where
g=(a*+b*)-(c* +d*), h=2(bc-ad). (Al1)

When 7 becomes large,

F _)Zq,‘(_l),, [_Cptj €,cos0—\je, —sin’ 0
oA nT ) g cos0+\/gr—sin20 .

F

n

_9

<|F,| but

Thus, the signs of F, alternate, and furthermore, |F F . , viz., F,(s) satisfies

the two conditions a) and b) described in Section 2.

123



REFERENCES

[1] A.Sommerfeld, “Uber die Fortpflanzung des Lichtes in dispergierenden Medien,” Ann. Phys.,
vol. 44, pp. 177-202, 1914.

[2] . A. Stratton, Electromagnetic Theory. New York: McGraw-Hill, 1941.

[31 C. A. Balanis, Advanced Engineering Electromagnetics. John Wiley & Sons, 1989.

[4] D. G. Dudley, T. M. Papazoglou, and R. C. White, “On the interaction of a transient
electromagnetic plane wave and a lossy half-space,” J. Appl. Phys., vol. 45, pp. 1171-1175,
Mar. 1974.

[5] T. M. Papazoglou, “Transx;lission of a transient electromagnetic plane wave into a lossy half-
space,” J. Appl. Phys., vol. 46, pp. 3333-3341, Aug. 1975.

[6] 1. J. A. Klaasen, “Time-domain analysis of one-dimensional electromagnetic scattering by
lossy media,” Rep. FEL-90-A211, TNO Phys. Electron. Lab., The Hague, Oct. 1990.

[7]1 J. G. Maloney, G. S. Smith, and W. R. Scott, Jr., “Accurate computation of the radiation from
simple antennas using the finite-difference time-domain method,” IEEE Trans. Antennas
Propagat., vol. 38, pp. 1059-1068, July 1990.

[81 R. Luebbers, F. P. Hunsberger, K. S. Kunz, R. B. Standler and M. Schneider, “A frequency-
dependent finite-difference time-domain formuation for dispersive materials,” IEEE Trans.
Electromagn. Compat., vol. 32, pp. 222-227, Aug. 1990.

[9] J. G. Maloney and G. S. Smith, “The use of surface impedance concepts in the finite-
difference time-domain method,” IEEE Trans. Antennas Propagat., vol. 40, pp. 38-48, Jan.
1992.

[10] P.R. Barnes and F. M. Tesche, “On the direct calculation of a transient plane wave reflected
from a finitely conducting half space,” IEEE Trans. Electromagn. Compat., vol. 33, pp. 90-96,

May 1991.

124



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

H.-Y. Pao, S. L. Dvorak and D. G. Dudley, “An accuate and efficient analysis for transient
plane waves obliquely incident on a conductive half space (TE case),” IEEE Trans. Antennas
Propagat., vol. 44, no. 7, pp. 918-924, July 1996.

H.-Y. Pao, S. L. Dvorak and D. G. Dudley, “An accuate and efficient analysis for transient
plane waves obliquely incident on a conductive half space (TM case),” IEEE Trans. Antennas
Propagat., vol. 44, no. 7, pp. 925-932, July 1996.

E. J. Rothwell and J. W. Suk, “Efficient computation of the time-domain TE plane-wave
reflection coefficient,” IEEE Trans. Antennas Propagat., vol. 51, no. 12, pp. 3283--3285, Dec.
2003.

E. J. Rothwell, “Efficient computation of the time-domain TM plane-wave reflection
coefficient,” IEEE Trans. Antennas Propagat., vol. 53, no. 10, pp. 3417-3419, Oct. 2005.

M. F. Pantoja, A. G. Yarovoy, and A. R. Bretones, “On the direct computation of the time-
domain plane-wave refelction coefficients,” ACES (Applied Computational Electromgnetics
Society) Journal, vol. 24, No. 3, pp. 294-299, June 2009.

E. O. Schulz-Dubois, “Sommerfeld pre and postcursors in the context of waveguide
transients,” IEEE Trans. Microwave Theory Tech., vol. MTT 18, no. 8, pp. 455-460, 1970.

L. B. Felsen and N. Marcuvitz, Raiation and Scattering of Waves. Englewood Cliff, NI:
Pretice-Hall, 1973.

R. E. Collin, Field Theory of Guided Waves, 2nd ed. New York: IEEE Press, 1991.

M. Cerrillo, “Transient phenomena in waveguides,” MIT Res. Lab. Electron. Tech. Rep., vol.
33, 1948.

C. M. Knop, “Pulsed electromagnetic wave propagation in dispersive media,” I[EEE Trans.
Antennas Propagat., vol. AP-12, pp. 494-496, 1964.

J. R. Wait and K. P. Spies, “On the theory of transient wave propagation in a dispersive

medium,” Appl. Sci. Res., vol. 16, pp. 455-465, 1966.

125



[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

L. E. Vogler, “An exact solution for waveform distortion of arbitrary signals in ideal
waveguides,” Radio. Sci., vol. 5, no. 12, pp.1469-1474, 1970.

Y. V. Vaisleib and S. P. Gan, “Propagation of radio pulses in a regular single mode
waveguide,” Telecom. Rad. Eng., vol. 31/32, no. 7, pp. 101-107, 1977.

M. M. Agrest and M. S. Maksimov, Theory of Incomplete Cylindrical Functions and Their
Applications. Berlin: Springer-Verlag, 1971.

A. H. Mohammadian, “Time dependent Dyadic Green’s functions for rectangular and circular
waveguides,” IEEFE Trans. Antennas Propagat., vol. AP-36, no. 3, pp. 369-375, 1988.

S. L. Dvorak, “Exact closed-form expressions for transient fields in homogeneously filled
waveguides,” IEEE Trans. Microwave Theory Tech., vol. 42, no. 11, pp. 2164-2170, 1994.

S. L. Dvorak and D. G. Dudley, “Propagation of ultra-wide-band electromagnetic pulses
through dispersive media,” IEEE Trans. Electromagn. Compat., vol. 37, pp. 192-200, May
1995.

S. L. Dvorak, R. W. Ziolkowski and D. G. Dudley, “Ultra-wideband electromagnetic pulse
propagation in a homogeneous cold plasma,” Radio. Sci., vol. 32, no. 1, pp. 239-250, Jan.-Feb.
1997.

K. E. Oughstun and G. C. Sherman, “Propagation of electromagnetic pulses in a linear
dispersive medium with aborption (the Lorentz medium),” J. Opt. Soc. Am., Series B, vol. 5,
pp- 817-849, 1988.

K. E. Oughstun and G. C. Sherman, “Uniform asymptotic description of electromagnetic pulse
propagation in a linear dispersive medium with aborption (the Lorentz medium),” J. Opt. Soc.
Am., Series A, vol. 6, pp. 1394-1420, 1989.

K. E. Oughstun and G. C. Sherman, “Uniform asymptotic description of ultrashort rectangular
optical pulse propagation in a linear, causally dispersive medium,” Phys. Rev. A, vol. 41, pp.

6090-6113, 1990.

126



[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

K. E. Oughstun and G. C. Sherman, Electromagnetic Pulsepropagation in Casual Dielectrics,
Berlin: Springer-Verlag, 1994.

K. G. Gray, “The reflected impulse response of a Lorentz medium,” Proc. IEEE, vol. 68, pp.
408-409, 1980.

B. V. Stanic, D. R. Milanovic, and J. M. Cvetic, “Pulse reflection from a lossy Lorentz
medium half-space (TM polarization),” J. Phys. D: Appl. Phys., vol. 24, pp. 1245-1249, 1991.
S. M. Cossmann, E. J. Rothwell, and L. C. Kempel, “Transient reflection of TE-polarized
plane waves from a Lorentz-medium half-space,” J. Opt. Soc. Am., Series A, vol. 23, no. 9, pp.
2320-2323, September 2006.

S. M. Cossmann, E. J. Rothwell, and L. C. Kempel, “Transient reflection of TM-polarized
plane waves from a Lorentz-medium half-space,” J. Opt. Soc. Am., Series A, vol. 24, no. 3, pp.
882-887, March 2007.

P. Debye, Polar Molecules. New York: Dover Publications, 1945.

P. Kosmas, C. M. Rappaport, and E. Bishop, “Modeling with the FDTD method for
microwave breast cancer detection,” IEEE Trans. Microwave Theory Tech., vol. 52, no. §,
suppl. 2, pp. 1890-1897, August 2004.

B. Oswald, D. Erni, H. R. Benedickter, W. Bichtold, and H. Fliihler, “Dielectric properties of
natural materials,” Proc. IEEE Antennas and Propagation Society International Symposium,
vol. 4, pp. 2002-2005, 1998.

K. G. Ong, W. R. Dreschel, and C. A. Grimes, Detection of human respiration using square-
wave modulated electromagnetic impulses,” Microwave Optical Technol. Lett., vol. 36, pp.
339- 349, 2003.

A. Ogunsola, U. Reggiani, and L. Sandrolini, “Modelling shielding properties of concrete,”
Proc. 17th International Symposium on Electromagnetic Compatibility, Zurich, Switzerland,

pp. 34-37, Feb. 27-March 3, 2006.

127



[42]

(43]

[44]

[46]

[47]

(48]

(49]

[50]

[51]

J. M. Zhang, et al., “Reconstruction of the parameters of Debye and Lorentzian dispersive
media using a genetic algorithm,” Proc. IEEE Electromagnetic Compatibility International
Symposium, Atlanta, Georgia, USA, pp. 898-903, June 21-26, 2003.

J. Guerra and J. Eiras, “High frequency dielectric relaxation in Lanthanum modified PaTio,

ferroelectric ceramics,” Material Res., vol. 7, pp. 325-328, 2004.

R. Piesiewicz, et al., “Terahertz characterisation of building materials,” Electron. Lett., vol. 41,
pp. 1002-1004, 2005.

S. B. Jones, R. W. Mace, and D. Or, A time domain reflectometry coaxial cell for
manipulation and monitoring of water content and electrical conductivity in variably saturated
porous media,” Vadose Zone J., vol. 4, pp. 977-982, 2005.

E. J. Rothwell, “Plane-wave impulse response of a Debye half space,” Electromagnetics, vol.
27, no. 4, pp. 195-206, May 2007.

K. S. Cole and R. H. Cole, “Dispersion and absorption in dielectrics,” J. Chemical Phys., vol.
9, no. 4, pp.341-351, Apr. 1941.

J. W. Suk and E. J. Rothwell, “Transient analysis of TE-plane wave reflection from a layered
medium,” J. Electromagn. Wave Appl., vol. 16, No. 2, pp. 281-297, 2002.

J. W. Suk and E. J. Rothwell, “Transient analysis of TM-plane wave reflection from a layered
medium,” J. Electromagn. Wave Appl., vol. 16, No. 9, pp. 1195-1208, 2002.

J. C. Oh, E. J. Rothwell and D. P. Nyquist, “Natural resonance representation of the transient
field reflected by a conductor-backed lossy layer,” J. Electromagn. Wave Appl., vol. 17, No. 5,
pp. 673-694, 2003.

J. C. Oh, E. J. Rothwell, B. T. Perry and M. J. Havrilla, “Natural resonance representation of
the transient field reflected by a conductor-backed layer of Debye material,” J. Electromagn.

Wave Appl., vol. 18, No. 5, pp. 571-589, 2004.

128



[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

B. T. Perry and E. J. Rothwell, “Calculation of the transient plane-wave reflection from an N -
layer medium by the method of subregions,” IEEE Trans. Antennas Propagat., vol. AP-55, no.
11, pp. 3293-3299, Nov. 2007.

P. G. Petropoulos, “Analysis of exponential time-differencing for FDTD in lossy dielectrics,”
IEEE Trans. Antennas Propagat., vol. AP-45, no. 6, pp. 1054-1057, June 1997.

Q. Chen, M. Katsurai and P. H. Aoyagi, “An FDTD formulation for dispersive media using a
current density,” IEEE Trans. Antennas Propagat., vol. AP-46, no. 10, pp. 1739-1746, Oct.
1998.

T. Wuren, T. Takai, M. Fuji and 1. Sakagami, “Effective 2-Debye-pole FDTD model of
electromagnetic interaction between whole human body and UWB radiation,” IEEE
Microwave and Wireless Component Letters, vol. 17, no. 7, pp 483-485, July 2007.

M. R. Tofighi, “FDTD modeling of biological tissues Cole—Cole dispersion for 0.5-30 GHz
using relaxation time distribution samples—novel and improved implementations,” [EEE
Trans. Microwave Theory Tech., vol. 57, no. 10, pp. 2588-2596, Oct. 2009.

F. L. Teixeira, “Time-domain finite difference and finite-element methods for Maxwell
equations in complex media,” IEEE Trans. Antennas Propagat., vol. AP-56, no. 8, pp. 2150-
2166, August 2008.

S. L. Dvorak and E. F. Kuester, “Numerical computation of the incomplete Lipschitz-Hankel
integral Je,(a,z),” J. Comput. Phys., vol. 87, no. 2, pp. 301-327, Apr. 1990.

I. S. Gradshteyn and 1. M. Ryzhik, Tables of Integrals, Series, and Products. New York:
Academic, 1994.

M. Abramowitz and 1. Stegun, Handbook of Mathematical Functions, New York: Dover,
1965.

P. Wyns, D. P. Foty, and K. E. Oughstun, “Numerical analysis of the precursor fields in linear

dispersive pulse propagation,” J. Opt. Soc. Am., Series A, vol. 6, pp. 1421-1429, 1989.

129



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[71]

B. Davies, Integral Transforms and Their Applications, 3rd ed., Chapter 19, pp. 327-355, New
York: Springer, 2002.

T. I. Bromwich, An Introduction to the Theory of Infinite Series, 2nd ed., Chapter III, pp. 53-
66, London, U. K.: Macmillan, 1926.

R. M. Simon, M. T. Stroot, and G. H. Weiss, “Numerical inversion of Laplace transforms with
applications to percentage labeled mitoses experiments,” Computers and Biomedical
Research, vol. 5, pp. 596-607, 1972.

T. Hosono, “Numerical inversion of Laplace transform,” Trans. Inst. Elec. Eng. Japan, vol.
99, no. 5, pp. 43-49, Oct. 1979.

T. Hosono, “Numerical inversion of Laplace transform and some applications to wave optics,”
Radio Sci., vol. 16, no. 6, pp. 1015-1019, Nov.—Dec. 1981.

W. R. LePage, Complex Variables and the Laplace Transform for Engineers, pp. 157-162,
New York: McGraw-Hill, 1961.

S. He and S. Strom, “Time-domain propagating modes in a finitely conducting half-space and
calculation of the transient reflection,” IEEE Trans. Electromagn. Compat., vol. 37, no. 2, pp.
277-282, May 1995.

Q. Zeng and G. Y. Delisle, “Characterization of a transient wave reflected from a lossy half
space using numerical inversion of Laplace transform,” Antem 2004/URSI: 10th International
Symposium on Antenna Technology and Applied Electromagnetics and URSI Conference, pp.
87-90, Ottawa, ON, July 20-23, 2004.

Q. Zeng and G. Y. Delisle, “Time-domain analysis for electromagnetic pulses reflected from a
conductive half space,” in Proceedings of 2006 IEEE Canadian Conference on Electrical and
Computer Engineering (CCECE2006), pp. 92-95, Ottawa, Ontario, Canada, May 7-10, 2006.

F. B. Hildebrand, Introduction to Numerical Analysis, pp. 457-462, New York: Dover, 1974.

130



[72]

(73]

[74]

[76]

(78]

[79]

[80]

C. W. Chuang and D. L. Moffatt, “Natural resonances of radar targets via Prony’s method and
target discrimination,” IEEE Trans. Aerospace and Electronic Systems, vol. AES-12, no. 5, pp.
583-589, Sept. 1976.

R. C. Qiu, “A generalized time domain multipath channel and its application in ultra-wideband
(UWB) wireless optimum receiver design—Part II: Physics-based system analysis,” IEEE
Trans. Wireless Comm., vol. 3, no. 6, 2312-2324, Nov. 2004.

A. Mugqaibel, A. Safaai-Jazi, A. Bayram, A. M. Attiya and S.M. Riad, “Ultrawideband
through-the—wall propagation,” IEE Proc.-Microw. Antennas Propag., vol. 152, no. 6, pp.
581-588, Dec. 2005.

Z. Chen, R. Yao and Z. Guo, “The characteristics of UWB signal transmitting through lossy
dielectric slab,” IEEE Radio and Wireles Conference 2004, pp. 134-138, Atlanta, GA, USA,
Sept. 19-22, 2004.

P. Yeh, Optical Waves in Layered Media, pp. 66 and pp. 86—88, New York, NY: John Wiley
& Sons, 1988.

E. J. Rothwell and M. J. Cloud, Electromagnetics, Chapter 4, pp. 189-348, Boca Raton, FL:
CRC Press, 2001.

C. A. Brau, Modern Problems in Classical Electrodynamics, Chapter 7, pp. 318- 376, New
York, NY: Oxford University Press, 2004,

Q. Zeng and G. Y. Delisle, “Path loss model for ultra wideband signal propagation,” ANTEM /
URSI 2006: 12th International Symposium on Antenna Technology and Applied
Electromagnetics [ANTEM] and Canadian Radio Sciences [URSI/CNC], pp. 415-419,
Montreal, Quebec, Canada, July 16-19, 2006.

M. Ghavami, L. B. Michael and R. Kohno, Ultra Wideband Signal and Systems in
Communcation Engineering, Section 4.3, pp. 110-121, Chichester, England; Hoboken, NJ:

John Wiley & Sons, 2004.

131



[81]

[82]

[83]

[84]

[85]

[86]

(87]

(88]

[89]

M. Ho and F.-S. Lai, “Effects of medium conductivity on electromagnetic pulse propagation
onto dielectric half space: One-dimensional simulation using characteristic-based method,” J.
Electromagn. Wave Appl., vol. 21, No. 13, pp. 1773-1785, 2007.

J. W. Suk, “Transient analysis of plane-wave scattering in a layered medium,” Ph.D.
dissertation, Michigna State University, East Lansing, MI, December 2000.

Q. Zeng and G. Y. Delisle, “Time domain analysis of ultra wideband pulse reflection from a
lossy interface,” International URSI Commission B — Electromagnetic Theory Symposium
(EMTS 2007), Ottawa, Ontario, Canada, July 26 — 28, 2007.

Q. Zeng and G. Y. Delisle, “Characterization for ultra wideband pulses transmitting through a
lossy dielectric slab,” 2006 IEEE International Conference on Ultra-Wideband (ICUWB
2006), pp.213-218, Waltham, Massachusetts, USA, September 24-27, 2006.

J.-Z. Bao, M. L. Swicord, and C. C. Dawes, “Microwave dielectric characterization of binary
mixtures of water, methanol and ethanol,” J. Chem. Phys., vol. 104, pp. 4441-4450, 1996.

Q. Zeng and G. Y. Delisle, “Time domain analysis of electromagnetic pulse propagating in
plasma,” in Proceedings of 2008 IEEE International Symposium on Antennas and Propagation
and USNC/URSI National Radio Science Meeting, San Diego, California, USA, July 5-12,
2008.

Q. Zeng and G. Y. Delisle, “Waveform parameter estimation and dispersive material
characterization”, in Proceedings of the 25th Progress In Electromagnetics Research
Symposium (PIERS 2009), Beijing, China, pp. 169-175, March 23 — 27, 2009.

Q. Zeng and G. Y. Delisle, “Waveform parameter estimation and material characterization,”
PIERS Online, Vol. 5, No. 3, pp. 241-247, 2009.

Q. Zeng and G. Y. Delisle, “Transient analysis of electromagnetic wave reflection from a
stratified medium,” in Proceedings of 2010 Asia-Pacific Symposium on Electromagnetic

Compatibility (2010 APEMC), Beijing, China, pp. 892-895, April 12 — 16, 2010.

132



[90] S. Ohnuki, Y. Kitaoka, and S. Kishimoto, “Analysis of transient electromagnetic scattering
from arbitrary objects,” accepted by 2010 Asia-Pacific Symposium on Electromagnetic

Compatibility (2010 APEMC), Beijing, China, April 12 — 16, 2010.

133



