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ABSTRACT

MEASUREMENT OF ELECTROMAGNETIC PROPERTIES OF

MATERIALS VIA COAXIAL PROBE SYSTEMS

by

Ching-Lieh Li

This thesis presents two methods to determine the conductivity, permittivity and
permeability of materials via coaxial probe systems. Using a frequency-domain network
analyzer, the determination of the complex permittivity and complex permeability over
a wide band of frequencies can be achieved simply through two input impedances
measurements. In this thesis two coaxial TEM structures operating from 200 MHz to 2
GHz are analyzed.

Two experimental setups of coaxial probe systems were designed to measure the
electromagnetic (EM) properties of materials. One is the open-ended coaxial probe
system, by which a nondestructive measurement of EM parameters can be easily achieved
for various materials in practical applications. The other is called coaxial cavity system,
which is suitable for liquid materials or lossy materials of thick dimensions. Experimental
results of these two methods are satisfactory and they agree quite well.

In the open-ended coaxial probe system, theoretical analysis predicts the excitation



of surface waves, radiative waves and radial guided waves which can influence the
quantification of EM parameters of materials. A careful study on these complex waves
was conducted. On the other hand, a resonant phenomenon was observed theoretically
and experimentally in the coaxial cavity structure. In order to investigate the effect on
the characterization of EM properties near the reSonant frequencies, the metallic wall loss
of the cavity is calculated using Poynting theorem and perturbation method.

Both methods were studied carefully by full wave analysis. Theoretical approach
leads to an integral equation for the electric field at the aperture of the coaxial probe
system. The method of moments is applied to transform the integral equation into a set
of simultaneous algebraic equations so that the numerical solution for aperture electric
field can be obtained. After the aperture E field is obtained, other quantities such as the
input impedance and the EM fields inside the material can be calculated. The input
impedance of the coaxial probe can then be used to determine the EM parameters of the
material.

A series of experiments was conducted to measure the input impedances of the
coaxial probe systems, which are in contact with materials, using an HP network analyzer.
An inverse algorithm is then used to determine the EM parameters of the materials from
the measured input impedances. Various materials, which include low, medium and high

permittivity materials, have been measured and the results were found to be satisfactory.
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CHAPTER 1
INTRODUCTION

The research described in this thesis deals with the measurement of electromagnetic
(EM) properties of materials. Two methods are investigated in this thesis: The first
method employs an open-ended coaxial line probe which consists of an open-ended
coaxial line terminated on a metallic flange and placed against a material layer. The
second method uses a coaxial cavity which is partially filled with material and excited by
a coaxial line. The first method offers an easy, nondestructive measurement, and the
second method is useful to measure thick lossy materials.

The subject of EM property characterization of materials has attracted interests of
many researchers in this field for a long time [1]. In particular, the nondestructive
measurement [2]-[4] and simultaneous determination of complex permittivity and
permeability [5]-[7] have gained much attention during the last two decades.

The free space methods to achieve nonintrusive measurement employ beams of EM
radiation which are directed to pass through the object [8],[9]. These methods possess
the advantage that the samples can be easily introduced into the measurement area, but
the frequencies employed in these methods are typically in the minimeter wave or quasi-
optical range and relatively large material samples are usually necessary. For smaller
material samples, the frequency domain transmission line techniques may be suitable, for
which the measurement fixture consists of a waveguide or a coaxial transmission line

which holds the sample. In particular, the coaxial waveguide structures have been widely



used for EM parameter measurements [1],[10]. Usually the S-parameters of the
transmission line are determined and then the EM parameters are calculated. Other
structures including stripline [6], microstrip line [11] and closed cavity methods [12] have
also been employed. One of the advantages for the setups is that the lower frequency
measurement can be achieved with a TEM structure. The disadvantage is that the
material samples need to be machined to fit in the fixtures.

To achieve a nondestructive measurement in the frequency range from 0.2 GHz to
2 GHz, an open-ended coaxial probe terminated on a metallic flange is proposed. This
geometry possesses the advantage of simplicity and a nondestructive measurement can be
achieved easily by placing the probe against the materials. Attempts to measure the EM
properties of materials via an open-ended coaxial probe are certainly not new [2]-[4],[13]-
[16]. But to our best knowledge, no study has been conducted to characterize both the
complex permittivity and permeability of material using an open-ended coaxial probe.
And little work has been conducted to investigate the short-circuit case (material layer
shorted by a metallic plate) of an open-ended coaxial probe [17]. Also the effect of
complex wave excitation upon the characterization of EM parameters has not been
addressed before. With the geometry of an open-ended coaxial probe, only a small
sample area is illuminated by EM fields in the frequency band of interest; this method is
not very sensitive nor suitable for lossy materials of large dimensions.

In orde.r to overcome the weakness of an open-ended coaxial probe scheme, a
coaxial cavity method is developed to excite EM fields which penetrate into the material
medium. In variation to the conventional cavity method, a single-frequency method to
extract the EM parameters from the change in resonant frequency and Q-factor [18],[19],

the coaxial cavity is partially filled with material and the reflection coefficient of the



incident wave to the cavity is measured over a wide frequency band. The coaxial cavity
structure provides a well-defined reference plane for precision measurement and is
suitable for low frequency range. Conceptually, the complex permittivity and
permeability of the material can be determined by simply changing the length of the
coaxial cavity.

Chapter 2 provides theoretical background of the general waveguide theory. Hertzian
potentials, employed to describe the EM fields of guided waves, are reviewed. The
orthogonality properties of these guided waves are listed for the subsequent analysis of
waveguide discontinuity problems. Also a concise derivation of wave matrices is given
to analyze the reflection and transmission of TM waves incident upon a discontinuity
interface.

Chapter 3 is devoted to the theoretical and numerical analysis of the open-ended
coaxial probe, which consists of an open-ended coaxial line terminated on a large metallic
flange and placed against a layer of material. An integral cquatjon for the aperture
electric field is established by matching the tangential EM fields across the aperture. The
method of moments is then applied to solve the electric field integral equation (EFIE)
numerically. The theoretical analysis predicts the excitation of surface waves and
radiative waves for the open-circuit case and radial guided waves for the short-circuit case
in this structure. The concept of equivalent magnetic surface current was used to replace
the aperture E field and an analysis on the radiation of this equivalent surface current in
a layered medium is presented. This study offers a check to the study based on the
EFIE and also provides some physical pictures relevent to the problem.

Chapter 4 studies the power balance for the open-ended coaxial probe by comparing

the total power carried away from the aperture, in the form of surface waves, radiative



waves and radial guided waves, to the transmitted power of the incident wave at the
aperture. This provides a solid verification for theoretical and numerical results. The
power associated with each complex wave is computed via Poynting vector, of which the
EM field components of surface waves and radial guided waves are derived by Cauchy
residue theorem, and the far zone field of radiative wave is evaluated by the saddle point
method. The EM fields excited inside the material medium are found to be localized
around the probe aperture for the frequency band of interest. This finding justifies the
assumption of an infinite metallic flange in the analysis.

Chapter S is devoted to the theoretical and numerical analysis of the coaxial cavity,
which is partially filled with a material and driven by a coaxial line. The matching of
the tangential electric and magnetic fields at the probe aperture results in an integral
equation for the unknown aperture electric field. The method of moments is then applied
to solve the EFIE numerically. It is observed that a resonant phenomenon occurs in this
structure, and at the resonant frequencies the determination of the EM parameters of
materials becomes ill-conditioned. The metallic wall loss effect of the coaxial cavity near
the resonant frequencies is then investigated to help mitigate the ill-conditioned problem.

Chapter 6 presents the experimental results on EM properties of various materials
using both methods. The experimental setups and the calibration procedures for
conducting accurate experiments are outlined. Two measurements on the probe input
impedance are made for each frequency of interest using an HP network analyzer
(HP8720B). These measured input impedances are then used to determine the
permittivity and permeability by some numerical inverse algorithm. The results on some

known materials agree quite well with the published data.



CHAPTER 2
" REVIEW OF WAVEGUIDE THEORY

The results of general guided wave theory are outlined in this chapter [21].
Definition of Hertzian potentials is first introduced, and the EM fields of guided waves
along an uniform closed-piped system are provided in terms of suitable Hertzian
potentials. Then the orthogonality properties for the guided waves confined by a perfectly
conducting waveguide are listed, which are useful in the analysis of waveguide excitation
and discontinuity problems.

Specifically, the guided waves in coaxial line structures are analyzed in detail in
subsequent chapters.

The reflection and transmission of transverse magnetic(TM) waves incident upon a
discontinuity interface from the medium of either side are also studied. The concept of
wave matrix is then presented to handle the problem of EM wave propagation in a

layered material medium systematically.

2.1 Introduction of Hertzian potentials

Hertzian potentials are commonly used to describe electromagnetic (EM) fields in
EM theory [22]. And there are in general two types of Hertzian potential, electric type
Hertzian potential and magnetic type Hertzian potential.

The electric Hertzian potential, ﬁ‘, is defined such that the electric and magnetic

fields in a homogeneous and isotropic medium are derived from it as follows:



A=e v,
of 2.1)
E=v(vi,)- :
(V-L,) - pe o
with
o, el P @
o

where P is the polarization density vector associated with the sources and defined by

_3P

. p=-VP 23)
at

In the frequency domain and in a source free region, the relations become

E = @it +v(V-i1) = Vxvxil, ~ 2.4)
A = joeVxI,
and
VAL + K71, =0 (2.5)

where k=wyue is the wavenumber in the medium.

Similarly the magnetic Hertzian potential, ﬁh, is defined such that the electric and
magnetic fields in a homogeneous and isotropic medium are derived from it, in frequency

domain, as follows:

E = -jopVxi, (2.6)
A = i, +V(V-1I,) = VxVxdd,
and
VA, + k210, =0 2.7



In studying guided waves along an uniform closed-pipe system, it is common to
classify the waves into two basic types as follows [22]:
1. Transverse electric modes (TE modes)

These modes contain magnetic field component but no electric field component
in the direction of propagation. They are also referred as H modes and the field
components may be derived from a magnetic type Hertzian potential having a single
component along the axis of the guide.

2. Transverse magnetic modes (TM modes)

These modes contain electric field component but no magnetic field component
in the direction of propagation. They are also referred as E modes and the field
components may be derived from an electric type Hertzian potential having a single

component along the axis of the guide.

Transverse electric modes (E, = 0, H, * 0)
The TE modes can be derived from a magnetic Hertzian potential by letting ﬁ.= 0
and ﬁ,, =£II,. The electric field then has transverse components only and can be

expressed as follows:

E= -jopvxdl, (2.8)
=jopzxV,II,
where
A =V—z‘i (2.9)
az

Separating variables in II,, we write II, ={,g(z), then the EM fields can be

expressed in terms of the wave function ¥, as



A~ ;va,e*“‘ 210
E’, =3Z,(¢xH)

with
V4, +k2y, =0 2.11)

k=12 +k2

where Z, = -fep I‘ is the TE mode wave impedance.

Transverse magnetic modes (E, + 0, H, = 0)
The TM modes can be derived from an electric Hertzian potential by letting ﬁ,.= 0
and ﬁ. =ZII,. The magnetic field then has transverse components only and can be

expressed as follows:

l?=jmerﬁ. (2.12)
= jweixV,II,
where
v,-v-s2 2.13)
oz

Similarly separating variables in II,, we write II, =y g(z), the EM fields can be

expressed in terms of the wave function y, as

E =Kly,e™

E=3IVy, ™ @14)
H,=3Y,xE)
with
Vow, +kiy,=0
o2 (2.15)

where Y.=% is the TM mode wave admittance.



2.2 Orthogonality properties of waveguide modes

Guided-wave modes inside perfectly conducting waveguides possess the following
interesting and important mathematical orthogonality properties:

1. Longitudinal field components and/or wave functions of different modes are
orthogonal.

2. Transverse field components of different modes are orthogonal.

Mathematical statements of the orthogonality properties are listed here for later
developments. Letting W, ¥, be the solutions for the n®* and m® E mode or H mode

with n=m, then the orthogonality properties are
ffcs. V¥, ds =0

(2.16)
[, Vo, Vb, ds =0
or
H_H ds=0
f cs. mm (2.17)
f cs. EZR Ezmd9 =o
and
ffC.S. Etn.gtﬂdg =ffC.S. ﬁm'ﬁ‘mdf =0
... for TE modes or TM modes
(2.18)

ffc'_s‘fm.gmd?=ffc_s.ﬁm.ﬁmdg=0
... for all nm; mixed TE and TMmodes

These orthogonality properties are exceedingly useful because with these a given
arbitrary field can be expanded into a series of E and H modes in the analysis of

waveguide excitation and discontinuity problems.



2.3 Reflection and transmission at a discontinuity interface for TM modes

In this section the complex amplitudes of the reflected and transmitted waves are
studied when a TM wave is incident upon a plane interface surface between two different
media. Also the wave matrix is derived for waves incident upon an interface from the
medium at either side to handle a general reflection and transmission problem.

A discontinuity interface between two different media is considered first as shown
in fig. 2.1. When a TM wave is incident on the interface, it is partially reflected and
partially transmitted. The notations E,,ER, and E', stand for the electric fields of the

incident wave, reflected wave and transmitted wave, respectively, as follows:

-Pl z

E=[&(nph) +e, (k1)) le

o (2.19)
Ey=[2g(ny,hy) +2€,5(n )] ™

T,z

E1'= [Er(pqapa +2¢zr(pp|‘2)] e
where u, and p, are the transverse coordinates.

And the associated magnetic fields are

— -T" - -r

H=hppp)e =Y & n)e™

. . . r

Hy=hp(p,ny)e o D AT A (MM (2.20)
- - - T

H=h(ppp)e " =Y, Ep p)e™™

with

Jjwe, . R
?|=_P (lizl-"l'lll ﬂz)’Yd(nzn]'“] ﬁz)
1 (2.21)

7,-19%

T (p'z ﬁ]‘ﬂ] l:"z)! Y.z(p'z ﬂ]'l‘l] l‘iz)
2

where i, fi, are the unit vectors of the transverse coordinates.
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Figure2.1 A discontinuity interface between two different media.

11



The boundary conditions for tangential E and H fields at the interface are
t-E(z=d")=t-E(z=d")
t-H(z=d")=t-H(z=d")

Application of the boundary conditions leads to

- -Pl ‘

rd
ge

-I‘1d

+é‘Re =é’,e

V-6, e -g ") =¥, & e™

which can be simplified to

- 'rld

e e tepe

- -rzd
=eére

-Td_ o Id_ L _-Td
Y, €e Y, et =Y,,¢Ee

(2.22)

(2.23)

(2.29)

Since the boundary conditions on tangential E and H fields must be satisfied at

every point of the interface, then clearly €, and &€, must have the same transverse

functional dependence as €, such that we may define
€ =¢, &, (B y)
€=b&,(p,1,)
€r =€, (By Hy)

Substituting (2.25) into (2.24) gives

.I‘,

d rd _ -r,d
c,e +be' =c,e

Y, cle'r“ -Y,,b, M= Y.zcze‘r’d
The following operation, (2.26) *Y,, - (2.27), leads to

(Y -Y, e 4 (Y,,+Y,)be =0
which is arranged as

12

(2.25)

(2.26)

(2.27)

(2.28)



b= 2 te o (2.29)

1
Y, +Y,,

Defining R to be the ratio of the reflected wave amplitude to the incident wave

amplitude, we have

R!ﬁ - Y, Y, o 20d (2.30)
¢ Y,+Y,

Similarly the following operation, (2.26) *Y,, + (2.27), leads to

27, c,e M= (¥, +Y,) e @30
or T= G _ 2Y,, 2 Td (2.32)
¢, Y,+Y,

where T is the ratio of the transmitted wave amplitude to the incident wave amplitude.
In case d=0, then R and T become

Y, +Y,

2Y,, .

- 12
Ycl + Ycz

R= = R,

(2.33)

such that the interface reflection coefficient R, and transmission coefficient T}, have the
same forms as those for a transmission line discontinuity as shown in fig. 2.2.
The general reflection and transmission problem must include waves incident upon

an interface from either side, which is studied next.

Wave matrices
The wave matrix method is usually employed to handle a general reflection and

transmission problem in a systematic way.
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Figure2.2 The reflection and transmission coefficient of a transmission line
discontinuity, where Y, and Y, are the characteristic admittance of
each line, respectively.
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With reference to fig. 2.3, c; denotes the amplitudes of the waves travelling to the
right (i=1,2) and b; denotes the amplitudes of the waves travelling to the left in either
medium. When a TM wave of amplitude c, propagates from the left side of the interface,
it is partly reflected and partly transmitted, which is also true for a TM wave of amplitude
b, propagating from the right side of the interface. Therefore in the left side, there is a
total reflected wave propagating in negative z direction. And in the right side, there is
a total transmitted wave propagating in the positive z direction. Letting b, and c, be the

amplitudes of the latter two waves, respectively, we can write

rd. -I\d rd .
ble ' c,(l‘pl‘z)=Rlcle ! a,(l"pp'z)"'rzl b2¢ ? e,(l‘pl‘z)

(2.34)
T,d d Td .
c 6 8, (B ) = Ry by e €, (1)) + Ty 06 8, (o by)
or
bl = Rl e-zr,d cl + sz e-(r, -T,)d b2 (2 35)
c,=R, P b,+T, e Fi- T c, (2.36)
where
R, = Yo-Y., = -R
2
Yo+¥, (2.37)
. I
12 » Iy
Y1+Yc2 Y02+Yc1
Equation (2.36) can be arranged to be
¢ = l e(r' -Tpd C, - ﬁ c(r‘ +Tpd b2 (2.38)
T, T,

Substituting (2.38) into (2.35) and after some manipulation, we have
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Figure2.3 A discontinuity interface between two different media, where there
are TM waves of amplitudes c; , b, coming from the medium of

either side, respectively.
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bl - _ﬁ e'(r] ‘rz)d c2 + 7'121‘2! -R1R2 e'(r| 'rz)‘bz (2.39)
TlZ Tll

Since using (2.37) it can be shown that T,T, -R,R, =1, then (2.39) becomes

b, = Ry e ot e Ty, (2.40)
T, T,
Since R,=-R,, (2.38) and (2.40) can be written in a matrix form as
Cl 1 e(rl‘rz)‘ Rle(rl’rz)d Cz All Au Cz (2 41)
b| Ty |Re ™™ O Iy |4, 4,8,

where [A] is called a wave transmission chain matrix.
With this wave matrix, we can relate the amplitudes of the forward- and backward-
propagating waves in the output side to that in the input side such that for a cascade

connection of N+1 sections as shown in fig. 2.4 we have

G| w T Tvy Tyl Cyy | Ay Ap|[Cha
= - -(§+T).)y Rj-(r Ty = @42
-1 +1
b| m Ty |Re ™/ e ' By.| |4n Axn|(bya

Letting Rbl be the overall ratio of backward-propagating wave amplitude b; to the

forward-propagating wave amplitude c;, then R,, can be derived as

_ b, Ay +A,,by., (2.43)

¢, ACy,+Apby,

1]

There is an alternative expression for R,  that employs a recursive relationship of
Rbl as follows [23]:

Since R, =-R,, dividing (2.40) by (2.38) leads to
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b R, JRCR AT e ve -(ry-Tyd b,

¢, N c,+R, e *r’)"bz

(2.44)
-I,d_ _Td
= e N4 Rie *+e* bc,
e ™R e b,c,
which can be written as
Tyd, Td
- e ¥+e
R, =e M Ry Ry (2.45)

e e, R, e R,,

Therefore for a cascade connection of N+1 sections, we have the following recursive
relationship (j=1....,N):
Re Ty, Sy g

by-+1) . (2.46)
e -Fl’lzl + Rj erl”zl Rb

-2T,
U+

which offers another approach for computing R,,.

Finally let’s verify (2.45) by an example to conclude this section. With reference to
fig. 2.5, an open-ended coaxial probe is placed against a dielectric material layer with
thickness d, which is investigated in chapter 3 in detail. For each TM mode inside the

material and the air, we have (2.47)
R,,=0

and (2.45) reduces to

2r,de = 20d Yo-Y, (2.48)

Ycl +Y¢2

R, =¢

which is exactly the same as (2.30).
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Figure 2.5 An open-ended coaxial probe terminated on a metallic flange

placed against a material medium . A TM wave is excited in-
side the material.
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CHAPTER 3
OPEN-ENDED COAXIAL PROBE TO MEASURE THE
PERMITTIVITY AND PERMEABILITY OF MATERIAL

3.1 Introduction

In this chapter the analysis of an open-ended coaxial probe system for the
measurement of electromagnetic (EM) properties of materials is presented [10,23,24-26].

The geometry of this problem is an open-ended coaxial probe terminated on a large
metallic flange placed against a stratified material .mcdium as shown in fig. 3.1, by which
a nondestructive measurement of EM parameters can be achieved. The goal is to relate
the permittivity € and permeability p of the material to the input impedance of the coaxial
probe, thus, by measuring the latter the former, € and p, can be inversely determined.

Theoretically, this probe is analyzed as follows. An incident TEM mode to the
probe is partially reflected by the discontinuity at the aperture and it also excites EM
fields in the .stratiﬁed material medium. Additionally, higher order coaxial waveguide
modes are excited near the probe aperture. The EM fields in the coaxial line part and in
the material medium can be expressed in terms of modal functions, and the matching of
the tangential electric and magnetic fields at the probe aperture will result in an integral

equation for the unknown aperture electric field. |
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coaxial line

Figure 3.1

Geometry of an open-ended coaxial line terminated on a
large metallic flange placed against a stratified isotropic
medium.

22



The electric field integral equation (EFIE) is investigated and it is found that certain
singularities may occur in the integrand, which requires a careful analysis before a
numerical scheme can be applied to solve this integral equation.

A careful theoretical analysis for the structure of ﬁg. 3.1 leads to the prediction of
the excitation of surface waves and radiative waves for the open-circuit case, in which the
material is backed by a dielectric (layer N is dielectric, usually air), and radial guided
waves for the short-circuit case, in which the material is backed by a metallic plate (layer
N is metal). The finding of these complex waves comes from the singularities and/or
branch cuts of the integrand in the EFIE and can be identified via deformed contour
integration in the complex plane.

To determine the reflection coefficient of TEM mode at the probe aperture, the
integral equation for the unknown aperture electric field is solved by the method of
moments. After the aperture electric field is obtained, the reflection coefficient of the
TEM mode or the input impedance of the probe can be determined in terms of € and p
of the material medium. Conversely, if the input impedance of the probe is
experimentally measured with the help of a network analyzer, € and p of the material
medium can be inversely determined.

Conceptually, for a simple medium two measurements are required to determine two
unknowns € and p at each frequency of interest. Therefore by measuring the open-circuit
input impedance and the short-circuit input impedance of the probe, the complex € and
p of the medium can be uniquely determined.

In section 3.2 the results of general guided wave theory are applied to solve the EM
fields at both sides of the aperture, and an EFIE is derived by matching the boundary

conditions across the aperture. Meanwhile the reflection coefficient of the incident TEM
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wave is expressed in terms of the aperture electric field. Tﬁc identification of complex
waves in the structure is also discussed in this section via the Hankel transform
representation of EM fields and a deformed complex contour integration.

In section 3.3 the finding of complex waves excitation due to the singularities in
integrand of the EFIE is verified using the concept of equivalent magnetic surface current
for the aperture field. This offers an independent treatment other than the analysis of
section 3.2. Not surprisingly, these results turn out to agree to each other in both sections.

In section 3.4 the method of moments is applied to solve the EFIE. The T™M
eigenmodes of the coaxial line are chosen to be the basis functions for unknown aperture
field and Galerkin’s technique is used to convert the integral equation into a set of
simultaneous algebraic equations, from which the numerical solution of aperture electric
field is obtained and the input admittance at the aperture is resolved. Finally some

checkings for the correct numerical implementation are also given in this section.

3.2 Theoretical Study Using Full Wave Analysis
3.2.1 Application of General Waveguide Theory to a Coaxial Structure

In this section the results of guided wave theory in chapter 2 are applied to a coaxial
waveguide structure with a geometry as shown in fig. 3.1 [27].

Due to rotational symmetry, only TM modes are excited when a TEM mode is
incident to the system. With the help of (2.15) for TM modes, the wave function ¥,

satisfies a two-dimensional Helmholtz equation,

AR AR D
subject to the boundary conditions of

24



¥, (p=0)=0

3.2)
¥, (p=b)=0
where k2 = k2+T'2 and V? is the transverse part of the V2 operator.
In cylindrical coordinate V, stands for li( — +-!-i such that (3.1)
pop Jp  p?od?
becomes
19( 3%, 1 &, Ky, =0 (33)
pap"3p ) o7 ag?
and by the separation of variables method the solution of ¥, is
Jo (k. s )
=A [J(k —_hcam Ty el (3.4)
'I’cnn R.[ B( Bﬂp) Y(k‘_“. ) (Cllll )]
where k_,  satisfies
J (& oYk b-J(k DYk, a)=0 (3.5)

With the help of (2.14) the field components of TM modes can be expressed as

2 ¥z
cnm"’cuu

E -

IRm

E"I. = ;I‘R.lvfw‘ﬁﬂe ‘r"z

k (3.6)
pkcnm[" (k nnp) —(_L) n( cnmP p)]
Y(kcun a)
=*rnmAnn‘ J (k ) ’e’ "’e‘r"‘
+ jn cRm
& [-’ WK nmP) -~ Y& & a )Y(kc,.,,, Pl |
Ay =2Y,(2%E)
(. TGk
Bl ) F T )] 6
=-jo)eA"4 (k cnm) { e’”‘e*r”‘
Uk, )Py
‘Pp[,.( amP) ™ Y& 3 wKeamP)] |
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These field components are used to represent the fields inside coaxial line in the

next section.

3.2.2 Integral Eqpation for the Aperture Electric Field

An integral equation for the aperture electric field is derived in this section by
matching the tangential EM fields across the aperture. Because of the discontinuity at the
aperture, higher order modes are excited near the aperture. The EM fields in both sides
can then be expressed -as a sum and/or an integration of these higher order modes. For
the case of TEM mode excitation, because the fields inside the coaxial line are ¢-
independent and the stratified medium is rotationally symmetric (which is a quite good
approximation in practice), the EM fields scattered due to the discontinuity at z=0 also
exhibit the rotational symmetry. Consequently, only TM modes can be excited, and TE

modes can be shown to be zero.

Fields inside the coaxial line

Let’s first consider the EM fields in region z<0 (inside the coaxial line), where

there exists incident and reflected TEM mode and backward-propagating higher order TM

modes. Letting R be the reflection coefficient of the TEM mode at z=0, the field

components of TEM mode inside coaxial line can be expressed as follows [27].
E = ﬁAO%(e'ﬂ‘“ +Re™

(3.8)

ﬁ,=$AoL(e"u“-Reﬂ“)
n.P

where A is the incident TEM mode amplitude.
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For higher order TM modes, only those modes with ¢-independent property (n=0)

are excited as mentioned. By (3.4), (3.6) and (3.7) the TM mode field components are

EZ.OU= Czﬂﬂ*gon Tomt
=A u [Jo(k,omP) - 2obeon® YoK-omP )]¢’°’e”" (3.9
0( com )
E.O -+P0l [ 4 con

For simplicity, omitting the index o in the above equations leads to

E_=k et

m CI“’CJ

=AUk, p)- Jolk.na )o( p)le’™ (3.10)
) X ()

E- = +I‘ﬂvf Cﬂe’ =

tm

or more explicitly,

E, = +T A bk [k .0)- i: ;o( aP)le™
cm 3.11)
=-joe A bk, [Jok,.p)- Jotk.x0) Yok, p)le ™
»m cm cm Yo(kc. a) cm

Because the eigenvalue k_, satisfying (3.5), is discrete, the total transverse EM fields

in region z<0 are the sum of the TEM mode and all possible TM modes as follows:

E-pa,’ (e ML Re™) +p B AR (p)e™

m=1

A= M (e ke _Rety - 62—‘4 R (p)e™*

(3.12)

where
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8_(0) =Tk Uk o) enD v a0y
np- memlY0 cnp mﬂ cnp

= Cm ["l(kcmp ) Y O(kcua) -"O(kcu a) Yl(kcn P) ]

Thus the fields at the left hand side of the aperture are obtained by setting z=0"

(3.13)

in (3.12)
E@z=0") =5A,-:;(1 +R)+p ZAR (p) (3.14)
m=]

B@=0)-4,-(1-R)-$ £12%4_& (o) (3.15)
n,P r

m=1 1

where 1, €, are those EM parameters of the material filled in the coaxial line.

Fields inside the material

Next let’s consider the EM fields in region z20 (inside the material). As
mentioned before the field components exhibit rotational symmetry and only TM modes
can be excited inside the material, thus the Helmholtz equation for wave functiony,

becomes

Vi, + kY, =0 (3.16)
subject to ¥ (p=0) being finite.

The solution of ¢, can be easily shown to be

y,=DJ, (k.p) - with Y (k_p) discarded (3.17)

where k_ =‘/I'“ka is the continuous eigenvalue and kl is the wavenumber inside the
j* layer of the material.

Again only the rotationally symmetric term (n=0) gives the right solution, therefore
with the help of (3.6), (3.7) and (3.17) the field components in the j* layer of material

are
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E} =Dk p)e ™
E} =+I,D k pJ,(k.p)e" "= +pB, J,(k.p)e™"" (3.18)

H: =$Y, B J,(k.p)e™"

joe, :
where Y, = T is the wave admittance.
J
Since the eigenvalue k_  is continuous in this case, the total fields should be
expressed as an integration (instead of summation) of all the possible solutions. Thus the

total transverse field inside the j* layer of the material (including +Z direction) is

E,=p [ Be "+ Ry ) Ik o)k K, o

A-=¢ fo " Y, B (e - R, ") J (k. p)k dE,

The quantity RH is the amplitude ratio of backward wave to forward wave of a TM
mode at the interface j (between layer j and j+1) and it is shown in chapter 2 that
there exists a recursive relationship (2.46) between RH and Rbm such that Ru of layerj
can be computed from that of neighboring layers.

It can also be checked that the longitudinal component of electric field is

B,
.= [ Ry ek oIk, .20
0%y

The transverse field components at the right hand side of the aperture (inside layer

1) are obtained by setting z=0" in (3.19):
E(2=0")=p ["B,(1+Ry)J,(k,p)k Ak,
(3:21)
H(z=0"=$["Y,,B,(1-R,)J,(k p)k dk,
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where R,, of layer 1 can be computed from those of neighboring layers.
Matching the tangential E fields and H fields at z=0, an integral equation can be
derived for the unknown aperture E field. Equating (3.14) and (3.21) over the aperture

of a<p<b, we have
Ao%(l +R)+'2-_314..3..(p) =_ZB,(1 +R,,)J, (k. p)k dk, (3.22)
and
Aol%(l -R)- ilYmA.ﬂ.(p) =]Y,, B (1-Ry,)J,(k.p)k dk, (3.23)
m= 0

M,

Jjwe, Jjwe,
where Ym=_ and Y1=__
T, 7T,

Equations (3.22) and (3.23) can be cast into an integral equation for the aperture
electric field via orthogonality properties. Let &(p) be the E field at z=0, i.e. Ep(z=0),

then (3.22) becomes
A.,%( 1+R)+ EIA.Q_(p) =&p)= f B,(1+R,,)J,(kp)k dk, (3.24)
m= 0

Employing the orthogonality properties and an identity for the Bessel functions ,
(3.24) can be solved for the unknown amplitudes A,,4_ and B,:
Using .

J. (k). (k.p)pdp =8(k ~k) [k
{,( _pW,(k.p)pdp =8(k,-k) [k, (325)

]
[8.)8 (P)pdp =3,

we have

30



4. leﬂf Elp)dp

A= f ()& (p)pdp

B(k)=—— f E(p)J,(kp)pdp

a RM)

Also from Ao we have

b
L [#e)dp
Aoln(-‘;) e
b

— [#e)dp
Aoln(-‘;) e

1+R=

1-R=2-

(3.26)

(3.27)

Substituting these amplitude coefficients into (3.23), an integral equation for &(p)

is derived as follows:

a1l

°n,p

2-

> f8’(p)dp SEY,R (p)fl’(p)ik (P)pdp’
agndye -

(1-R,)
- f A &: [ [&e)I k. p)0dp

or

a2l 111 f &(p)dp'+ 2 Yre®,.(P) f Z(p)R (p)pdp
"h P ;P ln(b

-Ry,)
f y, IR T [ [&6)J,k.pIpdp
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J(k )k dk_

(3.28)

(3.29)



Before solving (3.29) for the aperture electric field numerically, it is found that there
exists singularities in the integrand of the integral w.r.t. k.. The understanding of the
physical meaning for these singularities requires further study which is presented in

subsequent sections.

3.2.3 Identification of Complex Waves

The excitation of surface waves, radiative waves and radial guided waves in the
open-ended probe structure is investigated in this section [28]. It is found that there exists
singularities in the integrand with respect to k_ of the integral equation (3.29), which
correspond to the excitation of surface waves for the open-circuit case and radial guided
waves for the short-circuit case. The identification of these complex waves is made by
examining the EM field expressions via a deformed complex contour integral and is
verified in section 3.3 by using the equivalent source concept for the aperture electric
field.

With the help of (3.19) and (3.26) the EM fields in layer 1 of the material are

derived as

- -I‘,z+ Tz, [b
E,-[ [ € Ry )[ [2)1,k 00 dp
0

J.(k p)k dk
(1+R,,) . ] 1Pk AE,

(3.30)

- (e 'I‘ll_Rbl el‘,z) ] ) , , ,
H,=[\Y,, [&e)\ k0 )pdp’ | I,k p)k d,
0 a

(1+R,,)

which can be viewed as the EM field representation via the use of inverse Hankel

transform.
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By recognizing that the expressions inside the braces of (3.30) are odd functions of
k., an alternative field representation of EM fields in layer 1 via Hankel functionH,m

is derived using the following formulas:
H"(p)+H} ()

2 (3.31)
H{"(p) =H{(-p)

J](P) =

and for an arbitrary odd function f(k) we have
f k)T, (k. p)k dE,

ff(k,) [HP(-kp) +HP (k)] k,dk,

0

| 3 [F0EPwe) (-0 (-du) | (332)
0

-
+ {f(k,)ﬂiz’(k,p)k,dk, }

fkIHP (k_p)k dE,

&%'

1
2

Combining (3.31) and (3.32) gives the field representation in layer 1 as follows:

E. - 1](’-“2*’"“‘) }z( Y (k. )p'dp | HD(k p)k dk

2] TR,y |]TPIATR PR T TR (3.33)
l- (e I‘,z Rbl I‘,L) , , ,
"3 L T f Z(p)Jy(k.p Yodp' | HP(k p)k dk,

With (3.33) it can be verified that the roots of 1+R,, =0 correspond to the surface

wave pole singularities for the open-circuit case. This is demonstrated by converting the
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real-axis integral to a deformed contour integral with a proper choice of branch cuts as

shown in fig. 3.2 [22]. By Cauchy theorem the electric field can be deduced to

(e .rxl+Rbl gl‘,z) bg( ')J (k ,) ,d . H(!) k )k dk
P2 ¢, (1+R,) ,[ p)J (k.p )pdp |H, (k.p)k.dk, (334
(e-r|l+ er,l) b o
+5 (o a +zl) fﬂp')ll(kcp )pdp H?)(k‘p)k‘_dkc
1 a

where C’ stands for the contours around the surface wave poles and C, for the contour
along the branch cut.

Also the roots of 1+R,, =0 correspond to the radial guided wave pole singularities
for the short-circuit case, which is depicted in fig. 3.3. For this case the electric field can
be deduced to

(e -rlz"'Rbl el‘,z

v "2k, T aR,y

f &) J (k.0 )odp | HO(k p)k dk, (3.35)

where C, stand for the contours around the radial guided wave poles.

Similar expressions can be derived for magnetic field also. In addition, via the

formula of Hankel function H; @ the integral equation (3.29) can be rearranged as follows:

Ail—ll— f 8‘(p3dp+z:y a(p)fS(p)!R (p)pdp’
“n,p n.ph(), 36
( Rbl )
f.,(l " ft(p J,(kp )dp | Bk, p)R d,

The integral equations (3.29) and (3.36) are in the appropriate form for further
development of the numerical solution of aperture electric field &(p), using the real axis

integration for (3.29) and the integration along branch cuts for (3.36).
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Figure 3.2  Deformed contour integral in complex k.- plane for
open-circuit case.
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Figure 3.3 Deformed contour integral in complex k,.-plane for short-
circuit case.
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3.3 Analysis via Equivalent Source Treatment of Aperture Electric Field

In this section the connection between the surface waves/radial guided waves and
the singularities in the integrand of the electrical field integral equation (EFIE) for the
open-circuit/short-circuit case is studied. The analysis in this section gives an alternative
viewpoint and offers another approach to the problem other than the analysis of section
3.2, by which the physical phenomena are revealed clearly.

For the excitation problem of TM modes along a planar dielectric slab waveguide
by an annular magnetic current distribution as shown in fig. 3.4, it can be shown that the
results do agree with that of the previous section if the aperture electric field is replaced
by an equivalent magnetic surface current.

For illustrative purpose an open-circuit case with a 2-layer material is considered
in which the excitation of surface waves is well known [21,22]. The analysis of TM
mode excitation by a two dimensional surface current source is presented. And by
replacing the aperture electric field by an equivalent magnetic surface current, the excited
EM fields and the integral equation for the aperture electric field are derived, which are
exactly the same as that derived by using a full wave analysis in the previous section.
Finally the equation leading to singular points of the integrand in EFIE (3.29) is converted

into the exact eigenvalue equation of the surface wave modes.

3.3.1 Wave Equations for EM Field Maintained by Magnetic Current Distribution

In fig. 3.4 a 3-D magnetic current distribution, f', situated over the plane interface
between the material and the metallic ground plate is considered. .7. is assumed to be
rotationally symmetric, and the notation Ef stands for the primary wave maintained by]'

and E;, Ez' for scattered waves due to contrast between different regions. Only TM
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modes with field components E, E, and H, are studied. The wave equations for EM
field with magnetic source terms are formulated first in this section, then the solution of
the wave equation for magnetic field is derived in next section and the electric field can
be deduced from the magnetic field via Ampere’s law.

Firstly, let’s start with Maxwell’s equations for an electric source free region, where
J=p=0,
(VeE=0
VxE = -7, -jopll 33
| VxH = joeE

Ve =£ﬂ

n

Taking curl operation on the equation of Ampere’s Law leads to

Vx(VxH) =jweVxE
V(Vei)-V?H =jweVxE (3.38)

V(% -V2H =-jwe] +k*H

thus the wave equation for H is
Vit 28 =v(ER) yjoeT, (3.39)
B

Similarly taking curl operation on the equation of Faraday’s Law gives
Vx(VxE) = -VxJ, -jopVxH
V(VeE)-V2E=-VxJ_+KE

(3.40)

thus the wave equation for E is
V2E+IPE =VxJ, (3.41)

or
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v217+k1i1'=V(%) el
V2E+RCE=VxJ,

To solve the wave equation (3.39) for H,, let’s first recall the formula of Laplacian

operator for a vector field in cylindrical coordinates:

VIV = p (VD) +b (V2P 42(VP),

with (V27), =v?v, -1 v, -ifz-
ot " ot R (3.43)

V2P), =V, -iv 2%,

p: " p? 34’

V2P), =V,

Secondly, the current is assumed to be ¢J, ,(p,2) such that the divergence of J,,
is zero and the corresponding magnetic charge, p,_, is zero. Physically this may happen
when the aperture electric field of TM modes in an open-ended coaxial probe is

considered and the equivalent source concept is applied. That is, the EM fields at the

aperture are
E(p2)=pE +ZE
p2)=PE,+ZE, (3.44)
H(p2)=$H,
such that the equivalent sources are
R =-ixE| _o=-$E (p,0)
" o= ~0E,(p (3.45)

Pyu=-2*H=0
With null magnetic charge and the help of (3.43) the wave equation (3.39) for

magnetic field becomes



1 .
VZH‘-?H. +BH, =joed, , (3.46)

Due to the rotational symmetry of the structure the Laplacian operator for a scaler

field becomes

=i+la_ +i (3.47)
dp> POp 3?
Equation (3.46) then becomes
iy‘,ula_}{‘»f(kl__l.)y’,ui}{‘: joed,, (3.48)
dp? ° POp p? a2

Wave equation (3.48) can now be solved by exploiting the Hankel transform and

the Green’s function technique, which is presented in the next section.

3.3.2 Scattered Wave and Primary Wave Solutions of Wave Equation

In this section the complete solutions of the wave equation (3.48) are obtained,
which include the homogeneous solutions for the scattered waves with unknown
amplitude coefficients and the inhomogeneous solution for the primary wave due to
magnetic current source. Then the boundary conditions across the interface of different
regions are enforced to determine these unknown amplitudes so that the EM fields are

determined, which are shown to be exactly the same as that derived in section 3.2.

Homogeneous solutions for scattered waves
The scattered EM fields due to the contrast of different regions are derived from the
homogeneous wave equation via the application of the Hankel transform. Letting f'_ =0,

(3.48) in region (o) becomes,
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= +__-__)+(k2+.i)] H,=0 (3.49)

The integral representation of rotationally symmetric magnetic field via Hankel

transform is )
Hy02)= f WP, (Ap)pdp
{ (3.50)
Hy(p.2)= f H,(A2J,(Ap)AdA
{ 0
and the following identity for the Bessel function holds
o [7,(Ap)(ApIAdA =3(p-p) (351)
(]

Substituting H.o(p.2) = [Hiy(ADJ,(Ap)AdA into (3.49) leads to
0

([ #.,18 1 & e -0 (352)
[ {( iy o LG AL 0D, (Ap)}m -0

which can be simplified via the definition of J,(Ap) to

[ { A (e .(A.z)+(%+k.)ﬂ NCETA (Ap)}m =0 (353)
0
or -
[ {(—+k -MH, (A,2) }J (Ap)AdA =0 (354
0
Equation (3.54) gives
& -0 (3.55)

where -T'2=k;-12.
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The solutions of (3.55) are

B, (A =W;a)e™

(3.56)

With the help of (3.50) and (3.56) the scattered magnetic field in space domain is

derived via the inverse Hankel transform,
Hy(p2) = [Wih)e™ S, (Ap)rdA
0

and the electric field can be deduced via Ampere’s law as

s 1 0,:
E =-—_S%§
"P joe, oz **
l P 8 s
=- A)—e* “*J (Ap)AdA
jme.-[w:( o€ "GP

=4 f Wi(A)Z, e™ < (Ap)AdAr
0

where Z_=T,/ (jwe,) is the wave impedance.

The scattered EM fields are then

El =% { Wi(M)Z, e T (Ap)AdA

Hly= f Wi(A)e 1 (Ap)AdA
0

(3.57)

(3.58)

which are written out explicitly in different regions for further development as follows:

Outgoing transmitted fields in region 2 are

Ej,=+ f W3(A)Z, e "1, (Ap)AdA
]

Hj,= f W;(A)e "2, (Ap)AdA
(1]
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Outgoing and incoming scattered fields in region 1 are

- )
E,=+[Wi()Z, eI, (Ap)AdA
0

- ...+ direction
H;y= f W; (Ae T (Ap)AdA |

o | (3.61)
E;,=- f W;(A)Z, e "I (Ap)AdA

0 ......—2 direction

Hyy= [Wi(e I (Ap)rdA
0

Primary wave due to original magnetic current distribution

The Green’s function technique is used to solve for the solution of the primary
wave. The Green’s function for the wave equation due to a ring source is obtained first
by the application of Hankel transform and Fourier transform [10,23]. Then the primary
magnetic field is deduced from the Green’s function by the principle of superposition.

Wave equation (3.48) is rewritten as follows, in region 1,

N
2

&y 10 p H,=joe] (3.62)
& mt

1
L HP +—C_HP L(k2-—)H?,
ap? 14 o 3p 197Ky o? 1¢
The Green’s function for an unbounded medium 1, due to a ¢-independent ring

source at p=p, z=z , is defined by

* 19 21 & . 3(p-p)d(z-2)
—_——— e — e — , ,Z,Z‘)=‘ (3.63)
(apz pdp | p? 822)6(p g 2np’

The Hankel transform representation for Green’s function and the identity for the

Bessel function are



G(p.p'2) = [ G(A,p'2M,(A.p)AdA
! 0 (3.64)

P [1(ApM,(pIAdA =3(p-p)
0

Substituting (3.64) into (3.63), we have

f { _+_— -—)J (Ap)G(A,p'2) +(i +k)G(A,p',2)J,(Ap) } Ad).
0 p’ Gy

dp
%* e (3.65)
__ 17 ' i}
= {Jl(}.p).ll(lp)ldl 3(z-2)
which can be simplified via the definition of J,(Ap) to

- . _ ' az _ ,

[{-22,(Ap)G(A.0'2) +(== +kDG(A,p'2)J;(Ap)

0 0z (3.66)

. %b(z ~2)J,(Ap)J,(Ap) }wx -0

or

[ {(—+k,-A’)G(A,p.z)+—a(z Z2)J (Ap)} Jhp)rdr =0 (3.67)
0

This leads to

* 20 1 -
(g_rf)c(x,p,z)- 2. 13p) 8 -2) (3.68)
=-C8(z-2)

where -I?=k*-A2 and c=2l.rl(xp').
T

Equation (3.68) for G(A,p’,2) can be solved by exploiting the Fourier transform
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FT{G)= [ G(h.p'2)e dz
G(rp'2)= -l—]f"l‘{éle""dn
2n ‘

and the Cauchy residue theorem of complex analysis.
Skipping the details, the solution of (3.68) can be written as

- , Ce -Tyjz-z|
Ap D)=t
G(2,p,2) o,

Therefore the Green’s function maintained by a ring source is

© ., Tilzz]
= f LJI(;, p)AdA
o 20

G(p,p'2.2)

S Wl

J.(Ap)J.(Ap)AdA
e (AP ), (Ap)

(3.69)

(3.70)

(3.71)

And the primary magnetic field maintained by .IM is derived from the Green’s

function by the principle of superposition as
- -r k-z'l
p - [[[avis e
= [[[,4vcioed, ) [5S—IAe) G0

z|
pJ,(Ap)J,(Ap)AdA

= f fdp'dz'(—jme J )].e-l‘dz
Pme’)2r,
Also the electric field is deduced via Ampere’s law as

-I‘, 'z "z' l

2T,

e

El,=[[dpdz(jued,,) [(+2)) pJ,(Ap)J(Ap)AdA
o

where +Z, in Efp stands for
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+Z, ... for primary wave in +2 direction, z>z
-Z, ... for primary wave in -2 direction, z<z

(3.74)

These results can be specialized for the EM fields maintained by a disk magnetic
current I?.=$K... at z=z". The equivalent magnetic surface current at the aperture of
an open-ended coaxial probe is a practical example.

If the current is distributed from p=a to p =b, the primary fields maintained by

a disk current K, are derived by substitution of J_, =K, ,(p)8(z'-z') in (3.72) and

(3.73)
o
H,= fdp(me, K,,) f & pT(Ap)J (APIAdA
’ r'z-zl D
Ef,- fdp(-fwe e) f(tzg pJ,(Ap)J,(Ap)AdA

The summary of scattered fields and primary fields is given below for further
development.

Outgoing transmitted fields in region 2 are

Ej, =+ [W0)Z, e I (Ap)AdA
° ...... +Z direction (3.76)

Hyy= [Wi(\)e ™I (Ap)AdA
[}

Outgoing and incoming scattered fields in region 1 are

9

E,=+[Wi0)Z, e S0 p)AdA @77)
[ :

Hjy= [W;()e I (hp)rda
0
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E;,=-[Wi(W)Z, e ", (Ap)AdA
0

......—2 direction 3.78)
Hyy= [Wi()e s (Ap)AdA
0 J
Primary fields in region 1 are, letting z'~z ,
Ty 2|
Hf,= fdp( Jjoe,K,,) f —p;(hp)J,(pIAdA
(3.79)
22|
fdp( JoeK,,) f(*Z,) pJ,(Ap)J,(Ap)AdA

l

Application of Boundary Conditions to Determine W,, W; and W]

The continuity of tangential EM field is applied to determine unknown amplitudes, W,, W;

and W], of the scattered fields due to the contrast from different regions. The total fields
in regions 1 and 2 are

Hyy= Hzto

Ey=Ey

Hl."Hl’."’H;."’Hl-.

(3.80)

E, =E} +E,+E,,
and the boundary conditions are
B.C. at z=0 E, =0
B.C. at z=d E, =E, & H,,=H,,
Since there are three unknowns and three boundary conditions, an unique solution

is guaranteed. With the help of (3.76) to (3.79), the application of B.C. at z=0 leads to
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fdp( JoeK,,) f ( zl) pJ (Ap)J,(Ap)AdA

Y o 3.81
+[W(ZJ,Ap)AdA - [Wi(M)ZJ,(Ap)AdA (.81
0 ] .

I‘,z'
- ,)[f( Joe K,y ) ST AL ACH G

ot—

This implies that the integrand of (3.81) is zero, or

- Wl’ +Wy = -V,(0) (3.82)

where

V0= [ oe, ,,,) pmp)ap (3.83)

With the help of (3.76) to (3.79), the application of B.C. at z=d for the electric

field leads to

I‘,(d -z)

pJ,(Ap)Jy(Ap)AdA

- b
WiZ,e "1 (Ap)AdA = [dp'(jwe K., ) [(Z)E
_[ 2 1 [ mé f 1 (3.84)

(Wi 0z, TR pdr - [W(NIZ," T, p)AdA
1} o

or - -1,d-2)
| { ) f (J0€ Koy )0, (Ap)dp (335)
-WZe "W (MZe - Wi (MZ,e " ), (Ap)AdA =0
and this gives
Z 14 _Z ;
W;_le rld..Wl _lerl‘..Wz'e P:‘_ ‘—V(d) (3.86)
Z, Z,
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where
-I‘, ("z )

Vid=[ (joe K, g ) e—p T, (p)dp’
l

(3.87)

With the help of (3.76) to (3.79), the application of B.C. at z=d for the magnetic

field leads to

fw‘e T4 (Ap)AdA = falp(-;c.m1 ,)] e D

+f W, (e T (Ap)Ada + [ W; (M) eI (Ap)AdA
0 (1]

or

—I‘,(d-z )

(JoekK, .) pll(lp)dp'

Ot 3
0

-W;e“‘="+w;(x)e""*‘+ W;(Me ™ }J,(Ap)AdA =0

and this leads to

Wie -Td_ W{er"+W{e'r"=Vl( d)

Equations (3.82), (3.86) and (3.90) can be used to solve for Wy, W .

Adding (3.86) and (3.90) gives
VA zZ zZ
1+ 2Yywe ™o+ Zhywe =22
( +Zz) e T =( Z) e =01 zz)V,(d)

Z-Z)\ . . Z,-Z, .
Wie T -w; =22 1Ty (@)
|2z, Z,+Z,

or

R, W;e W, =R eV (d)
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(3.89)

(3.90)
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where

R,=(Z,-Z)/(Z,+Z) (3.93)

Adding (3.82) and (3.92) results in

~(1+R, e "YW, = -V,(0)+R ,e "V (d) (3.94)
or . V,@-R,e v,
W, = (3.95)
1+4R e ¥

From (3.86), we have

_p _p ,Td
R,e "V, (0)-R,e "V (d (3.96)
1+R e “rd

W; =W, -V,0)=

Knowing Wy, W, the EM field expressions in region 1 are now ready to be carried

out.

Electromagnetic Fields in region 1

The EM field expressions in region 1 for a general 2-dimensional magnetic disk
current K. =$K~(p) are derived here. And the results are specialized to the case of an
open-ended coaxial probe when the 2-dimensional magnetic current resides right on the
metallic ground plane.

The EM fields in region 1 are the sum of the primary wave and the scattered waves

as follows. For the electric field,

E,, =El,+E} +E;, (3.97)

where
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-Tylz-z|
fdp( JoeK,,) f(tzo —pJ;(he),(e)Rdk

“V,(0)-R,e ", (d)
E;p= [ Rpe

= e "I (Ap )wx
[ l+R12e d

E =-]-ane'”""1(°)-&ze""’md>
*e 1+R e

; Z, €1 (Ap)rdA

(3.98)

Substituting ¥,(0) and ¥V (d) in (3.98), the expressions for Efp and E,, can be

arranged in a form similar to Ef :

'rl(l“')

E;,= [dp(me, o) f s P (Ap),(Ap)AdA
1
d
'Rn -2y, -I‘,(z-z') ‘
fdp(-fwel K. f = g PPN Aok
and
b zr,d P(!'Z')
- . e 1 , .
E,p=fdp(-1welK.Qf Ru -zl‘,d 1 ZP pJ](AP')Jl(A'p)MA
e z
Rlz I‘,(z+z') )
falp(-zme1 o) f 54T P, (Ap ), (p)AdA

(3.99)

(3.100)

Similarly the magnetic field in region 1 can be expressed as the sum of the primary

wave and the scattered waves as follows

P + -
Hl. -Hl‘+Hl.+Hl¢

where
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- 'rlll‘ll

Hf\= fdp( Joe,K,) f —e (o), (hpid
“V,0)-R,e "V (@)
Hiy= f c = e TET (Ap)AdA (3.102)

1+R e

-2r,
H- f-Rue By (0)-R12e Vl(d) 7 ApIAdA
1¢ Zl‘,d 1 P
1+R e

Substituting ¥;(0) and V,(d) in (3.102), the expressions for H{. and H;4 can be

arranged in a form similar to Hf,,

+ y v o T e'r'(m') .
Hyy= fdp(-JwGIK...) { LR T4 T, pJy(Ap ), (Ap)AdA
(3.103)
-ard -I‘,(z-z')
fdpuwel " f Rl:-”# PO G
and o e TE T
H;y= [dp'(joeK,) f T g PGPV Gk
a Rue
(3.104)
b ® PR o TP @)
R e e 1@z .
+ [dp'(-jwe K, = pJ,(kp ), (Ap)AdA
_[ 1 .)fl+R1zc'zr" 2111 1 1

To utilize the above results for the EM fields of an open-ended coaxial probe

z =0, z>0 is assumed such that

V= "(-jme,x...)lp'll(mdp'
¢ 2r (3.105)

V,d)= f:(-jwe .) pJ (Ap)dp’

From (3.97) to (3.100), the electric fields can then be expressed as
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b - .r‘z
Ef, = [dp'(Hjue,K, [ Zliz-PTp.l,(lp')J,(Ap)Ml
a 0

E;, = fdp( Jjoe,K,) [ LRy ™ z p'.ll(l.p')ll(}.p)ld). (3.106)

21‘:4 2I,
b
Ej, = [dp(jwe K, f e P ,;P pJ,(Ap;(Ap)AdA
a

Letting R,, be Rlze°2r“, the total transverse electric field then becomes

E, =Ef +E, +E,

fdp( JjoekK,,) f TR, 121, € "RV (ApYAdA

fdp( JoeK,,) f 1 1;: z,—z-r—pJ(Ap)J,(lp)Ml (3.107)
]

2 Ruel‘,z

b jwe e,
=[dp'(-—22Z, K R S
[ r, ' e { 1+R,,

pT,(Ap W, (Ap)AdA

z Tz

b « -I
. “/R,
- [dp K, [~ (), GpId
a 0 Rb

Replacing the aperture electric field by an equivalent surface current, that is

(z—o’) -K e the electric field for an open-ended coaxial probe is derived as

Ty Iz
fdP E,,(z=0") f _+R,e_‘

bI

pJ,(Ap)J,(Ap)AdA (3.108)

f e Ry e }E 2=0")J,(Ap)p'dp’ | J,(Ap)AdA
T'x, 1o \(Ap)p'dp’ |J,(Ap

] a
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Equation (3.108) is exactly the same as (3.30), which was derived by the previous

approach, if the dummy variable A is changed to k_.

Similarly from (3.101) to (3.104), letting z' =0 the magnetic fields can be expressed

as

fdp( JoeK,) f le(Apv,(xp)m

. T 1-Rpe ™ g T (3.109)
H;y= [dp'(jwe,K,) f ATt pJ,(Ap ), (Ap)AdA :
a 1
_ -rd !‘z
H;,= [dp( JoeK,y f m" o, pJ(Ap M (Ap)AdA

Since Ry, is Rne'zr‘d, the total transverse magnetic field becomes

P + -
H,. —H,, +H,¢ +H,¢

b - I\
o 2
- f dp'(-joe,K,)), { R ‘2 Pl pJ,(Ap W (ApIAdA
a

(3.110)

fdp( -joe,K, ) f TR, 2T —pJ,().p')J,(lp)ldA
1

- -I‘,z Iy

b
=[dp(-Y, K, f £ o, (e M, (ApIAIA

Jjoe, )
where Y.l =_l‘— is the wave admittance.
1

Replacing the aperture electric field by an equivalent surface current, that is

E,’(z=o‘) = -K”, the magnetic field for an open-ended coaxial probe is derived as
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- r‘z rlz

b
, Ry
H,y= [dp'Y,,E, z=0") f e A CORACITE

R (3.111)
- Tyz_ Mel‘,z [b

e LA
= [¥,,———| [E,@=0"W,(Ap)p'dp’ | J;(Ap)AdA
0 1 +Rbl a .

Equation (3.111) is exactly the same as (3.30), which was derived previously, if
dummy variable A is changed to k.

It has been shown that the same EM fields are excited when the aperture electric
field is replaced by an equivalent surface current. Consequently, the same integral
equation for the aperture electric field can be derived. What is left to be verified is that
the roots of 1+R,, =0 correspond to the surface wave pole singularities in this TM open-
circuit case with a 2-layer medium.

With the help of (3.93) and the definition of Rpp Ru is shown to be
PR TR LAY (3.112)
I,/T\+e,/ ¢

where T, =(k>-K)Y?, i=1,2.

The relation of 1+R,, =0 can be rewritten as

1+R, =1+ 2/ TGl & (3.113)
T,/T +e,/ e,
which can be arranged to be 4
1-e72h0 __Le (3.119)
1+e70? Tyg

It can be easily check that the roots exist only in range of k, <k <k, . Thus letting

2 (3.115)

T,=jK, =j(k:-k)?
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then (3.114) becomes

1-e V¢ T, e

=- (3.116)
1+e 954 JK ¢
The left hand side is equivalent to jtan(K d) so that
I,e
tan(K,d) = 21 (3.117)
K e

Equation (3.117) is the well known eigenvalue equation of TM surface wave modes

for a dielectric slab waveguide.

3.4 Numerical Simulation - Method of Moments

In this section the method of moments is employed to solve the EFIE (3.29) [29].
The TM eigenmodes of the coaxial line are chosen to be the basis functions for the
unknown aperture field and Galerkin’s technique is used to convert the integral equation
into a set of simultaneous algebraic equations, from which the numerical solution of
aperture electric field is obtained and the input admittance at the aperture is resolved.
Finally some verifications of the correct numerical implementation are also shown in this
section.

The unknown aperture electric field is expanded into a finite sum of TM eigenmodes

of the coaxial probe as follows:
§
&p)=Z V,R(p) (3.118)
=0

where |
C[ [ Jl(kc‘P)Yo(kda) —Jo(kC‘a)Yl(kclp) ] - 20

3.119
a|(p) = 1 ( )
1 - i=0
p
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and k_, satisfies the following eigenvalue equation [30]
J (k0 Y, (k b)-J (k. b)Y (k. .a)=0 (3.120)
Substituting (3.118) in the integral equation (3.29) leads to (from now on letn,~ 7,

for simplicity),

L

21_11 1
A=—=2—_ " [EV&(p)d
NP 1N, pln(b)f'o i(p p
a
- bs , o (3.121)
+ 3 Yn R (p)[ZV, B(p)& (p)pdp
m=1 4'4’
(-R,) <
f Torey || f LV, 8(p)Jk.p)pdp’ |J,(k p)k dk,
which is rearranged to be
S
A, 21, 2yll_fa‘(p)dp
TI, P =0 M,P ln(b)
(3.122)

+ EV Z YR (p)f R(pI® (p)pdp’
i=0 ml

(1-R,)

x| fﬁ,(p)l (k.p)pdp
l

Jl (kcp )kc&c

B

Galerkin’s method
Galerkin’s method suggests using basis functions ﬂ,(p) as testing functions and

does the following operation:

Operating
b
[ 3122)+&(p)pdp  .j=0,-,S
a
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a system of linear equations is derived as follows:
5 b
4o f & (p)dp

-zl L f R(e)dp f & (p)dp’
- "1, g )‘ (3.123)

S
+ IV, E Y.
o e "'f R(p) %, (p)dp f ®(p)®,(pIpdp

Y( -Ry)

IV, kdk
+'$ f‘l l Rb) c [4

f & (o), (k.p)dp f & (p),(k.p)pdp

with j = 1....,S.

Via orthogonality properties, (3.123) is simplified to be
2 b
A—3 In(—
on 0 (a)
1
2 V—— (= )6 ln(—)
=0 no ln(b) Jo]n (v
(3.124)

s
+ BV, EYp3,.8,

i=0 m=1
(1-R,))
v,
Eo -{Y"(l +Ry) |4

b
[80V,(k.p)pdp’ |k dk

f & (o), (k,p)dp

with j = 1,...,S.

These simultaneous algebraic equations can be expressed as

A 11 ={[Y°1+[Y*1+[Y°1} V] (3.125)

with the matrix elements as
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2..b
fy =) 8y
- nim(.i.’.) 8,08,
° (3.126)

131: = E'IYW OmBim

- 1_ b
= [ (B o)k o)p

il 4 k dk
o el (1 +Rbl) A (4

b
[80 ),k pIpdp

Equation (3.125) can then be solved by a standard numerical subroutine for linear
equations [31].
After solving &(p) from (3.125), the normalized input admittance can be related to &(p)

with the help of (3.27) [32,33],

2-———— | &p)d
1-R__ 4, l"(b’ )f P (3.127)

Vo=
= [ #e)dp

Aln(bl)

Since &(p) is proportional to A , A, will be canceled in the expression of

normalized input admittance. Setting A, to 1 leads to

]
b
2- 2in(2)-[2(p) d

N ln(b v f Ep)dp 2 [8‘(9) P _—

b
AmG7 SO [#6)do

[}

Yin

Before presenting some results of the numerical simulation for (3.125) some aspects

about evaluation of the matrix elements are addressed next.

60



Evaluation of the matrix elements
The computation for the elements of matrices Y¢ and Y? is trivial. However the
evaluation for the elements of matrix Y, involving an infinite integration w.r.t. k_, need
more care due to the slow convergence and oscillatory behavior of Bessel functions.
Fast convergence of the integration w.r.t. k; can be achieved by the technique of
adding and subtracting an asymptotic term to the integrand [34]. By observing I',~ k_& R, ~0

when k_ -, we can rewrite Y; as

L =j 10R) 1 }at )J.(k_p)di }a( V.(k.p)pdp’ |k dk
Jou, 4 \T5 (k) & || 1 PRX || [RPITeI0G0 R
-l » (3129)
+[ | [B1pM,(k.p)dp|| [R(p)I\(kpIpdp' | dE,
0|la a

s)’ﬂ" + asym

The integrand of Y;' is now proportional to k_ 2 despite of the decaying factor of
Bessel functions. Furthermore, Yj‘:' involving a double integral can be reduced to a

single integral by employing the following formula [20].

[Z(apV (Bp)pdp =—L— [BZ,(ap), (BP)-0Z, ,(ap),(Bp)] (3.130)

a2-p2
with e »f and Z  denoting J, and Y,.
The fast convergent integral Yj‘:' can now be evaluated numerically and the infinite
integral rangt;, can be truncated at a reasonable value according to a preset accuracy.
It may save many efforts if the asymptotic term asym, a double integral with a slow
convergence and oscillatory behavior, can be cast into some kind of closed form.

Unfortunately asym need to be evaluated numerically.
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Using the following formula the time consuming form for asym in (3.129) can be

converted into a hypergeometric function with an integral range only from 0 to 1 instead

of from O to infinity [48]:

[r&o Ik o1k, = & FOD £ 3.5, (—) ]
]

p2T(12) 2°2°
p' r'Q) y \/t_ dt
" 202 TIOR3 [T 1 olort
EK(P:P)

with p’<p.
Therefore, asym becomes

>

b
: -{ K(p,p) if p>p

Using the following change of variables,
x=(p+p)/ V2
y=(-p+p) 2
and with dxdy=dpdp’, asym becomes

asym = [(2eVII2 |55 K(p', o), ()R (p)p Py

+ f° - K(p.p )&, ()&, (p)p p'dy]dx

\ﬁb 'x”\/ib
" Jraryani2 U K(p',p)®,(p)&(p)p pdy

« [ o KO IR @RI pdy] s

where p'=(x+y)/ v2 and p =(x-)/ 2.

62

{ K(pp) if p<p } & (P)R (p)ppdpp

(3.131)

(3.132)

(3.133)

(3.134)



Equation (3.134) is now ready for numerical evaluation. Although asym involves
a triple integral, the improper integral from O to infinity no longer exists. Furthermore
the evaluation of the asymptotic term can be performed once for all cases because it only
depends on the dimensions of the coaxial line.

After all these considerations about the evaluation of the matrix elements, (3.125)

can now be calculated numerically by any kind of computer code.

Computer program and numerical results

A fortran computer program was written for the numerical evaluation of (3.125) and
(3.126) such that the aperture electric field and other quantities can be calculated when p,e
of the material are given. The validity of the computer program is verified by computing
the reflection coefficient of a SR-7 type coaxial line radiating into a homogeneous
material medium of complex permittivity at 3 GHz, the geometry in the study by D. K.
Misra [35] and J. R. Mosig [36]. The reflection coefficient as a function of e=€-j €, the
material permittivity, is computed for various permittivities along the constant £ and
constant € lines. Our numerical results as shown in fig. 3.5 compare quite well with the
existing ones.

So far the "forward problem" has been solved correctly and the "inverse problem",
the final goal, for determining p and € of the material via measurements of the input

impedance of the coaxial probe will be addressed in chapter 6.
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Figure 3.5 Reflection coefficient of an SR-7 type coaxial line placed against

various homogeneous materials, frequency is 3 GHz.
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CHAPTER 4
POWER BALANCE FOR COMPLEX WAVE EXCITATION IN
OPEN-ENDED COAXIAL PROBE STRUCTURE

4.1 Introduction

The power balance is verified in this chapter for an open-ended coaxial probe
system by comparing the total power carried away from the aperture to the transmitted
power of the incident wave at the aperture [38]. Also the EM fields excited inside the
material medium are found to be localized around the probe aperture when the frequency
is lower than 2 GHz.

With the complex wave excitation for an open-ended coaxial probe identified in
chapter 3, it is possible to identify various contributors to the total power carried away
from the aperture. The power contributors are surface waves and radiative waves for the
open-circuit case and radial guided waves for the short-circuit case. The power carried
by each wave can be expressed in a concise form using Cauchy residue theorem or saddle
point method‘ so that it can be evaluated more efficiently [39]. In addition, the excitation
of the complex wave is found to be strongly dependent on the frequency.

In section 4.2 the surface wave power of the open-circuit case is evaluated. The EM
field components of each surface wave mode are derived. The associated power carried

in the radial direction can be calculated using the Poynting theorem.
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In section 4.3 the radiative wave power of the open-circuit case is evaluated. Since
the wave is directed into the half space, the radiative wave power can be computed over
the surface of a hemisphere in the far zone. The far zone fields are derived and then
simplified using the saddle point method so that the associated power can be computed
more efficiently.

In section 4.4 the radial guided wave power of the short-circuit case is evaluated.
The EM field components of each radial guided wave are derived using a deformed
contour integral. The radial guided wave poles are investigated and it is found that there
exists propagating and evanescent radial guided waves. The power of the propagating

wave is then computed using the Poynting theorem.

4.2 Surface Wave Power for Open-Circuit Case

In this section the total power of the surface waves excited by an open-ended
coaxial probe system in the material layer is studied while the power of radiative wave
through the material layer is investigated in the next section.

For illustrative purpose we consider fig. 4.1, an open-ended coaxial probe placed
against a two-layer lossless medium. Since the surface wave modes are orthogonal [21],
the total power of surface waves is the sum of the power associated with each surface
wave mode.

The sur%ace wave is known to propagate laterally, therefore no real power is carried
away in positive z direction, and the power is directed in radial direction in both regions
1 and 2. The EM field components of each surface wave mode inside the material layers
are computed first using a deformed contour integral, and then the associated power is

evaluated numerically.
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Figure 4.1 Surface waves and radiative wave excitation in the open-circuit case
of an open-ended coaxial line probe placed against a material layer.
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4.2.1 Derivation of Surface Wave Field Expressions

Surface Wave Fields in Region 1
With the help of (3.19), (3.20) and (3.26), the EM field components in region 1 of

the material medium can be expressed as

1
1+R,,

b
[ z'(p‘)Jl(k,p')p'dp'](e‘“‘m,,,e“‘u,(k, p)k,dk,

E=pE,~8[
0

- ¢ b
B-bH,-b[Y, ﬁ[ [ 8’(p')11(kcp')p'dp'] (e -R, eI (k,p)k,dE, (4-1)
0 1\a

(b

E [ Z(p')J,(kcp')p’dp'](e"“-kb, e")J, (k. p)k 2dk,
\a

11
f o1 (1+Ry)

In order to identify the surface wave fields, the EM field components in (4.1) are

rewritten, with the help of (3.30) and (3.31), as follows:

- b
E =%f 1 +1Ro,[f 8’(|t")-’1(’w')p'd"'](‘-rlz“Rzner“)l‘t’i2 (k. p)k dk,

- (b \
- l l ' ’ ' ’ -I'z _ T a) (4.2
- (b \
“1r1 1 ' Yo'dp' |(e™ T2y @ 2
E,=3 _[. T Tk \[ &), (k,0)p dp) (e TR, " HP(k p)Kdk,

It was proved in chapter 3 that the surface wave poles satisfy

2rd D,/ Ty-¢;/ € -0 4.3)
I,/T +e,/ ¢

1+R, =1+e

With reference to fig. 3.2, it is shown that using the deformed contour integral with

proper choice of branch cut, E,, in (4.2) becomes
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1 (e -T2z + R" el‘lz) ] e
E,f;fc 1+ f &(p)J,(k.p dpdp |H,” k.p)k dk,
P e L (4.4)
. 1 (e-nl*Rbl el‘,z) b ' o >
27¢, 1 +R“) [8‘(‘, )Jl(kcp )pdp H1 (kc P)kcdkc

where C, stands for the contour around the surface wave poles and C, for the contour
along the branch cut.

Similar expressions can be derived for H,, and E,, also.

It is found that the surface wave poles are simple poles. Thus by letting kw denote
the m® surface wave pole, the surface wave field component E, in region 1 can be

derived by the residue evaluation of the first integrand in (4.4) as following

b
E,=-%j [ [ ap'v,(k,..p')p'dp'J (7 + Ry WHP K o p)k o,

1
k -k
T+ R, e epmd

4.5)

im [
bk

Similarly the surface wave field components for H, and E, in region 1 are

b
H,,=-,u-r.,[f ap‘ww')""""] (¢ Ry e VHD

.1
lim [k -k
kg 1+Ry, € o] (4.6)

b
E,=-nj fl‘[f ﬁp'ﬂl(kcp.p')p'd"') (¢ Ry e “VHG (K e
\ea

. 1
lim k 'k;pul
kokgy 1+ ,[ ¢

Introducing notations Q and L, (4.5) and (4.6) are written as following,
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E, =-mjQLk,, (e "" +R, ™) HP (k_.p)
Hy =-7jY, QL (¢ " -Ry ") H{ (k_,p) 4.7)
E, —-w—oL com (€7 =Ry, € HG® (k)

where

Q= [&(o) I (k_p)pdp
{8’(p) (kP p'dp “8)

L= lim
kek g +Rbl

(kK )

Surface Wave Fields in region 2
With the help of (3.19), (3.20) and letting R,,=0, the EM field components in
region 2 are

E,,=p fB,e"’=‘ k. o)k dk,

R T 4.9).
H=bH,=b f Y, Be U,k p)k dk. “9
0

1 -
E,=[ —Bye Ty (k p)k 2dk

02
where B, is the unknown amplitude of each TM mode.

With the help of (2.32), we have

ﬁ 2Y¢1 (rz -T)d _ =T (4.10)
B, Y,+Y,

where B, is expressed in (3.26) as

B,(k,)=

(4.11)
7 R.,, f Z(p)J,(k.p)pdp
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Equation (4.9) then leads to

- b
E,= f 1R +1 [ f Z(p)J,(k.p) p'dp'] Te'r".ll(kc p)k dk_ (4.12)
0 R’l a
H.2 ) f Y¢2 1 +Rb [fap,)ll(kc p') p'dp' Te —rzlJl(kc p)kcdkc
X N / (4.13)

ol

+

5 \
L [ [&p) (K p)pdp
1 \a

Te ™ (k_p)k-dk,

)

In order to identify the surface wave fields, the EM field components in (4.12) and

(4.13) are rewritten, with the help of (3.30) and (3.31), as

1 -
EPZ=Ef1 ”[fz’(pw (k, p)pdp]fe T H @k, p)k,dk,
1o lc (b \
' . . ’ -r
H=s (Yo f B,k p)¢idp | Te *HP(kp)kdr, (19
- \
_1r1 1 ] N A AR Ty @ 2
E,z-ithRb[?(p)J,(k,p)pdp Te ™ HP(k,p)k2dk,
-- 2 I\d /
The surface wave field components E,,.H,, and E, can then be derived in a

similar way as in region 1.

b
E,y=-nj [&p)I(

b
H.z =-xJ Y.zf’(d)-’](

b
= -n) = [8p)(
2a

ke P)P'dp Te " HP(k _,, p)kepy, Him
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KmP)pdpTe *HPk_

kmp')p'dp'Te'P"Hlm(k Pk, hm

By the residue evaluation of integrand in (4.14), we have

k. -k
1+sz
k. K
1+R,,
k.-k .,
1+R,,

Pk, lnn

= (4.15)

+

-2,

e pm



or
E,,=-%jQLTk e *HP(k_.p)

Hy,=-njY,QLTk_ e HP(k . p) (4.16)

E,=-= jFQ LTk, e * HPk_,p)
2

where Q and L have been defined in (4.8).
With the field components in both regions, as given in (4.7) and (4.16), for each

individual surface wave mode, the associated power is calculated next.

4.2.2 Calculation of Surface Wave Power
To calculate the power associated with each surface wave mode, the following

relationship is used,
P=[ JR|(E x H')-ds (4.17)
52
Since H has only H, component while E has E’ and E, components, we have
1 -~ L 3 - t ] -
P=- [[ R.|2E,Hy- BE Hy)-ds (4.18)
With the help of (4.7) and (4.16), it is found that EPH; is pure imaginary in both

regions, therefore the real power flows only in the p direction, which is consistent with

the characteristic of the surface wave. Equation (4.18) then becomes

» 2%
1
P=_ { [RI-EH1pdéd:
a2 - 20 (4.19)
% [ [RI-E.Hylpdedz+> [ [RI-E Hylpdédz
00 do
=P, +P,,

where P, and P,, are the radial power flows in regions 1 and 2, respectively.
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Let’s compute the radial power flow in region 2 first. Since the surface wave poles

K pm
be expressed as

Hyp=j ¥, Q" L T" ke H” (kpP)

. 1 T

E,=-nj I QLTkK,, e HP(k_.p)

where Y, ,=jwe,/T,.
Therefore we have

Jjwe,

l‘2|2

s _.2
Ezan—‘n:

Using the following Wronskin,
. . 2
J, DY, (2-Y,(J,@)=—
nZ
the product of the two Hankel functions in (4.21) can be reduced to

FH (ko P) HY (kg )
=1 [Jo Ky P) 5 ¥y (K )] [k ) 1Y, (k 1 )]

= [y (g ) Yo (& e ) Tyl g )Y, (kg P)] +5 [ ]

where the imaginary part [...] doesn’t contribute to the real power.

With (4.21) and (4.23), we have

-,
e

. )
R|[E,Hy)=-27 —2 QLT
IT,| p
With (4.24) sz becomes
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exist in the range of [k,, k], T, in (4.16) is real and the surface wave fields can

(4.20)

|QL Tk, [k, e HP (k) HP (k,,p) (42D)

(4.22)

(4.23)

(4.24)



2n -
1 we -ar,
Pyy=5 27— |QLqu,,|2[£ e =‘dz]d¢

o |y (4.25)

[

n* WE, 2 _-2Tyd
=— ——|QLTk__|*e =*
rz Irzlz l Q"I

Next, let’s compute the radial power flow of the surface wave in region 1. With

T, =jP, in (4.7) the surface wave fields become

Hy, = njY,Q L'k, (‘ 4Ry, ’mz).Hla ).(kw P)
1 2 [, APy 8.2\ @ (4.26)
zl=—nijLk”(e - Ry, M) HP (K, )

where B, is real and R, has been derived in (2.48) as

Ry - e Y Yo upa Dibiiele e LI Lo
' YotY, L,/B,*jele, v+jK;

where T, is real, v=T,/P, and K, =e, /e, .

Using (4.27), we have

e-]ﬂ.z —Rbl ejpll
cehi_ B v-jK; L
. 4.28)
v+jK; (

’Jpxd
[K? cosB,(d-z) - v sinp,(d-2)]

=2j e
v+jK,

The substitution of (4.28) in (4.26) leads to

Jwe, ) 1
Lk__|“k
Bz IQ ﬁ”‘ cpm 02 . K: (4.29)

1
K cosB, (d-2)-v sinB,@d-2)|' HP (K, 0) H (k,,p)

EzIH;, =4 x?
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With the product of the two Hankel functions being simplified, as in (4.23), equation

(4.29) leads to

RJE, H,,]-—sn L|QLk,,
(4.30)
[xfoosal(d-z)-»sinpl(d—o]’%
Therefore, P o1 becomes

P, --fa ;—|QL

f [K cosP,(d-2)- vsanl(d—z)]dqu; (4.31)

U+

After some manipulation, the integral with respect to z in (4.31) can be expressed

as d

[ [K? cosp(z-d)-v sinB, z-d)[ dz

0

-K*3|1+cosp g50Bd)  .d 1-cosB, nBd] 4 1-cos2,d (4.32)

) 1 Bld 2 p d r —Zﬂld
=d)
Equation (4.31) then becomes
8nlwe |QLE I
Ty P @ (4.33)

Note that with (4.25) and (4.33), it is clear that Pp is independent of p. This is
consistent with the fact that surface waves excited in this structure are cylindrical waves.
Combining (4.25) and (4.33), the radial power flow associated with each surface

wave mode i$

P -P sz
81t we Lk g (4.34)
1 lQ ‘A‘ f(d) n |QLT Iz 2T,d
p1 v +K 2

with
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T,=kop -k
p =¢kf-k’
L= hm 1+R k —kcm)

I‘z (4.35)

-5

€,
b
Q=[2(p)J,(k 00 dp’

and f(d) is defined in (4.32).
Finally it is noted that the numerical computation of Q requires the information of
aperture electric field &(p). The numerical solution of &(p) can be obtained by

eigenmode expansion as presented in section 3.4. From (3.118) and (3.119), we have
s
&(p)=L V,&,(p) (4.36)

where &,(p) is defined in (3.119).

Then after some manipulation, the quantity Q in (4.35) can be expressed as

b
Q= f &(p')J, (k. p)p'dp’

=3V, f B(p)J, (k) P'dp + Vg f I, (kg )P (4.37)

=1

Ck
Ve 2y n 0D o a)
s R

‘¥, ;1- Vo (k@) ~Jo (ko D))

cpm
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The total surface wave power is the sum of the power of individual surface wave
mode, as given in (4.34). The other contributor to the total power carried away from the

aperture is the radiative wave which is considered next.

4.3 Radiated Power for Open-Circuit Case

In this section, the radiated power contribution of the open-circuit case for an open-
ended coaxial probe is studied.

With reference to fig. 4.1 in the previous section, the total power carried away from
the aperture consists of the surface wave power and the radiative wave power. Because
of the orthogonality relationship between the surface wave and radiative wave [21,37],
the total power can be expressed as the sum of the surface wave power and the radiative
wave power, the former has been presented in the previous section. To compute the
radiative wave power, the radiative wave should be evaluated along the branch cut for the
sake of consistency. But for simplicity and computational efficiency, the far zone fields
is evaluated via the saddle point method instead, since it can be shown that the far zone
fields can be approximated by the radiative wave fields [40].

4.3.1 Power Relation in Spherical Coordinates

As given by (4.14) in previous section, the EM fields in region 2 are

E,,= [f E(p),k.p)pdp | Te ™ H{(k, p)k dk,

£1+R“

NI--

(4.38)

Y

1
H‘Z e2 l +

S A

it

[ [&e),(k p)pd p') Te *HP (k. p)kdk,

E,=

it

f &p)J, (k. p)pdp ]Te D (k p)k Mk,

1
le b1

N
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With reference to fig. 4.2, the total radiative wave power carried away from the

aperture is computed as follows:

1 qae
P =P, +P, =fs ER'[EXI? ]'ds 39
-[ %R‘[F-(Exﬁ')] ds

where § is the surface of the hemisphere with radius r and P,, is the radiated power in
region i, i=1,2.

Because the material is assumed to be lossless, the total power is independent of the
spherical radius r. In order to compute the power more efficiently, the radiative wave at
great distance is considered, where r is sufficiently large.

When r-e, it is clear that P, is zero. This leads to
x
17512 . .
P,=P,y=— [ ["R[p-(EyxH})|r*sin6dbde (4.40)
The electric field in region 2 has z and p components as
E2=pEpz+2Ezz (4.41)

Using the following relationship between different coordinates

p =sin® £ +cos® O (4.42)
£=cos07-sinB 6
the electric field in (4.41) becomes
E,=FE,+8E,, 443
where .
Er2 =Epzsm° +EzZ°we (4.44)

Eq,=E, ;0080 - E,sin®
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Figure 4.2 The power radiated into the material medium is evaluated over the
surface of a hemisphere for an open-ended coaxial probe.
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With H,=¢H,,, the substitution of (4.44) in (4.40) leads to

13 (2 “ 1o
P2 f: R,[Ey, H,,|r*sinBdbd0 s

x |
= [ R -rsin® E,;H,, +r*sin6 cosO E,H, |0

With p=rsin®, if r approaches infinity at far zone with 6 #0, then p approached

infinity also. This leads to

5 Jkp-2w)
HOk p)m | —2— e "

\ ke (4.46)
2 . Jlkp- -4—)

H®(k p)=

\ ©k.p

Substituting (4.46) in (4.38), the EM fields at the far zone can be expressed as

E .= [hk) e e?*dk,
- (4.47)
B k) €™ o,

H02 =fh3(kc) e‘rzl e-lk‘pdkc

where

3
hyk.) = vy f &),k p)p dp

(4.48)

k=N Zmp ¢ 1‘,1

hs(k,)=\ 21:,; ey, YoTiro R f &), (kp)pdp

The far zone fields in (4.47) can be evaluated more efficiently using the saddle point

method (also known as the method of steep decent). It is observed that the far zone fields
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in (4.47) take a form of a generic integral as

1Gk,) = [h (k) e e dk, (4.49)

where h(k), i=1 to 3, is defined in (4.48).

4.3.2 Far Zone Field Derivation via Saddle Point Method [21,39]

To apply the saddle point method, the integral of (4.49) must be first placed in an
appropriate form as follow:

With T,=jp, we can transform the (p,z) and (k,,PB) planes to spherical

coordinates. With reference to fig. 4.3, we have

p=rsin6 (4.50)
z=rcos0
and .
k. =k, siny (4.51)
B=k,cosy
with .
y=0+jn (4.52)
dk =k,cosydy

This leads to
Bz+k p=k,rcos@ cosy + k,rsin0 sin §
=k,rcos(y -0)

(4.53)

Equation (4.51) represents a mapping of complex k, plane into a strip of the
complex ¥ plane. The two Riemann sheets in k, plane are mapped into a connected

strip with 2n along the o axis as follows:
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Figure 4.3 Transformation to spherical coordinates, (a) in k. -p plane (b) in
p—z plane.
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With (4.51), we have
T,=jB =jk,cos(o +jn)

(4.54)
=k, sino sinhy +jk, coso coshn
On the proper sheet of the Riemann surface, we have R, {I',}>0 and hence
sino sinhn >0 (4.55)

which corresponds to the range of

o:[-=x,0], n<0 (4.56)
o:[0,x] , n>0

Similarly for the improper sheet of the Riemann surface, we have

o:[-n,0], n>0 4.57)
o:[0,x] , n<O
This mapping is illustrated in fig. 4.4 where the shaded regions are the proper
Riemann sheet.
Also with (4.51), we have
k =k, siny
=k,sino coshn +jk,coso sinhn

(4.58)

or
R,{k .} =k,sino coshn
I_{k.}=k,coso sinhn

4.59)

With (4.59), the four quadrants of the proper Riemann sheet on k_ plane are mapped
into the regions designated by P,, i=l,...,4, as shown in fig. 4.4.
Also the real axis of k_ plane is mapped into the contour, denoted by C, passing

from (-1/2,-) to (n/2,%) in the § plane.
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Figure 4.4 Mapping of two Riemann sheets of the k. plane onto a stripe of the
Yy = o+jn plane.
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With (4.52) and (4.53), the generic integral (4.49) can be rewritten in spherical

coordinates as

109 = [h()e 74" K, cosydy (4.60)
(o}

Let’s consider the following general integral,

I(a)= f g(w)e“de = f g(0)e™*@ elov@) g, (4.61)
C (o}

in which f(w)=u(w) +jv(w) is a complex function of the complex variable ® ande
is a large positive number.

This integral can be approximated based on the properties of f(w) at the stationary
point (or called saddle point) w,, implying f (wy) =0. The concept is to deform the
contour C to pass through w, and the orientation of the contour is directed along the
steepest decent path (SDP), where v=v(w,) is constant and u(w,) is maximum.

Then significant contribution to the integral comes from this steepest decent path
near w,, because e u(w) decrease rapidly away from w, along the SDP and destructive
oscillation is avoided due to the constant phase v(w,).

By Taylor’s series expansion about the saddle point, we have

() -f(wo)+§f'(w.,)(m - w)?

(4.62)
= fwg) + —;—szel“ 28)
where
f (wg)=Fe’t
(4.63)
(@ - w,) =Re’®
This leads to
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u(0) w1 (©,) +%FR2003(E +28)

(4.64)
v(0) av(wy) + %Fstin(E +28)
Along the path
§+28=zm (4.65)
we have
- 1
u(w)=u(w,) 5 FR? (4.66)
v(w)=v(w,)
and aFR (4.67)

e @) - M%) 2

It is clear that ¢®*) in (4.67) has a constant phase, in addition, it has a maximum
at wy, (R=0), and decreases exponentially away from w,. Therefore (4.65) defines the

steepest decent path about the saddle point w,. Hence we have

el .1 (4.68)
2

With the change of variable in (4.63) and assuming 8 unchanged, we have

dw =¢’*dR and (4.61) becomes,

S FR?

I(a) = e*/(“0esd fw g(w,+Re’®) e? dR (4.69)

where SDP is the steepest decent path.

For a sufficient large &, the contribution to the integral in (4.69) mainly comes from

.y
the SDP near the saddle point w, since e 2 decreases rapidly away from wo- This

argument prevails even on the limiting case, where a approaches infinity, such that

-Srp
e 2 is extremely small for R#0, then we have
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- _a R’
I(@)=g(wy)e " e [e 2™ 4R

-- (4.70)
- 2% aflwg) § 1]

= | — e e

,| ~F (@)

The generié integral (4.60) in spherical coordinates can now be converted into a
closed form using (4.70). Comparing (4.60) to (4.61), we have
a=k,r
g(¥) =k, h,(¥) cos

4.71)
Sf(¥) = -jcos(y -0) = u(y) +jv(¥)
This leads to
u(y) = -sin(o -0) sinhn 4.72)
v(¥) = -cos(o -0) coshn
and
f (¥) =j sin(¥ -6) 473)
S (¥) =j cos (¥ -6)
The saddle point is obtained from f'(y_) =0, then we have
v, =0 (4.74)
This gives
f(¥,)=j
F=1
(4.75)
g=1
d=-—4+—
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and fW,)=-j
u(¥,)=0 (4.76)

v(y,)=-1

The steepest decent path is determined by equatihg v(y) to v(y,) in (4.72) and
(4.76) as

cos(o -0) coshn =1 (4.77)

The SDP is depicted in fig. 4.5 and it is clear that 6=;— should be chosen.

Therefore, with (4.70) the generic integral in (4.60) becomes

gkr 1%
I0)= | 2= h(k)k,cos8e™ ¢ * (4.78)
kr
where h,(k.), i=1 to 3, is given in (4.48) with
k, =k, sin®
I',=jB =jk; cos® (4.79)

T, =yk2-K = |k;sin’0 -k

Thus the EM fields in (4.47) becomes

2% b 1%
EP2=\ -k’—rhl(kc)lr2 cos® e? e’ 4
_[2= e 0% (4.80)
E,= [—h,(k )k, cosb e”* e .
\ kr
Hyy= | 25 by @)k, cosB e’
’2 hr c

with A(k), i=1 to 3, defined in (4.48).
Hence, using the saddle point method, we are able to derive the far zone fields in

(4.80) by deforming the contour C to SDP. However in deforming the contour, some of
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Figure 4.5 Deformation of contour C into steepest decent path SDP.
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the poles in h,(k,) may be encountered. When this happens, the contour should be
warped as in fig. 4.5. Thus the contribution to the far zone fields from the integration
around these poles need to be included

There are two kinds of poles, the surface wave poles and the leaky wave poles, the
former locates on the proper Riemann sheet and the latter on the improper Riemann sheet.

From fig. 4.5, it is shown that these poles are encountered only for a range of ©
greater than some critical angle @_. Also even when these poles are encountered, it can
be shown that the contribution from either surface waves or leaky waves decays
exponentially as r—e. Therefore the far zone fields can be approximated by the radiative
wave fields.

Substituting (4.80) and (4.48) in (4.45), it can be verified that the radiative wave
power is independent of r. Therefore by letting r-e, the evaluation of the far zone
fields via saddle point method becomes exact, not just approximate, and the accuracy of

the power evaluation can be preserved.

Power Balance Verification
The total power P, carried away from the aperture is the sum of the surface wave
power and the radiative wave power as mentioned before. Physically, P, should be equal
to the transmitted power of the incident TEM wave, which is shown as follows:
The TE.M wave in its transverse dependence can be expressed as
E-pl
P (4.81)

A-¢-L
PN

and the incident power of the TEM wave is obtained as
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(4.82)

Since R is the reflection coefficient of the TEM wave at the aperture, the

transmitted power P, is
P,=(1-|RP)P, (4.83)

By solving the simultaneous algebraic equations (3.125), the numerical aperture
electric field is determined and the reflection coefficient is obtained. Then the transmitted
power P, can be computed using (4.83) and the total power P, carried away from the
aperture can be computed using (4.34) and (4.45).

The quantity P, is compared to P, as shown in fig. 4.6, where a=0.3102cm,
b=0.7145cm, d=1cm, g,=3¢, and &,=¢, are assumed. They are almost equal as expected.

Also it is found that the excitation of surface waves and radiative waves is strongly
dependent on the frequency. Especially at the low frequency range, less than 2 GHz in
this case, the transmitted power is so small that the EM fields excited inside the material
media are localized around the probe aperture. This finding justifies the assumption of
the infinite metallic plate in the full wave analysis, and provides a physical reason for the
validity of the quasi-static analysis [14,35].

Similar phenomenon is observed for the short-circuit case in next section.

4.4 Radial Guided Wave Power for Short-Circuit Case
In this section the total power contribution due to radial guided waves excited in the

short-circuit case of an open-ended coaxial probe system is studied.
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Figure 4.6 The power balance verification for open-circuit case. The total power
carried away from the aperture and the transmitted power of the incident
wave, both normalized by the input power, agree quite well.
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For illustrative purpose, we consider an open-ended coaxial probe placed against a
single layer lossless material medium as shown in fig. 4.7. Since the radial guided waves
are orthogonal, the total power carried by radial guided waves can be computed by
summing up the power associated with each individual mode.

The radial guided wave poles are studied and it is found that there exists
propagating and evanescent radial guided waves. It’s obvious that the power is carried
away in radial direction. The EM fields for each radial guided wave are derived first
using a deformed contour integral, after that the power of a propagating wave can be

evaluated numerically.

4.4.1 Radial Guided Waves inside Material Medium
The general field expression (4.2) in region 1 is valid for either open- or short-

circuit case:

- b
_ l 1 . ] ' . -T2z Iz (2)
E, -Eil +R51[{8(P ), (k.p)pdp ](e “+Ry e )H," (k. p)k dk,

84)

-, b ’
_1pjweg 1 - ‘so'de’ (0T Tizy 2@ (4.
B[ T ,[[Z(pwlckcp)pav](e - Ry, ") HP(k, p)k,dk,

b
[&6)J,(k, p‘)p'dp’](e"*‘-R,,le“*‘)H:”(k,mkfdkc

1701 1
E.=— |2
) _[, T, 1+R,,
For short-circuit case, R,, satisfies the boundary condition of tangential electric field

being zero at z=d. That is,

e e, R,,er“ -0 (4.85)

where T, = kf-kf .
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Figure 4.7 The radial guided waves are excited in the short-circuit case of
an open-ended coaxial probe placed against a layered material me-
dium, where Pp; stands for the power flow in region 1.
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This leads to
R, =-¢" (4.86)

It is found that the radial guided wave poles satisfy

1+R, =1-¢ 20 (4.87)

Letting I', =jB,, we have B, = ‘/kf —kf >0. Equation (4.87) then becomes

1 _e'ﬂﬁld= el2m= _ e'/2’|d= 0 (4.88)

or
_ _mn (4.89)
Bl - Bl. d

where m=0,1,2,3, ...

It is found that the propagating radial guided wave poles exist in the range of

[0,k,] such that from (4.89) we have

2
Km= (BB = .lkf—(’"f;‘) (4.50)

where kw is the m* radial guided wave pole and m goes from 0 up to M<kd/=n.
Also there are evanescent radial guided waves when kw locates along the negative
imaginary axis, which decay exponentially in p direction and carry no real power flow
at all.
With rcfcrence to fig. 3.3, it is shown that using a deformed contour intcgralE‘,l
in (4.84) becomes

g 1l € Ry
1 27¢, (1+Ry)

b
(&) k0 Yo dp | HPk )k dk, (49D

where C, stands for the contour around the radial guided wave poles.
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Similar expressions can be derived for H‘l and E,, also.
It can be shown that the propagating radial guided wave poles are simple poles.
Therefore the radial guided wave field E,, can be derived by the residue evaluation of

the integrand in (4.91) as

b
E, = -nj[f Z(p'Vl(kq..p')p'dp'] (e + Ry € Wk )k

(4.92)
. 1
*eh‘z- 1+R,, ket
Introducing notations Q and L,, (4.92) becomes
E, =-njT,QLk_, (e +R, ™ HP(k_.p) (4.93)
where Q has been defined in (4.8) and L, is

Similarly the field components H,, and E, of a radial guided wave are

H, =-nj(joe)QLKk,, (e -Ry e H (k) @95)

E,=-%jQLk,, (" -Ry,e Y HD (K )

4.4.2 Calculation of Radial Guided Wave Power
The power associated with each radial guided wave is computed using (4.18). Since

the power is directed in radial direction only, P,, is calculated from (4.19) as

el

P =P, =

p =1 R,[-E, Hy,1pdbdz (4.96)

ot— a
o —¥

N |

With T, =jB, and (4.95), the field components of the radial guided wave become
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Hyy =7j(~jo &) Q"L, k(e ™ - Ry, ) HP (k) @97)

E, = -7jQL, k(e - Ry ™) HD (k)

After some manipulation, we have

e'llgl _R“elhl - e-ll,l+e‘21l’|4¢l’|l = e'l”:‘zcospl(d_z) (4.98)

Substitution of (4.98) in (4.97) leads to
E, Hy =47 (joe)|QLk [k, cos*B,(d-2) HE (k . p)H{ (K, p) 47

With the product of the two Hankel functions as simplified in (4.23), (4.99) gives

R,[E, H;,]= -8 e, |QLk [ oos’B,(d—z)-:: (4.100)

Substituting (4.100) in (4.96) results in
p = (4.101)

4

d
87 we,|QL,k,, [ [ cos? B,(d-2)dzdé
0

N |
o —¥

Note that P, in (4.101) is independent of p, which is consistent with the fact that

radial guided wave is a cylindrical wave.
After some manipulation, the integral with respect to z in (4.101) can be expressed

as d
g(d)= [ cos?B,(d-2)dz
0
d, if B,=0 (4.102)
={d .
2 if g,»0
Therefore (4.101) becomes
(4.103)

P =870 e,|QL k. [’8(d)
with
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Bu=yK o

. 1 1
L =lim —
: kc"ke’- I‘l 1 +Rbl

(k. ~kopm) (4.104)

b
Q= [&p) (k) Pdp’

Also the quantity Q can be computed numerically using (4.37).

With (4.103), the total power carried away by radial guided waves is the sum of the

power of each individual propagating wave:

M
Pr.(.w = 20 8 nzw el |QL;k”|2g(d) (4‘105)
L

Power Balance Verification

The radial guided wave power P

rgw. 1S the total power carried away from the

aperture, which should be equal to the transmitted power of the incident wave due to

power conservation. The total radial guided wave power P, - in (4.105) is compared

w.
to the transmitted power P, of (4.83) as shown in fig. 4.8, where a=0.3102cm,
b=0.7145cm, d=1cm and €=3¢, are assumed. They are almost equal as expected.

Also in fig. 4.8 the excitation of radial guided waves is shown to be strongly
dependent on‘ the frequency. The kinks in the figure correspond to the occurance of the
next high order radial guided wave mode. It is noted that in the low frequency range,
less than 2 GHz in this case, the transmitted power is so small that the EM fields excited

inside the material medium are localized around the probe aperture, as in the open-circuit

case.
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Figure 4.8 The power balance verification for short-circuit case of an open-ended
coaxial probe. The radial guided wave power and the transmitted
power of the incident wave, both normalized by the input power, agree
quite well.
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Therefore when an open-ended coaxial probe is used to measure the EM properties
of a thick material layer at the low frequency range, the scheme of using open-circuit
input impedance and short-circuit input impedance to quantify both complex permittivity
€ and permeability p fails , because these two impedances are almost identical.

To overcome this difficulty we can either prepare two samples of the same material
with different thicknesses, or use a coaxial cavity structure to contain the material, which
is studied in chapter 5. With these schemes the complex permittivity € and permeability
p can be uniquely determined as long as two different input impedances of the probe can

be measured for the same material.
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CHAPTER 5
COAXIAL CAVITY SYSTEM TO MEASURE THE
PERMITTIVITY AND PERMEABILITY OF MATERIAL

5.1 Introduction

In this chapter the analysis of a coaxial cavity system for the measurement of
electromagnetic (EM) properties of materials is presented [21].

As mentioned in chapter 4, when an open-ended coaxial probe is used to measure
the EM properties of a thick material layer, the EM fields excited inside the material layer
are localized around the probe aperture. Thus, the scheme of using open-circuit input
impedance and short-circuit input impedance to quantify both complex permittivity € and
permeability p will fail, because these two impedances are almost identical.

One method to overcome this difficulty is to let the center conductor of the coaxial
probe extend into the material medium so that the EM fields are extended deep into the
materials. To accommodate this arrangement, a coaxial line is terminated on a coaxial
cavity with a movable backwall as shown in fig. 5.1. When the cavity is partially filled
with a material, two input impedances of the coaxial line can be measured by setting the
cavity backwall at two different locations. From these two input impedances the complex
permittivity € and permeability p of the material can be determined.

Theoretically this cavity system is analyzed as follows. An incident TEM mode to

the probe is partially reflected by the discontinuity at the aperture and it also excites EM
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Figure 5.1 Geometry of a coaxial line terminated on a coaxial cavity which
accommodates an isotropic material layer medium.
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fields in the material layer medium inside the cavity. Additionally, the higher order
coaxial modes are excited near the probe aperture. The EM fields in the coaxial line part
and in the material medium inside the cavity can be expressed in terms of modal
functions. The matching of the tangential electric and magnetic fields at the probe
aperture will lead to an integral equation for the unknown aperture electric field.

To determine the reflection coefficient of TEM mode at the probe aperture, the
integral equation for the unknown aperture electric field is solved by the method of
moments. After the aperture electric field is obtained, the reflection coefficient of the
TEM mode or the input impedance of the coaxial line can be determined in terms of €
and p of the material medium. Conversely, if the input impedances of the coaxial line
are experimentally measured with the help of a network analyzer, € and p of the material
medium can be inversely determined.

It can be observed that a resonant phenomenon occurs in this structure, and at these
resonant frequencies the determination of p and € of materials becomes ill-conditioned.
The metallic wall loss effect of the coaxial cavity near the resonance frequencies is then
investigated to help mitigate the ill-conditioned problem.

In section 5.2 the results of general guided wave theory are applied to solve the EM
fields at both sides of the aperture, and an EFIE is derivgd by matching the boundary
conditions across the aperture. Meanwhile the reflection coefficient of the incident TEM
wave is cxprc;,ssed in terms of the aperture electric field.

In section 5.3 an equivalent circuit concept for a coaxial line discontinuity is
presented, by which the physical meaning of input impedance at the aperture of the probe
is clearly revealed [41,42]). Also, the validity of the results based on full wave analysis

is verified by comparison with that of equivalent circuit concept.
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In section 5.4 the method of moments is applied to solve the EFIE. The TM
eigenmodes of the coaxial line are chosen to be the basis functions for the unknown
aperture field. Galerkin’s technique is used to convert the integral equation into a set of
simultaneous algebraic equations. After the numerical solution of aperture electric field
is obtained, the input admittance at the aperture is resolved.

In section 5.5 the power loss due to a non-perfectly conducting cavity wall is
studied and several numerical results are presented. The analysis is based on the energy
conservation (complex Poynting theorem) and perturbation approach. In general, this

analysis can be applied to a cavity of any shape.

5.2 Theoretical Study Using Full Wave Analysis
Integral Equation for Aperture Electric Field

An integral equation for the aperture electric field is derived in this section by
matching the tangential EM fields across the aperture. Because of the discontinuity at the
aperture, higher-order modes are excited in the coaxial line near the aperture in addition
to the incident TEM mode. In addition, the EM fields excited inside the cavity can be
expressed as a sum of coaxial cavity modes. For the case of TEM mode excitation,
because the fields inside the coaxial line are ¢-independent and the coaxial cavity with
materials is rotationally symmetric the fields excited due to the discontinuity at z=0 also
exhibit the rotational symmetry. Consequently, only TM modes are excited, and TE
modes can be shown to be zero.

With the total transverse EM fields inside the coaxial line in (3.12), and the fields
at the left hand side of the aperture z=0" already given in (3.14) and (3.15), only the EM

fields inside the coaxial cavity need to be solved.
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Fields inside coaxial cavity

For the fields in region 220 (inside the cavity and material), the field components

exhibit rotational symmetry as mentioned before and only TM modes can be excited in

the cavity.

For the a® TM mode the field components in the j* layer of material are derived

from (3.6) and (3.7) in the form of (3.11).
By letting m — &, we have

Jo(k.. @)

£ 3 ~ , 4 I‘.
Eu = *chch Pk o [Jo(k o P) ’YoTua)'Yo(k“p)]e' 1e?
. a ' -, (kC a) ] ;r.
H},=-joeD, bk [k, P"%’oﬂ‘u p)Je T

Combining the forward and backward waves in the z-direction leads to

Em = p Bjc (e '1",.!+ij. el‘,.z) ac (p)

jwe
A, =62
ta I‘j.

By, (¢™*-R, ) &, (p)

where
&R, (p) =N_ U (k.. p)Y (k. a)-Jo(k. DY (k. P)]
with k“ satisfies

Ik, @) Yok, ©)-Jo(k, ) Yok, a)=0

(5.1

(5.2)

(5.3)

(5.4)

The quantity ij « 18 the amplitude ratio of backward wave to forward wave of the

a® TM mode at interface j (between layers j and j+1). It is shown in chapter 2 that

there exists a recursive relationship (2.46) between Rbl- and Rbu‘l)‘ such that Ru. of

layer j can be computed from that of neighboring layers.
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For the TEM mode the field components in the j* layer of material are

E-= 53”%((1*;: +Ry, ")
(5.5)
1 -
H=4B, -‘D—P(e - bloejklz)

where 'lf\/l‘,/ € and kj=m K€ and R, is the amplitude ratio of backward wave to

forward wave of the TEM mode at the interface j .

The total transverse fields in the j* layer are the sum of TEM mode and all the

possible TM modes. For layer 1 the expressions are

Er = 5 {B“l(e-”’z +Rblo elk,z) + 5 Bll ( e-r'.z+Rbll er"z ) al(p) }
P a=l1 (5.6)

B N B
A=¢ Trol, MR, M) sjwe, B 1
n; P a=1l;q

(e =Ry, ") & (p) }

The transverse field components at the right hand side of the aperture (inside layer
1) are obtained by setting z=0" in (5.6):

Ee=0)=p LByyo (1 4Ry, )+ BBy (14K, ) B(9)]

(5.7)
+ = il - + -_l._
H,(z=0")=¢[ " p(l R,,,) jmelfl »

(1-Ry, )&, (p)]

where R,,, and R,,, of layer 1 can be computed from that of neighboring layers.

Matching the tangential E field and H field at z=0 an integral equation can be
derived for the unknown aperture E field. Equating (3.14) and (3.15) to (5.7) over the

aperture of a<p<b, we have
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AR BAB (=Bt (148, B (1R, B0 D
and = *

A - j
~2(1-R)- T4, 8, (p)
WP "l e (5.9)

=£'_°l(1-kb ) +jwe 521—‘(1-& YR, (p)
n; P o ‘et T, e

Equations (5.8) and (5.9) can be cast into an integral equation for aperture electric
field via some orthogonality properties. Letting &(p) be the E field at 2=0, i.e. E (z=0),

(5.8) becomes

A,%(l +R)+ E:IA,,&.(p) - 2(p) =B,,%(1 ‘R, )+ 513“(1 R, )8 (p) (510

Applying the following orthogonality properties to (5.10), the unknown amplitudes

A, A, , B, and B can be determined:

With
b
[®. ()&, (p)pdp=3,,,
{e (5.11)
[8. ()&, (p)pdp=8, .
and )
b
& =0
_[ o(P)dp 512

[&.(p)dp =0
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we have

A=—1 1
o (1+m1n(b/ )f Fle)de

A= f &Ep)®, (p)pdp

and

b
[&@erdp

) 1
f FO) = ok i) |

B
1™ (1+R,,,,,)ln(/ a)

[R(0)(p)pdp =

1
la (1+R 1.) J f (p) )

(l Rbla

Also from Ao we have

b
1
1+R=——[&(p)dp
A,ln(;) a

b
[&e)dp
4,In(>)e

1-R=2-

(5.13)

(5.14)

(5.15)

(5.16)

Substituting these amplitude coefficients in (5.9), an integral equation for aperture

electric field is derived as follows:

A22- fz(pbdp A (p)fm)st (o)odp’
NP Aln(—)o
_111-Ry;, 1 e 1-R,,
® & (p)pdp’
TR ln(_)[8'(p)d ..11‘ o (p)ff(p) (P)pdp

which is rearranged as
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24,1 11 1 }8’(9349'

P NP By
a

11-R,, 1

+— &(p)dp’
n;pe 1+Rblo ln( )f

(5.18)

+ I Y8 (p)fa'(p)m (P)pdp

m=1

+ Rbll
331 I,“ TR, (p)_[ ()R (p)pdp’

where Y, =jwe,/T,.
This integral equation can be solved numerically for the aperture E field using the
method of moments as presented in section 5.4. The validity of integral equation (5.18)

is verified by an equivalent circuit concept which will be presented in the next section.

5.3 Equivalent Circuit Concept for Discontinuity

In this section, the equivalent circuit for a coaxial line discontinuity is considered,
by which the physical meaning of the aperture input impedance of an open-ended coaxial
probe is revealed clearly [41,42]. The well known results of the transmission line input
impedance are recalled first, then a shunt capacitance is introduced at the discontinuity
in addition to the original characteristic impedance to describe the effect of the coaxial
discontinuity. The physical reason of the shunt capacitance is also provided.

In fig. 5.2 two segments of coaxial line are considered, where each segment is filled
with different material. From transmission theory the reflection coefficient at the

interface is
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Figure 5.2 Two segments of a coaxial line with a short circuit termination
and its equivalent circuit.
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_ -2, (5.19)

R=
Z-2Z,
where
Z,=Z jtanp (5.20)
and
z - P /e ,_ | Inb/a) (5.21)
1 e 2=« o e, 2=x

Next, a coaxial structure consisting of two segments of coaxial lines with different
outside conductor diameters is studied. In fig. 5.3, Y, stands for the shunt admittance at
the discontinuity, the physical reason for the shunt capacitance is due to the fringing fields
(higher-order TM modes) at the discontinuity. Because of the discontinuity at the
aperture, the longitudinal component E, is needed to satisfy the boundary condition, thus
higher order TM modes are excited.

If these TM modes are not supported in both coaxial lines, and the shorted end is
located sufficiently far away from the discontinuity, then the shorted end has no influence

on the TM modes, of which the wave admittance is

=joC, (5.22)

with C, =e, [ k>, -k} .

Thus the wave admittance Y, of each TM mode corresponds to a shunt
[ ]

capacitance. With ¥; = -j¥,cot(B,,), the input admittance Y, is computed by
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Figure 5.3 Two different segments of coaxial lines with a short circuit
termination and its equivalent circuit.
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Y=Y,/ Y,
=jwCy-jY,cot(,l;) (5.23)
=J( mcd - Yl M(Blll))

where C,=2Y,/jo=Y C,.
([ 3

And the reflection coefficient is

R=1 (5.24)
1+y,

with
Y,  oC;-Ycot(B,l) _
y‘ =—=] =
Y, Y

o

JjE (5.25)

If the material is lossless and the coaxial cavity is made of perfect conductor, theny,
is pure imaginary and IRI=1, because no power is carried away and no conducting loss

due to the cavity wall exists.

5.4 Numerical Simulation - Method of Moments

In this section the method of moments is applied to solve the EFIE (5.18) [29]. The
TM eigenmodes of the coaxial line are chosen to be the basis functions for unknown
aperture field and Galerkin’s technique is used to convert the integral equation into a set
of simultaneous algebraic equations, from which the numerical solution of aperture
electric field is obtained and the input admittance at the aperture is resolved. Finally

some verifications for the numerical simulation are also given in this section.
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The unknown aperture electric field is expanded into a finite sum of the TM

eigenmodes of the coaxial line as follows:

S
Z(p)=Z V,R(p) (5.26)
i=0

where

C,1Jyk )Yk, 0)-Jok @Y, (k,0)] -

&,(p) = ] (5.27)
= - i=0
p

and k,, satisfies the following eigenvalue equation [30]

J (kY (k b)-J (k. b)Y (k. a)=0 (5.28)

Substituting (5.26) in (5.18) leads to (from now on assume n,~1, for simplicity)

24
ol 1 l 1 fEVﬂt(p)dp
‘\, p qopln( )¢

L1 11-Ry, 1
mPl"Rm In(< ).,

(5.29)

- b
+ 2 Yr R(p) [ V, &, (p )R, (p)pdp
m=1 aa-o

b
z]me,l -R,,. s ' o
&8 TV R(p)R d
a1 T, 1+R,,, (p)[“ &,(p)R (p)pdp

which is rearranged as
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s
+ZV,

S
+2V‘

=0
s
+2V

Galerkin’s method

Galerkin’s method suggests using basis functions

(ll

fs(p)dp
"o P n(® e

1-

Tl]p1+Rblﬂln( )¢ (5.30)
\

- b
EIY,,,R,,(p) f ﬂ.(p')ﬂt.(p')p'dp'J
\""

( ij"’ez 1-R,,,
i Ty, TRy,

& (p)fa(p )R, (p)pdp ]

Ot,(p) as testing functions and

does the following operation,

]
[ (5.30) &,

such that a system of linear

5
+2V
i=0

+EV
i=0

s
+2V

(

\

(P)pdp ,j=0--S

equations is derived as follows:

——fﬂ (p)dpfﬂ (p)dp’
e int)

( 1 1Ry, 1 |
TR & e f &,(p)dp
n; 1+Ry,, In(< )4

(5.31)

\

(-
z Y,,,f QL (p)dpfa(p R (p )pdp]
\"

jme,

Rbll

i=0

[ a1 T, f ,(P) & (p)dp f &(p)&,(p)pdp’ ]
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Via the orthogonality properties (5.11) and (5.12), (5.31) is simplified to be

2, b oy 1. b
A—In(-)8, =ZV,—In(—)8 &

v, L1 R '/ 0)

=0 ' n;1+R,;, In(c/a) " (5.32)

. v, 2 Yp3e 81 Bim
=0 m=1

A
+2V E_— Rbll

0 ‘(a1 T, f ,(P) & (p)dp f &,(p)& (p)pdp’

with j = 1,....S.
These simultaneous algebraic equations can be expressed as
A1 ={[Y*]+[Y*)+[YP1+{Y°]}[V] (5.33)

with the matrix elements as

jl ln( ) Jjo io

_1 1- Ruoln(b/ a)
— )

&‘i

Y= E Yrg &y

- ij"’ez l‘Rbu

W BT TR [ 8(p)$(p)dpf & ()R (0)pdp’

Equation (5.33) can then be solved by a standard numerical subroutine for linear
equations.

After determining &Y(p) using (5.33), the normalized input admittance can be related
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to &(p) with the help of (5.16),
-1
y <1 R_ 4, ln(b/ a)
in~
= f &(p) dp

f &(p)dp
(5.35)

Aln(bl)

Since S’(p)'is proportional to A, A, will be canceled in the expression of the

normalized input admittance. Setting A, to 1 leads to

b
by_
1n(b/ 5 J.Ewde [merde (5:36)
in " [)
ln(b/ )f Ele)dp [&e)dp

Before presenting the results of the numerical simulation for (5.33), some aspects

about the evaluation of the matrix elements are addressed next.

Evaluation of the matrix elements

The computation for the elements of matrices Y4, Y¢ and Y? is trivial. But the
computation for each element of matrix Y involves an infinite series which need to be
truncated according to some preset accuracy.

Also in (5.34) two integrals need to be computed for each term in the series of Y;:,
and it is quite time consuming. Fortunately, using the following formula each term in the

series of lg‘: can be converted into a closed form [20],

[2.(@pz BpIpde -—E v1(BP)-aZ, (ap)Z,(Bp))  (537)

where @ #p and Z, denotes J, and Y, .
To derive a closed form for each term in the series of Y;; let’s consider the

following integral,
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f (P) &, (p)dp

b
=N,\Y (.0 f ,(p) (k. ) -T (k. ,0) [ & (p) Y (k. .p)dp

where ﬂt}(p) is, from (3.13),
& = O,k Pk @) -Jo(k @)Y, (k,p)]

(5.38)

(5.39)

With (5.37) and after some manipulation the first integral in (5.38) becomes,

f (p)J,(k,.p)pdp

b
= C, [ (k,,0)Yy(k 0)-Jo(k )Y,k )V, (k. P)pdp

=——C’k“ AFTR) (")—J(k a)

kK2 Dk, Jo(k.;b)

Similarly using (5.37) the second integral in (5.38) becomes

f (p) Y,(k,p)pdp

=C, f U,k ,p)Yo(k @) -Jo(k @)Y, (kP Y,(k, p)pdp

_ Cik., 2]y Yk, b) J(k ;0)
(k:j-kfc)kcj ( b)

-Y (k. ,2)

Substituting (5.40) and (5.41) in (5.38) leads to
b
[®,(e) & (p)pdp=N,CF,,
a

where
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kct 2 Jo(kcja)
F,~—2= 2 o Uk DY (k.. @) I (k. DY,k b) (5.43)
(kc,—k,,)kdﬂl,( D)

Similarly we have

b
f &,(p) &, (p)pdp=N,C,F,, (5.44)

where

= kea 2 Jolkas® k. b)Y (k_a)-J (k.. a)Y (k. b) (5.45)
(k:‘_k:‘)kc‘njo(kc‘b)['lo ca ovca oV ca oy ca ] M

With the help of (5.42) and (5.44), Y;: in (5.34) becomes

- 3 1_
ve-22% 1 Rue oo p p (5.46)
a=1 PI- 1+Rbll

The above formulation can be numerically evaluated efficiently. After all these
considerations about the evaluation of the matrix elements, the simultaneous algebraic

equation (5.33) can now be solved by any kind of computer code.

Computer program and numerical results

A fortran computer program was written for the numerical evaluation of (5.33) and
(5.34) so that the aperture electric field and other quantities can be calculated when € and
p of the material are given. The validity of computer program is first verified by
computing the impedances of (5.20) for various materials. The second verification is
made by comparing the shunt capacitance at the discontinuity with that of the equivalent
circuit, which was shown in the work of J. R. Whinnery [42].

The results are shown in fig. 5.4, in which the shunt capacitance per unit length
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Figure 5.4 Discontinuity capacitance per unit length, C’, of a coaxial air
line v.s. step ratio a.
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C,(a) is introduced as

, C,
Cy(a)=—2 (5.47)
2nae,;

with @ -ba as the step ratio.

c-a
The results of our calculation match well with that of [42] and it shows that the
"forward problem" has been correctly solved while the "inverse problem", the final goal,

for determining € and p of the material via the measurements of input impedance of the

coaxial line will be addressed in chapter 6.

5.5 Computation of Metallic Wall Loss for Coaxial Cavity

In this section, the metallic wall loss of the coaxial cavity is studied [27]. The
analyses described in previous sections assume perfectly conducting cavity, that is not true
in practice. The power loss due to the non-perfectly conducting wall may influence the
input impedance and the reflection coefficient, which then, in turn, influences the
characterization of the EM parameters of the material filling the cavity. The analysis for
metallic wall loss is based on the conservation of energy (Poynting theorem) and
perturbation approach.

Let’s first recall the complex Poynting theorem for a closed volume V with surface

P,=P,+20 (U, -U,)+P, (5.48)
with
P,=[2ET.dv
v2
o (5.49)
P,=[E-Edv
v 2
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and

(5.50)
1 .
”ffsi(f"ﬁ )-Ads

The notation P, stands for the power supplied by an active source in V, P, for the
dielectric power loss in V, and U, and U, for the stored magnetic and electric energy,
respectively. Also P, stands for the power transfer over boundary surface S. For the
structure in fig. 5.5, we have .7‘ =0 beyond the cross section z=-1,, at which all higher
order TM modes decay out and only the TEM mode exists. By letting V and I be the

voltage and current associated with the TEM wave, the P, term can be rewritten as
- l L ] . 'S l — 3 - L ]
P,- Efcs'(ii'xl? ) zds+fwu2E~( AxH")ds

Yy 1z R 51
= +fma22,I?K’ds (5.51)

% I +(14)P,

where

w (5.52)
R,=\/nfu/o,
Hence (5.48) becomes
Zn 1o p (553)
_Z—I F" d+ﬂm(Um_Uc)+(l+j)Pw i}
In case of perfect conductor, P, =0, and we have
z, =27 20 WU (5.54)
it
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Figure 5.5 Geometry of a coaxial cavity driven by a coaxial line. The complex
Poynting theorem is applied to the volume V beyond the cross section
Z=-11.
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The current I can be derived according to transmission line theory as

1=+,

Z

4

(5.55)
v,
Z

=_1_(V;' J’l’l - Vo'e_jpl’l)
=2 (‘mlll -R, e-/’lll)

where R, is the reflection coefficient of the voltage and Z_ is the characteristic
impedance of the coaxial line.
Since the transverse dependance of electric field of the incident TEM mode is

assumed to be 8’(p)=l, we have
[

V.= :8’(p)dp =In(ba) (5.56)

Therefore (5.54) leads to the normalized input impedance

zb! = %‘2 = zzc P‘;ﬂw (Um - U.)
¢ lnz(;)|l -R, e‘fzﬂnlnr

(5.57)

In case of non-perfect conductor, P, #0, a modified input impedance is derived via
similar steps. The perturbation approach assumes that the aperture EM fields are not

disturbed by P, so that the current I in (5.55) is unchanged. This leads to

oy P20 WU, -U)+ (4P,
2By _p P28
()1 -R, e f

=2,+2Z, b D% 2Byl
2¢ 7\1 _ TPk
()1 -R, e 7*f

c

(5.58)

Also the modified reflection coefficient becomes
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’ -l
R =2 (5.59)
Zp+1

The influence of wall loss P, on the reflection coefficient can then be obtained by
the following steps:

1. Transform R, at the aperture, obtained numerically, to R, at z=-1, by

Rln =R e'ﬂpl’l (5.60)
and we have
2, - i "2: (5.61)

2. Include the influence of P, on the input impedance and the reflection coefficient
by (5.58) and (5.59).
3. Transform R,, back to R, by

R,=R, & (5.62)

In these steps the metallic power loss P, is calculated numerically using (5.52), in
which the surface current K is related to the unperturbed tangential magnetic fieldH,
and the value of 1.57X10’ S/m for the surface resistance R, is used for the brass cavity
wall. That is

KK =|axd[’ = |H,|? (5.63)

The component H’ can be expressed in terms of the aperture E field by substituting
(5.14) and (5.15) into (5.6). As soon as the aperture E field is solved, H. and P, can

be computed numerically.
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Skipping the computational details, the results of the metallic wall lossP,
normalized by the input power and the dielectric power loss P, are shown next. Figure
5.6 shows P, normalized by the input power, for acrylic and water, where the cavity of
length 1" is fully filled with the material and the published value of € for each material
is used for computation. The peaks shown in the figure occur at resonance frequencies.
Also fig. 5.7 shows the same P, as normalized by P, for acrylic and water. Even
though the metallic wall loss is small compared to the input power, it may be large when
compared to the dielectric power loss, especially for low-loss material at low frequency
range, thus influencing the dielectric constant characterization. Figure 5.8 shows P, for
acetone (g,=20, €=0.05) normalized by the input power and dielectric power loss,
respectively. It shows that the power loss of metallic wall is important in the EM

characterization of the low-loss and high-permittivity materials.
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Figure 5.6 The power loss of non-perfectly conducting wall is normalized by the
input power, where the filled material is water and acrylic, respectively.
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Figure 5.7 The power loss of non-perfectly conducting wall is normalized by the
dielectric power loss, of which the filled material is (a) water, and
(b)acrylic, respectively.
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Figure 5.8 The power loss P, of non-perfectly conducting wall when the cav-
ity is filled with acetone. P, is normalized by (a) the input power,
and (b) the dielectric power loss, respectively.
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CHAPTER 6
EXPERIMENTAL MEASUREMENT FOR VARIOUS MATERIALS

6.1 Introduction

In this chapter, the measurement procedures to obtain the complex permittivity € and
permeability p of materials are discussed and the results for € and p of several materials
are presented [44].

Using either the open-ended coaxial line probe or the coaxial cavity system that
were analyzed in previous chapters, the complex € and p can be measured with a network
analyzer connected to the measurement setups as shown in figs. 6.1 and 6.2.

As mentioned before, two measurements of the probe input impedance are needed
to determine both € and p. For the open-ended coaxial probe, as shown in fig 6.3, this
can be achieved by using open-circuit and short-circuit cases, or preparing two samples
of the same material with different thickness. Another alternative is to measure an
unknown material by inserting some known material (usually air) between the aperture
and the unknown material. For the coaxial cavity system, this can be achieved by setting
the backwall of the cavity at two different locations.

The results of these two measurements are used for solving the simultaneous
equations for € and p by numerical inverse scheme. This procedure is then repeated for

each frequency of interest.
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Figure 6.3 Two input impedance measurements are made by (a) using open-circuit
and short-circuit cases, (b) preparing two samples of different thick-
nesses, and (c) inserting some known material for the second one.
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In section 6.2 the calibration procedure for the measurement setups is discussed
[43,45]. The scattering parameters for the equivalent two-port network between the probe
aperture and the measurement reference plane of a network analyzer can be determined
via the calibration procedure. With these scattering parameters the measured input
impedance at the reference plane can then be converted to the input impedance at the
probe aperture.

In section 6.3 the Newton’s iterative method is presented [46,47]. Newton’s method
is used to solve the simultaneous nonlinear equations, which are resulted from the two
measured input impedances.

In sections 6.4 and 6.5 the measurement procedures and the measurement results of
various materials via the open-ended coaxial probe and the coaxial cavity method,

respectively, are presented. The limitations for the use of these probes are also addressed.

6.2 Calibration Procedure for Experimental Setups

In this section, the calibration for the experimental setups is studied. General
effects of the G.R. type connector, the teflon bead and the phase shift of the transmission
line, which are located between the probe aperture and the measurement reference plane,
are described by the scattering parameters of an equivalent two-port network as shown
in fig. 6.4.

By determining the scattering parameters of the two-port network, the measured
input impedance and reflection coefficient at the reference plane of a network analyzer
can be converted to the input impedance and reflection coefficient at the probe aperture,

or vice versa, as follows [43]:
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Figure 6.4 (a) The structure of the coaxial line probe setup. (b) Its equivalent

two-port network.
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R,- R, -5, (6.1)
(R, -8,1)8,,+5,,8,,

or

- 51251 R, +S

(6.2)
1 'Szzkz "

R,

From (6.2) it is clear that only three combinations of scattering parameters §,,,S,,

and Slzs21 need to be determined.

Determination of the scattering parameters using 3 shorting stubs

In order to determine the scattering parameters of the two-port network, three
shorting stubs of different lengths /,, /, and [, are fabricated. These shorting stubs are
designed to completely fill the space between the inner and outer conductors as shown
in fig. 6.5.

The scattering parameters between the terminal plane 1 (the measurement reference
plane) and the terminal plane 2 (the shorted end at z’=0) are determined, and the segment
of the coaxial line between z’=0 and the probe aperture is treated as a perfect transmission
line.

With the help of (6.2), the scattering parameters between the measurement reference
plane and z’=0 can be determined experimentally as follows:

With reference to fig. 6.5, R/, R," and Ry denote the measured reflection
coefficients at the terminal plane 1 with the three shorting stubs filled in the coaxial line.
R;, sz and R; denote the theoretical reflection coefficients at terminal plane 2. Then

from transmission line theory, we have
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Figure 6.5 (a) The structure for the calibration of the coaxial line probe using
three shorting stubs. (b) Its equivalent circuit is described by the S
parameters and one segment of perfect transmission line.
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Figure 6.5 (continued)
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R=-1
RP= - (6.3)
Rf=-ePh

where p=2=n/a , I,,=1,-1, and I _=I,-1..

Substitution of the measured Ry, Rlb and Ry and (6.3) in (6.2) leads to

- SIZSZIR; +s'

T e P1 (6.4)
l'szzkz

Ry

where a=a, b and c.

If the lengths /,, /, and /, are chosen such that these equations in (6.3) are

independent, the scattering parameters can be solved to be

g o RE-RO®;-R) - -RYR; -R)
22
(R{ -R}) (R} -RDR; - (R} -R)) (R; - R)R;

'S Rlc-Rlb ! e g (6.5)
$12821= p b(l’szzkz)(l'szzkzb) .
-R,
. S8, RS
Su=R1c'__‘12 21R2c
1-8,,R;

Because the amplitudes of R;', a=a,b and c, are one for all shorting stubs, the
measured inf'ormation is carried by the phases. To assure that the choice of /,, [, and [,
does lead to 3 different phases over a wide band of frequencies, it is necessary to make
more than 3 measurements with these shorting stubs located at different positions
randomly. In practical situation, up to 6 measurements were made to assure a good

solution for the scattering parameters.
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Since the scattering parameters for the two-port network between the measurement
reference plane and z’=0 are determined, and the segment of coaxial line from z’=0 to the
probe aperture can be treated as a perfect transmission line, the transformation of the
reflection coefficient from the measurement reference plane of a network analyzer to the
probe aperture can be made in 3 steps as follows:

1. Measure R, using the network analyzer.

2. Transform R, to R, at z’=0 plane by (6.1)

= R, -5, (6.6)
(R, —811) 85, +8128;;

3. Transform R, to R, at the probe aperture as

R, =R, 6.7)

Calibration for the Coaxial Line Probe with a Spacer

In case a liquid material is measured, it’s important to prevent the leakage of the
liquid into the probe and assure a flat surface of the liquid at the aperture.

To accomplish this, a spacer made of teflon is made to completely fill the space
between the inner and outer conductors. It presents a flat surface at the probe aperture
as shown in fig. 6.6. The length of the spacer should be large enough that all the higher
order TM modes decay out before reaching the z=-/, interface. Otherwise the reflected
higher order modes will complicate the theoretical analysis inside the coaxial line.

It is still possible to do the calibration for this new structure using 3 shorting stubs
in a similar manner as before. If the spacer is inserted into the coaxial probe after the

reflection coefficient measurements of the 3 shorting stubs are made, then the scattering
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Figure 6.6 The structure of the coaxial line probe with a spacer of length I3 Its
equivalent circuit is described by the S-parameters and two segments

of perfect transmission line.



parameters of the two-port network between the measurement reference plane and z'=0
can be obtained, and the coaxial line between z’=0 and the probe aperture can be treated
as a perfect transmission line with two segments filled with different materials (air and
teflon). Therefore the transformation of reflection coefficient from the measurement

reference to the probe aperture can be achieved.

6.3 Numerical Inverse Algorithm

With the calibration procedure described in previous section, the measured input
impedance at the measurement reference plane is transformed to the probe aperture plane.
The input impedance at the probe aperture is an implicit function of e and p as well as
the thickness of the material, etc. Conceptually, two equations are needed to solve for
two unknowns e and p. Thus the complex e and p can be inversely determined by
some numerical scheme if two input impedances are measured.

In this section, Newton’s iterative method of finding the rootsv of nonlinear equations
is presented for the sake of completeness [46,47]. Let’s consider two general equations
as

f(x,y)=0 (6.8)
8(x,y)=0

At each iterative step of the algorithm, the objective is to find A, and A, so that (6.8)

is satisfied approximately as follows:

f(x +h,,y+h,)=0 (6.9)
g(x+h,,y+h)=0
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By Taylor’s expansion and with the series truncated in 1st-order, (6.9) becomes

L, L Of,
f(x,y) axh‘ ayh’ 0

9 3 (6.10)
98, %8 -0
g(x,y)+ % h, + ayhz |
or o
ox ay ||m|__[f&.» 6.11)
9g dg||h] (8&)
dx Oy
This leads to the solution for h; and h, as
o
"1}=_ ox dy | [f(x,») (6.12)
h,] |3 dg| l&kx)
ox Jdy

If (6.9) is satisfied according to some preset accuracy then the iterative process is
stopped and the final values of x and y are the roots of the equations. Otherwise, the
searching of new A, and h, is repeated.

Application of this algorithm to determination of e and p is as follows. With two
measured input impedances, Z,, and Z,,, as shdwn in fig. 6.3, the values of e andp
are searched so that the theoretical input impedances at the probe aperture, Z,,, and Z,,,,

match the méasured ones. Therefore (6.8) becomes

fle,p)=Z,/(e,p)-Z,,=0 (6.13)
g(e,p)=Z,,(e,p)-Z,,=0

With the above algorithm, we can determine the correct values of € and p that lead

to the two measured input impedances.

143



6.4 Experimental Results vid Open-Ended Coaxial Line Probe Method

In this section, we’ll present the results of complex permittivity € and permeability
p of various materials measured by an open-ended coaxial probe. With reference to fig.
6.1, a 14mm coaxial air line (a=0.3102cm, b=0.7145cm) is connected to a 16"X16"
metallic flange. The metallic flange is surroﬁnded by an acrylic wall in order to
accommodate liquid materials. The following procedures are the measurement steps for
€ and p using an HP8720B network analyzer [44]:

1. Set up the network analyzer.

2. Do the calibration for the network analyzer.

3. Do the calibration measurement for the fixture using the shorting stubs.

4. Calculate the S parameters for the equivalent two-port network of the fixture.

5. Put the material inside the fixture.

6. Measure the reflection coefficient.

7. Calculate the reflection coefficient at the probe aperture.

8. Compute € and p using numerical inverse algorithm.

9. Plot € and p.

Through these steps the EM parameters of four different materials were measured.
These include a low permittivity material (acrylic), medium permittivity materials
(acetone and Eccosorb-Ls22) and a high permittivity material (water). Tﬁc frequency
range coverslfrom 0.2 GHz to 2 GHz.

It was found that for the open-circuit case the metallic flange is large enough to act
as an infinite plate as the theory assumes. But for the short-circuit case, this assumption
of infinite plate was valid for high loss material only. For low loss material, the radial

guided waves are reflected from the edge of the flange, and a resonant phenomenon
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occurs due to the high Q characteristic of the short-circuit structure. This suggests the
use of open-circuit case only for low loss materials.

Also it was found that the contact of the measured material with the open-ended
coaxial probe is very important. An unintentional air gap may cause considerable
inaccuracy in the final results. In addition, a good calibration for the fixture is essential
for consecutive measurements. With three calibration stubs of different lengths
(1,=5.84cm, [,=3.89cm and /=1.88cm), a good calibration can be obtained for the
frequency above some critical frequency f_, about 0.5 GHz in our case. For the frequency
below f, a good calibration is not easy since the wavelength is so large that these
shorting stubs do not provide well-separated phases. The critical frequency f, is then
limited by the length of /,. The difficulty in calibration at low frequency may be
overcome if the coaxial feed line and shorting stubs are made longer.

It is observed that there exists an ill-conditioned property in this method at the low
frequency range in the determination of EM parameters of materials. That is, a small
inaccuracy in the measurement data can lead to a large error in the final results of EM
parameters of the materials.

Figures. 6.7(a)-(b) show the measured permittivity € of acrylic when the
permeability p=p, is assumed. Two measurements are shown using the setup of fig.
6.3(c): one with an air layer of 2.3mm between the probe and the material and the other
without an a1r gap or a direct contact between the probe and the material. The results
from these two measurements are very consistent (€,=2.6, and €=0), and the differences
are within 4 percent for € over the most part of frequency. Using these two close
measurements, the numerical inverse scheme generates simultaneously both € and p as

shown in figs. 6.8(a)-(b). Figure 6.8(a) shows good results for € but the results for p are
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Figure 6.7 The permittivity € of acrylic via open-ended coaxial probe (u=p,
assumed). (a) The real part of relative permittivity. (b) The imagi-
nary part of relative permittivity.
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unstable as shown in fig. 6.8(b). This is probably due to the ill-conditioned property of
this method to simultaneously determine € and p for low permittivity materials for the low
frequency range and difficulty in system calibration for the low frequency range. In
addition, fig. 6.9 shows the results of the permittivity of acrylic for the frequencies up to
10 GHz. The values are within a reasonable range for all the frequencies, a slightly
larger deviation found in the frequencies above 5 GHz may be due to the use of the GR
type connector or the effect due to the excitation of complex waves.

Figures 6.10(a)-(b) show the permittivity and permeability of acetone. The results
were obtained from two measurements of two samples of different thicknesses, 1.27mm
and 2.54mm, with the setup of fig 6.3(b). The results for complex permittivity are good
(=21, and £=0), but the results for complex permeability again show the ill-conditioned
property of this method at low frequency, as p=p, is expected. As mentioned earlier,
difficulty in system calibration for frequencies below f, may also contribute to the poor
results for complex permeability at low frequency range.

Figures 6.11(a)-(b) show the measured permittivity € of an absorbing material
(Eccosorb-Ls22) when the permeability p=p, is assumed. Since Eccosorb is a high loss
material, the two measurements were made by using open-circuit and short-circuit setup
as shown in fig. 6.3(a). For a sponge-like material as Eccosorb, it is hard to secure a
very good contact with the coaxial probe. Especially it was found that the contact with
the small cex;tcr conductor of the probe is very important. Experimentally, a small spot
of silver paint was painted on the surface of the Eccosorb to ensure a good contact with
the probe. Two set of results generated from the open-circuit and the short-circuit cases
are reasonably good (both €, and g, vary with frequency), but they are not very consistent.

During the experiment, it was found that the shape and the EM properties of the material
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change when it is pressed due to its softness. Because of this reason it is difficult to
obtain simultaneously € and p of this kind of materials.

Figures 6.12(a)-(b) show the permittivity and permeability of distilled water. The
results were obtained from two measurements of two samples of different thicknesses,
1.1mm and 2.3mm, with the setup of fig 6.3(b). The measured results are (g, =78, and

,=-2~-8) and (p, =1, and p,=0) which are considered to be quite satisfactory. It is noted

that the ill-conditioned behavior of the method was not observed when the material is of

high permittivity type.

6.5 Experimental Results via Coaxial Cavity Method

In this section, the results of EM parameters of various materials measured by a
coaxial cavity system are presented. With reference to fig. 6.2, a coaxial cavity (cavity
radius 5") driven by a 14mm coaxial air line (a=0.3102cm, b=0.7145cm) was fabricated.
The center conductor of the coaxial cavity was made removable in order to facilitate the
calibration of the 14mm coaxial line.

The measurement steps in section 6.4 can be applied to the coaxial cavity method
as well. Through these steps the EM parameters of three different materials were
measured. These include a low permittivity material (acrylic), medium permittivity
material (Ecc;osorb-Ls22) and high permittivity material (water). The frequency range
covers from 0.2 GHz to 2 GHz.

It was found that the contact of the movable shorting backwall with the cylindrical
wall is very important. In the experiment, aluminum foils were placed between them to

achieve a better contact. In addition, a good calibration for the 14mm coaxial line, as
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shown in fig. 6.5, is essential for consecutive measurements. With three shorting stubs
of different lengths (/,=5.84cm, /,=3.89cm and /,=1.88cm), the calibration can be made
by removing the center conductor of the coaxial cavity. It was found that the calibration
was quite good for the frequency above some critical frequency f_, about 0.5 GHz in our
case. For the frequency below f_, a good calibration is not easy since the wavelength is
so large that these shorting stubs do not provide well-separated phases. The critical
frequency f, is then limited by the length of /,. The difficulty in calibration at low
frequency may be overcome if the coaxial feed line and shorting stubs are made longer.

Figures 6.13(a)-(b) show the measured permittivity of acrylic (¢=2.6, and €=0)
~ when the permeability p=p, is assumed. The effect of metallic wall loss is shown. The
effect of the metallic wall loss on the imaginary part of € was expected to be considerable
for low frequency range, but it was not evident because the results at this frequency range
are not stable due to the poor calibration for frequencies below f..

Figures 6.14(a)-(b) show the measured permittivity of an absorbing material
(Eccosorb-Ls22) when the permeability p=p, is assumed. The results are compared to
that obtained by the open-ended coaxial probe method. The results are reasonably good
in the high frequency range, while some inconsistency in the low frequency range may
be due to the poor calibration for frequencies below f, and the ill-conditioned property
of this method.

Figuresl 6.15(a)-(b) show the measured permittivity of distilled water when the
permeability p=p, is assumed. The results are compared to that obtained by the open-
ended coaxial probe method. It was found that the determination of EM parameters is
ill-conditioned at the frequencies near cavity resonance even though the effect of metallic

wall loss is considered.
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Figure 6.13 The permitivity € of acrylic via coaxial cavity method (u=p,
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CHAPTER 7
CONCLUSION

This thesis studied two schemes of measuring the conductivity, permittivity and
permeability of various materials using two coaxial probe systems over a wide frequency
band (0.2 to 10 Ghz).

The works of this thesis have some contribution to the EM characterization of
materials, especially for the theoretical development of the open-ended coaxial line probe
technique. The study of the coaxial cavity system also provides a new scheme of EM
characterization for materials.

Using an open-ended coaxial probe system, a non-destructive measurement can be
achieved easily by simply placing the probe against the material medium. To overcome
some weaknesses of the open-ended coaxial probe scheme, a coaxial cavity system was
developed to excite EM fields which penetrate into the material medium. This system
is suitable for measuring EM properties of liquid materials, but solid material samples
need to be machined to fit in the cavity.

Theoretical full wave analyses of these systems lead to an integral equation for the
electric ﬁeld.at the aperture of the driving coaxial line. The method of moments was
applied to transform the integral equation into a set of simultaneous algebraic equations
so that the numerical solution for aperture electric field can be obtained. After the
aperture electric field is obtained, other quantities such as the input impedance and the

EM fields inside material can be calculated. The input impedance of the coaxial probe
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is then used to determine the EM parameters of the material inversely when the input
impedance is measured experimentally.

For the open-ended coaxial probe placed against a material layer, the physical
pictures are revealed clearly through the analysis of complex waves. For the frequencies
at which no power is radiated or carried away by the surface waves, the excited EM field
is localized at the aperture, thus, the assumption of an infinite metallic flange employed
in the theoretical analysis is justified. This also provides the validity for the quasi-static
analysis which has been used by other workers. However, at the frequencies where the
radiative power and the surface wave power are significant, the influence of these
complex waves on the characterization of EM parameters is important and the effect of
finite flange should be investigated in the future. In addition, an efficient way to compute
the radiative wave power was derived, and the analysis of the power balance also gave
confidence to the evaluation of the radiative power from the open-ended coaxial probe.

In the coaxial cavity system, it is found that at the resonant frequencies, the
determination of the EM parameters of materials becomes ill-conditioned. The inclusion
of metallic wall loss gives little improvement on the ill-conditioned problem, but it is
important on the determination of the EM parameters for low loss materials, especially
at the low frequencies.

A series of experiments was conducted to measure the input impedances of the
coaxial probe systems for various materials, which included low, medium and high
permittivity materials. A good agreement between the experimental results and published
data was obtained. Further improvements may be possible with additional investigation,
which includes a better calibration technique with longer shorting stubs, minimization of

the edge effect due to a finite flange on the radial guided wave excited in the open-ended
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coaxial system when the material layer is shorted by a metallic plate. Finally, these

systems may be modified and extended to measure EM properties of anisotropic materials.
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APPENDIX

FORTRAN COMPUTER PROGRAM



ccceeeeccecccccecccccccccccceeccccccccccecccccccccccccccceccccccecccccccccccccceccececccce

C

o

OO0 0O 0000006000000 0O0000000600O0O000O006G600G 0060060006060 aG MO0

Program:

Class :

Call to:

Purpose:

Method:

EMparameters
Main program

calibration, findkcn, cnewton, cjacobian, cnewtonfx, admittance, solveqns,
polen, newtr, Bessf0, Bessf1l, Romerg, fxvalue, quard, crbnfx, swpower,
radialpower.

To compute the permittivity and permeability of an unknown material,
which is placed against an open-ended coaxial line probe with a metallic
flange. Items of interests - input admittance, aperture fields, complex wave
power.

Newton’s method is used to inversely determine the permittivity and
permeability of materials so that the theoretical admittances of the probe
fit the measured ones. MOM is used to solve the integral equation for the
aperture electric field via coaxial eigenmode expansion and Galerkin’s
technique. Cauchy residue theorem and saddle point method are employed
to calculate the complex wave power.

Specifics: All units are in M.K.S. system.

Program hierarchy for main program:

EMparameters

calibration

findkcn

cnewton
cjacobian
cnewtonfx

admittance

solveqns

Program hierarchy for admittance subroutine:

admittance
polen
newtr
bessf0
romerg
fxvalue, fxvalue2, fxvalue3
quard2, crbnfx
solvegns
swpower
radialpower

ccceececccececeeecccccccccecccccccecccccccecccecccccecccecccceeccccecccecccceccceeccccccccce
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cceeceeececeececeeceececececceceececececececcecececcececececcececececececceccceccecceccccece

C

This 1is

the main program, in which the initial

c parameters and options are chosen and the experiment

c data are read.

Newton'’s method is called to solve

¢ the EM parameters.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccececececece

PROGRAM EMparameters

PARAMETER (diml=201,dim50=50)

COMPLEX*16 caseepv(2,3),casemuv(2,3)

COMPLEX*16 epv(65),muv(65),admit0(20)

COMPLEX*16 zeros(4,diml),epi,cx(dim50),roots (dim50)
COMPLEX*16 admitmeasured(dim50),y(2,diml)
COMPLEX*16 updateadmit (20),cj

REAL*8 tolerance, epdelta,datain3,datain4
REAL*8 a,b, fre,conv,datainl,datain2,pi
REAL*8 datain0, frequency (diml), scalefactor
REAL*8 mu0, ep0,z(65),kecn(100),casez(2,4)
INTEGER maxn, openckt,M, layerno, caseopenckt (2)
REAL*8 x(20),p(20),accuracyr(20),accuracyi (20)
REAL*8 absf,slope,wei(50,50),xpt (50,50)
REAL*8 guessptr(2),guesspti(2)

INTEGER cntrst5, cntrendS, step, stepS

INTEGER unknownno, unknownep (20) , unknownmu (20)
INTEGER functionalmethod, expflag

INTEGER asymlversion, asym2version, cntr
INTEGER versionfx2kntoinfi,cntrst,cntrend
INTEGER rx,outputfxno, contourint,i,j,n
INTEGER flagbessf, reevaluate,datal,data2
INTEGER swcontri, idxf, caseno, kcnflag, kcnno
CHARACTER*12 filel(2)

COMMON /paracasez/casez /paracaseno/caseno

COMMON
COMMON

/paracaseepv/caseepv, casemuv
/paracaseopenckt /caseopenckt

COMMON /paraswcontri/swcontri /paraflagbessf/flagbessf

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

/parareevaluate/reevaluate
/para/tolerance, intno /paraabM/a,b,epi,M
/parafre/fre,conv /paramuv/muv
/para7/layerno /para9/epv,z /paraopen/openckt
/parakcn/kcn /paraadmitmeasured/admitmeasured
/paraunknownno/unknownno
/paraunknownep/unknownep, unknownmu
/parap/p /paraepdelta/epdelta /varabsf/absf
/parafunctionalmethod/functionalmethod
/paraupdateadmit /updateadmit
/paraasymlversion/asymlversion,asym2version
/paraaversionfx2kntoinfi/versionfx2kntoinfi
/paraoutput fxno/output £xno
/paracntrst/cntrst,cntrend, step
/paracontourint/contourint /paraslope/slope
/xandw/xpt,wei

CCCCCCCCCCCCCCCCCCCCCCCCCCcccceccecececececece
input the parameters and options
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeceeeececee

C
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10

20

30

cj=(0.d40,1.40)

pi=atan(1.d0)*4.d0

mul0=4.d-7*pi

ep0=1.d-9/pi/36.40

WRITE(*,*) 'input caseno:'’

READ(*, *)caseno

WRITE(*, *) ‘caseno=',caseno

WRITE(*,*) '‘input openckt(1/0)? (of casel case2)’

READ(*, *) caseopenckt (1), caseopenckt (2)

openckt=caseopenckt (1)

WRITE(*,*) ‘input a,b,M,epi, fre,conv:’

READ(*,*)a,b,M,datainl,datain2, fre,conv

epi=datainl+cj*datain2

WRITE(*,*) ‘input layerno:’

READ(*, *) layerno

DO 10 i=layerno,1,-1
WRITE(*,*) ‘input epv(’,i,’)’,’ ,muv(’,i,’')="'
READ(*, *)datainl,datain2,datain3,datain4
,datain5,datain6,datain7,datain8
caseepv(l,i)=(datainl+cj*datain2) *ep0
casemuv(l,i)=(datain3+cj*dataind) *mu0
epv(i)=caseepv(l,i)
muv(i)=casemuv(l,i)
caseepv(2,i)=(datain5+cj*datainé) *ep0
casemuv(2,i)=(datain7+cj*datain8) *mu0

CONTINUE

casez (1, layerno+1)=0.d0

casez (2, layerno+1)=0.d0

DO 20 i=layerno,2,-1

WRITE(*, *)‘input thickness(’,1,’) (of casel case2)’

READ(*, *)datainl,datain2
casez(1l,i)=casez(1,i+1)+datainl
casez (2,1)=casez(2,i+1)+datain2
z(i)=casez(1l,1)
CONTINUE
WRITE(*,*) ‘input tolerance, intno’
READ(*, *)tolerance, intno
WRITE(*,*) 'input epdelta’
READ(*, *)epdelta
unknownno=0
DO 30 i=1,layerno
READ(*, *)datal,data2
unknownep (i) =datal
unknownmu (i) =data2
unknownno=unknownno+datal+data2
CONTINUE
WRITE(*,*) 'input flagbessf, reevaluate:’
READ(*, *) flagbessf, reevaluate
WRITE(*, *) ‘expflag, contourint’
READ(*, *)expflag, contourint
WRITE(*, *) ‘input slope:’
READ(*, *)slope
WRITE(*,*) ‘input kcnflag, no of point’
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READ(*, *)kcnflag, kcnno
OPEN(2,FILE='xp.dat’)
OPEN(3,FILE='wp.dat’)
READ (2, *)rx
READ (3, *)rx
DO 40 j=2,rx
DO 40 i=1,3
READ (2, *)xpt (j, 1)
READ (3, *)wei(j,1)
40 CONTINUE
CLOSE(2)
CLOSE(3)
WRITE(*, *) ‘input cntrendS,cntrst5, :’
READ(*, *)cntrendS5, cntrst5, step5
IF (kcnflag.EQ.1) THEN
CALL findkcn(a,b,kcnno, ‘kcn.dat’)
ENDIF
CALL rvectorbin(kcn,maxn, ‘kcn.dat’)
DO 50 i=1,maxn
ken(i)=kcn(1i)/a
50 CONTINUE
IF (expflag.EQ.l1l) THEN
CALL calibration()
DO 60 i=1,unknownno
WRITE(*, *) ‘input guess pt’
READ (*, *)datainl,datain2
X (2*unknownno-1) =datainl*ep0
X (2*unknownno) =datain2*ep0
guessptr(i)=datainl
guesspti(i)=datain2
60 CONTINUE
WRITE(*,*)'input filename’
READ(*,*)filel(1),£filel(2)
WRITE(*,*)'filel(’,1,’)=",£filel (1)
WRITE(*,*) 'filel(’,2,')=",£filel(2)
DO 80 i=1,unknownno
OPEN(i,FILE=filel(i))
READ (i, *)scalefactor
DO 70 j=1,diml
READ(i, *)datain0,datainl,datain2
frequency (j)=datainO*scalefactor
y(i,j)=(datainl+cj*datain2) *scalefactor

70 ' CONTINUE
CLOSE (1)
80 CONTINUE
ELSE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccceeecce
c If expflag is zero, then run the default

¢ data for numerical analysis.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
CALL admittance(admitO0(i))
STOP
ENDIF
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DO 300 cntr=cntrend5, cntrst5, step5
DO 90 i=1,unknownno
admitmeasured(i)=y(i,cntr)
90 CONTINUE
fre=frequency (cntr)
DO 100 i=1,unknownno
accuracyr (i) =abs (DBLE (admitmeasured(i)))*1.4-7
accuracyi (i) =abs(imag(admitmeasured(i)))*1.d4-7
100 CONTINUE
n=unknownno
cx(1l)=guessptr(l)+cj*guesspti(l)
cx (2)=guessptr(2)+cj*guesspti(2)
idxf=caseno
CALL cnewton(cx,roots,n, idxf)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccecccececceeccecece
c Output the results for EM parameters
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
WRITE(*,*)'At frequency,’,fre,’ the zeros are’
DO 190 i=1,unknownno
zeros (i,cntr)=roots (1)

WRITE(*,*)‘roots(’,1i,’)=',roots(1i)
190 CONTINUE
DO 200 i=1,unknownno
WRITE(*, *) ‘The measured admittance: ’,admitmeasured(i)

WRITE(*, *) ‘The computed admittance: ‘,updateadmit (i)
200 CONTINUE
300 CONTINUE
DO 400 i=1,unknownno
DO 400 cntr=cntrendS5,cntrst5, stepS
WRITE(*, *) frequency (i), zeros (i, cntr)
400 CONTINUE
STOP
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccceccceccececcecce
c The S-parameters of the setup are computed via 3
¢ measured reflection coefficients. To assure the choice of
c these reflection coefficients do lead to well-separated
¢ phases, it is necessary to make more than 3 measurements.
¢ From which, 3 reflection coefficients are chosen to
c calculate the S-parameters. After that the transformation
c of reflection coefficient from the measurement reference to
¢ the probe aperture can be achieved.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee

SUBROUTINE calibration

PARAMETER (shortkitno=9)

COMPLEX*16 s11(201),s22(201),s1221(201)

COMPLEX*16 sllm,gl,g2,g3,g(shortkitno,201)

COMPLEX*16 R1(201),Rap(201),zd, epri,betal

COMPLEX*16 rp,r(201),y(201),xr3p,r2p,rlp,ya(201), rshort

COMPLEX*16 rnp(shortkitno),gunknown(201),cj
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REAL*8 beta, la,1lb, 1lc, lab, lac,pi

REAL*8 lemda, fre(201), frei, 14, 1o

REAL*8 datainl,datain2,datain0,dssave(3),db,ds
REAL*8 leng (shortkitno),deltaph(3),dbsave(3)
REAL*8 dphorig(shortkitno),dph(shortkitno)
REAL*8 dphp (shortkitno), dphn (shortkitno)
INTEGER i,j,k,cntrst,cntrend, step,cntr

INTEGER cntrp,cntrn, fileno, idxb, idxs, idxwl, idxw?2
CHARACTER*12 files(shortkitno), fileunknown

cj=(0.,1.40)
pi=atan(1.0d0)*4.0d40
epri=2.03-cj*1.d-3
CCCCCCCCCCCCCCCCCCCCCCCCCCcece
¢ Input the initail setting ¢
Ccccccecececececececcececececececececceccecceceece
OPEN(1,FILE='expdata.ini’)
OPEN(2,FILE='expdata.out’)
READ(1, *)cntrst,cntrend, step
READ(1, *)fileno
WRITE(2,*) ‘cntrst,cntrend =’,cntrst,cntrend, step
WRITE(2,*)'fileno=’,fileno
DO 6 i=1,fileno
READ(1,*)files(i),leng (i)
WRITE(2,*) ‘files(’,i,’)=',files(i),leng(1i)
6 CONTINUE
READ(1, *) fileunknown
WRITE(2,*)'fileunknown="’, fileunknown
READ(1, *)1d
WRITE(2,*)'1d=',1d
CLOSE (1)
CLOSE (2)
DO 8 i=1,fileno
OPEN(1,FILE=files(1i))
DO 7 j=1,201
READ (1, *)datain0,datainl,datain2
g(i,j)=datainl+(0,1.d0)*datain2

7 CONTINUE
CLOSE(1)
8 CONTINUE

OPEN(3,FILE=fileunknown)
DO 9 i=1,201
" READ(3, *)datain0,datainl,datain2
gunknown (i) =datainl+(0,1.d0) *datain2
fre(cntr)=datain0*1.d9
9 CONTINUE
CLOSE (3)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccececccecee
c All the reflection coeffs. are transformed to the
c plane at z=-leng(l). Then the phase difference between
c the first one and the others is calculated. After that
c three reflection coeffs. are chosed so that they have
¢ good separation among them and are THEN suitable for
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c determining the S-parameters. By the way, three cases
c are examined in order to accomplish the good separation.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeC
cntr=0
DO 70 k=cntrst,cntrend, step
cntr=cntr+l
lemda=3.e8/fre(k)
beta=2.*pi/lemda
betal=beta*sqgrt (epri)
lc=leng(fileno)
rshort=-1.d0
DO 20 i=1,fileno-1
rnp(i)=-exp(-2.*cj*beta*(leng(fileno)-leng(i)))
dphorig (i) =phase(rnp(i))-phase(rshort)
IF (dphorig(i).GT.180d0) THEN
dphorig (i) =dphorig(i)-360
ELSEIF (dphorig(i).LT.-180d0) THEN
dphorig (i) =dphorig(i)+360
ENDIF
dph (i) =dphorig(i)
20 CONTINUE
CALL directsort (dph, fileno-1)
cntrp=0
cntrn=0
DO 30 i=1,fileno-1
IF (dph(i).GT.0.d0 .and. dph(i) .LT.180d40) THEN
cntrp=cntrp+1l
dphp (cntrp) =dph (i)
ELSEIF (dph(i).LT.0.d0 .and. dph(i).GT.-180d0) THEN
cntrn=cntrn+l
dphn(cntrn)=dph(i)
ENDIF
30 CONTINUE

deltaph(1l)=0
deltaph(2) =0
deltaph(3)=0
CCCCCCcCcCCccecececececccecccceccecccececceccccecececececccecececcececcecece
c Casel : When the phase differences have both
c positive and negative signs.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCceccce
IF (cntrp*cntrn.NE.O) THEN
db=dphp (cntrp)
ds=dphn (1)
deltaph(1l)=db
IF (db.GT.abs(ds)) THEN
deltaph (1) =abs(ds)
ENDIF
dbsave (1) =db
dssave(l)=ds

ENDIF
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCece
c Case2 : When the phase differences have positive signs.
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
IF (cntrp.GE.2) THEN
db=dph(fileno-1)

ds=dphp (1)
DO 35 i=2,cntrp
IF (abs(dphp(i)-db/2.d0).LT.abs(ds-db/2.d0)) THEN
ds=dphp (1)
ENDIF
35 CONTINUE
deltaph(2)=ds
IF (abs(ds).GT.abs(db-ds)) THEN
deltaph(2) =abs (db-ds)
ENDIF
dbsave (2) =db
dssave(2) =ds

ENDIF
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcee
o Case3 : When the phase differences have negative signs.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccceccecece
IF (cntrn.GE.2) THEN
db=dph (1)
ds=dphn(cntrn)
DO 40 i=2,cntrn
IF (abs(dphn(i)-db/2.d0).LT.abs(ds-db/2.d0)) THEN
ds=dphn (i)
- ENDIF
40 CONTINUE
deltaph(3)=abs(ds)
IF (abs(ds).GT.abs(db-ds)) THEN
deltaph(3) =abs (db-ds)
ENDIF
dbsave(3)=db
dssave(3) =ds

ENDIF
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccececcecececece
c choose the one that has best separation from casel, 2,3
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

i=1

IF (deltaph(2).GT.deltaph(i)) THEN

i=2

ENDIF

IF (deltaph(3).GT.deltaph(i)) THEN

i=3

ENDIF

db=dbsave (i)

ds=dssave(1i)
DO 50 i=1,fileno-1
IF (dphorig(i) .EQ.db) THEN
idxb=1i
ENDIF
IF (dphorig(i) .EQ.ds) THEN
idxs=1
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ENDIF
50 - CONTINUE
la=leng(idxb)
lb=leng(idxs)
idxwl=idxb
idxw2=idxs
IF (1lb.GT.la) THEN
la=leng(idxs)
lb=1leng(idxb)

idxwl=idxs
idxw2=1idxb
ENDIF
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeceecececceceeececcecceccecececcece
Cc Compute the S-parameters from three measured

c reflection coeffs.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccecece
lab=1la-1b
lac=1la-1c
lo=la-1d
g3=g(fileno, k)
g2=g (idxw2, k)
gl=g(idxwl, k)
r3p=-exp(-2.*cj*beta*lac)
r2p=-exp(-2.*cj*beta*lab)
rlp=-1+cj*0
s22(k)=((g3-g2) *(rlp-r2p)-(gl-g2) *(r3p-r2p))

& / ((g3-g2)*(rlp-r2p) *r3p-(gl-g2) * (r3p-r2p) *rlp)

s1221(k)=(g3-g2)/ (r3p-r2p)*(1.-s22 (k) *r3p)
& *(1.-s22 (k) *r2p)

s11(k)=g3-s1221(k)*r3p/(1.-s22 (k) *r3p)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCcee
c Transform the reflection coefficient of the unknown
c material to the probe aperture if there is no spacer.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe

sllm=gunknown (k)

rp=(sllm-sl1ll(k))/((sllm-sl1l1(k))*s22(k)+s1221(k))

r(k)=rp*exp(2.*cj*beta*la)

phaser=phase(r (k) )

y(k)=(1-r(k))/(1+x(k))
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccecee
c Transform the reflection coefficient of the unknown
c material to the probe aperture if there exists a spacer.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccee

Rl (k)=rp*exp(2.*cj*beta*(lo))

zd=(1+R1(k))/(1-R1l(k))

Rap(k)=-exp(2.*cj*betal*1ld) *(1/sqrt(epri) -zd)

& /(1/sqrt (epri) +zd)
va(k)=(1-Rap(k))/(1+Rap(k))
70 CONTINUE

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccecececcccececcecee
c Output the results of reflection coeffs. and the
c admittance at the probe aperture.
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCcCccccccecccccccceccceccece
OPEN(1,FILE='R.dat’)
OPEN(2,FILE=‘Y.dat"’)
OPEN(3,FILE=‘Ra.dat’)
OPEN(4,FILE='Ya.dat’)
WRITE(2,*)1.40
WRITE(4,*)1.d0
DO 100 k=cntrst,cntrend, step
frei=fre (k)
WRITE(2, *) frei,REAL(y (k) ), IMAG(y (k))
WRITE (4, *)frei,REAL(ya(k)),IMAG(ya(k))
100 CONTINUE
DO 200 k=cntrst,cntrend, step
frei=fre(k)
WRITE(1l, *)frei,REAL(r(k)),IMAG(r(k))
WRITE(3, *)frei,REAL(Rap(k)),IMAG(Rap(k))
200 CONTINUE
CLOSE(1)
CLOSE (2)
CLOSE (3)
CLOSE(4)
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
c The eigenvalues of the TM modes inside the coaxial
c waveguide are computed.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeccecee
SUBROUTINE findkcn(a,b,number, filekcn)
PARAMETER (delta=1.d4-7)
REAL*8 delta,o0ldx, newx,o0ldf, newf
REAL*8 pi,h,kcn(10000),rratio,ptexpect,a,b
INTEGER j.,number, idx
CHARACTER*12 filekcn
COMMON /pararratio/rratio
pi=atan(1.0)*4.0
rratio=b/a
5 DO S50 j=1,number
idx=0
ptexpect=DBLE(j) *pi/ (rratio-1)
oldx=ptexpect
newx=o0ldx-delta
oldf=eigenfx(oldx)
newf=eigenfx (newx)

10 idx=idx+1
h=newf* (newx-o0ldx) / (newf-oldf)
oldf=newf
oldx=newx

20 newx=oldx-h

newf=eigenfx (newx)
IF ((newx.LT. (ptexpect-0.4/rratio)) .OR. (newx
& .GT. (ptexpect+0.2/rratio))) THEN
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50

100

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccecece
General Newton'’s method for n-d complex fuctions with
The variable idxf serves as an index

C

c complex veriables x.

h=h/2.d0
goto 20

ENDIF

IF (newf.NE.oldf) THEN
IF (idx.LE.50) THEN

GOTO 10
ELSE
WRITE(*,*) 'Too many steps in findkcn
subroutine’
ENDIF
ENDIF
kcn (j) =newx
CONTINUE

OPEN(3,FILE=filekcn,FORM=‘unformatted’)
WRITE (3)number

DO 100 j=1, number

WRITE(3)kecn(3)

CONTINUE

CLOSE(3)

RETURN

END

FUNCTION eigenfx(x)

REAL*8 X, rratio

COMPLEX*16 z,3j0,31,y0,y1,h20,h21,j0cx,y0cx
INTEGER iprint

COMMON /pararratio/rratio

z=X

CALL bessf0(z,3j0,3jl,y0,y1,h20,h21,iprint)
z=rratio*x

CALL bessf0(z,jOcx,3jl,y0cx,yl,h20, h21 iprint)
eigenfx=j0cx*y0-jO0*yOcx

RETURN

END

¢ for the functions that are to be used.

cccececececeecececeececececececececececeeceececececececececcececececeececececcecececececececececcecececece

10

SUBROUTINE cnewton(x,roots,n,idxf)
PARAMETER (dim50=50, interationmax=15)
COMPLEX*16 x(dim50),f(dim50),W(dim50,dim50)
COMPLEX*16 p(dimS5S0), roots(dim50)

REAL*8 convdelta

INTEGER i,idxf,n,ra,ca,interation
convdelta=1.d-3

ra=n

ca=n

CALL cjacobian(x, f,W,n,idxf)
interation=0
DO 11 i=1,ra
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W(i,n+l)=-£(1)
11 CONTINUE
CALL solveqgns(W,p,ra,ca)
DO 20 i=1,ra
x(i)=x(i)+p (i)
20 CONTINUE
interation=interation+l
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCccccecee
c {get next Jacobian}
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCcecccceccececcecceccece
CALL cjacobian(x, f,W,n,idxf)
DO 80 i=1,n
IF (( abs(p(i)/x(i)).GE.convdelta) .AND.
& (interation.LE.interationmax)) THEN
GOTO 10
ENDIF
80 CONTINUE
DO 85 i=1,n
IF (abs(p(i)/x(i)).GE.convdelta.or.
& interation.GT.interationmax) THEN
WRITE(*, *) ‘'converge error’
ENDIF
85 CONTINUE
DO 90 i=1,n
roots(i)=x(1)
90 CONTINUE
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
c This subroutine evaluate both the jacobian and function
c value. The jacobian is evaluate by difference concept.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
SUBROUTINE cjacobian(x, £,jac,n, idxf)
PARAMETER (dim50=50)
COMPLEX*16 jac(dim50,dim50),x(dim50), £ (dim50),xsave
COMPLEX*16 fsave(dim50)
REAL*8 jacdelta
INTEGER n,i,j,idxf
jacdelta=1.d-3
CALL cnewtonfx(x, f,n,idxf)
DO 10 i=1,n
fsave(i)=£f (i)
10 CONTINUE
DO 25 j=1,n
xsave=x(j)
x(j)=x(j)*(1.d0-jacdelta)
CALL cnewtonfx(x, £,n,idxf)
DO 20 i=1,n
jac(i,j)=fsave(i) /xsave-f (i) /xsave
jac(i,j)=jac(i,j)/jacdelta
20 CONTINUE
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x(j)=xsave

25 CONTINUE
DO 30 i=1,n
f(i)=fsave(i)
30 CONTINUE
RETURN

END

SUBROUTINE cnewtonfx(x, fx,n, idxf)

PARAMETER (dim50=50)

COMPLEX*16 x(dim50), £x(dim50),epv(65),muv(65)
COMPLEX*16 admit,admitmeasured(dim50),updateadmit (20)
COMPLEX*16 caseepv(2,3),casemuv(2,3), reflection
REAL*8 z(65),ep0,casez(2,4),mul

INTEGER i,idxf,n, caseopenckt (2),openckt

COMMON /paraupdateadmit/updateadmit

COMMON /paraadmitmeasured/admitmeasured /para9/epv, z
COMMON /paracasez/casez /paracaseepv/caseepv,casemuv
COMMON /paracaseopenckt/caseopenckt /paraopen/openckt

COMMON /paramuv/muv
pi=atan(1.40)*4.d0
ep0=1.d-9/pi/36.40
mul0=4.d-7*pi

DO 5 i=1,n

reflection=(l-admitmeasured(i) )/ (l+admitmeasured(i))

epv(3)=caseepv(i,3)
muv (3) =casemuv(i, 3)
epv(2)=caseepv(i,2)
muv (2)=casemuv (i, 2)
epv(l)=caseepv(i,l)
muv(l)=casemuv(i,1)
z(3)=casez(i,3)
z(2)=casez(i,?2)
openckt=caseopenckt (i)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcecccececece
¢ Update unknowns in correct position
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccceee
IF (idxf.EQ.1l) THEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccececece
c 2 layer case:
c _ This fx always takes ep2 and mu2 as unknowns.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCececee
epv(2)=x(1) *ep0
IF (n.EQ.2) THEN
muv (2)=x(2) *mu0
ENDIF
ELSEIF (idxf.EQ.2) THEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCecee
c 2 layer case:
c This fx always takes epl and mul as unknowns.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeecee
epv(l)=x(1)*ep0
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IF (n.EQ.2) THEN
muv(l)=x(2) *mul
ENDIF
ELSEIF (idxf.EQ.3) THEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccce

o 2 layer case:
c This fx always takes epl and mul as unknowns
c first, then it takes ep2 and mu2 as unknowns.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
epv(i)=x(1)*ep0
IF (n.EQ.2) THEN
muv (i)=x(2) *mul
ENDIF
ELSEIF (idxf.EQ.4) THEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe

c 3 layer case:
c This fx always takes ep2 and mu2 as unknowns
c first, then it takes ep3 and mu3 as' unknowns.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccececee
epv(i+l)=x(1) *ep0
IF (n.EQ.2) THEN
muv (i+1)=x(2) *mul
ENDIF

ELSEIF (idxf.EQ.5) THEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeee

c 3 layer case:
c this fx always took the ep3 and mu3 as unknowns first
o] THEN took the ep3 and mu3 as unknowns second

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
epv(3)=x(1) *epO
IF (n.EQ.2) THEN
muv (3)=x(2) *mul
ENDIF
ELSE
WRITE(*, *) 'idxf no error in cnewton.f’
ENDIF
CALL admittance(admit)
fx(i)=(1l+admit)/(1l-admit)-1./reflection
updateadmit (i) =admit
5 CONTINUE
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccececec
c The admittance of the coaxial at the probe aperture
c is calculated in this subroutine. Some other quantities
¢ such as the complex wave power and the aperture electric
c field is also solved.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccee

SUBROUTINE admittance(admit)

PARAMETER (diml=50)
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PARAMETER
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
COMPLEX*16
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER

COMMON /parakcpi/kcpi /parakcOarray/kcOarray, kcOzerono

(dim2=201)

sum,w, zarg, jl,y0,y1,h20,h21,kN

jwepO JwepN epN, epv(65) muv (65)
eplpass epi,itai, jwepi,k(65),total
cj,¥Yb(0:50,0:50),Ya(0:50,0: 50) c(50,50)
input(O:SO),sol(SO),admit,R,soll(SO)

‘tem6, savetotal,cn2(0:50)

cjOkciab, cjOkcjab, cjOkca, cjOkecb, Er
cjlkex, cylkex, cyOkca

sumOto2knf, epsl,eps2,thpi(0:10)
ptl,pt2,pt3,pt4d

froma, tob, kmax, kmin, kw(0:65)
ratio,dummy, interv,kleft,kright
ita0,mu0,ep0,z(65),pi, conv, omega
ken(100) ,kej, keci,waveno,waveno2, fre
a,b,realM, kc,radiusa, radiusb
tolerance,accur,kmilestone(65)
kthird, slope, asymldat (0:50,0:50)
kmaxpass, kminpass, fromapass, tobpass
jOkcb, jOkca, x, kclarray (65),t, kcpi
toalplop2, powerin, swp,ploss, losstan
iprint, i, j,idx, layerno, indexl,M, test2

ctr,intno, step, cntrend, cntrst,no3, openckt

indexl,u,no512, ctrmax, ctr2max
contourint, opentoair,u,asymYes
Mmax, reevaluate, swcontri,kcOzerono, nc

COMMON /paracn2/cn2 /paraswcontri/swcontri
COMMON /parareevaluate/reevaluate

COMMON /varcjOkciab/cjOkciab,cjOkcjab
COMMON /paraasymYes/asymYes /paral/total,ctr
COMMON /paractr2max/ctr2max /varkcij/kcj,kci

COMMON /para5/kmaxpass, kminpass /parajw/jwepN /para6/kw

COMMON /parakmilestone/kmilestone /para7/layerno
COMMON /parall/k /para8/kN /para9/epv,z

COMMON /paraopen/openckt /para4/no3, branchptflag
COMMON /para/tolerance, intno /paractrmax/ctrmax
COMMON /parano512/no512 /paralO/accur

COMMON /paratest2/test2 /paraabM/a,b,epi,M

COMMON /pararadiusab/radiusa, radiusb /parafre/fre, conv

COMMON /paramuv/muv /parakcn/kcn /varindexl/indexl

COMMON /varratio/ratio,dummy /varfatb/fromapass, tobpass

COMMON /varkc/kc /paraopentoair/opentoair
COMMON /paracontourint/contourint /paraslope/slope

COMMON /paracntrst/cntrst,cntrend,step /parasol/soll

accur=0.d0
test2=1
radiusa=a
radiusb=b

pi=atan(1.0d40)*4.0d40
cj=(0.0d0,1.0d0)
mul=4.d-7*pi
ep0=1.d-9/pi/36.40
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20

30

40

50

omega=fre*2.d0*pi
epipass=epi
realM=M
itaO=sqrt (mu0/ep0)
itai=ita0/sqgrt(epi)
waveno=omega*sqrt (mul*ep0)
waveno2=waveno**2*epi
jwepO=cj*omega*epl
jwepi=jwep0*epi
epN=epv (layerno)
jwepN=cj*omega*epN
DO 10 i=1, layerno
k(i) =omega*cdsqrt (muv (i) *epv(i))
CONTINUE
kN=k (layerno)
losstan=IMAG (epv(layerno)) /REAL(epv(layerno))
DO 20 i=0,M
input (i) =0
DO 20 j=0,M
Yb(j,i)=(0.0d40,0.0d40)
Ya(j,i)=(0.0d40,0.0d40)
CONTINUE

DO 30 i=1,M+1

DO 30 j=1,M+1
c(j,i)=(0.0d40,0.040)

CONTINUE

DO 40 j=1,M
kcj=ken(3)
Yb(j,3j)=jwepi/sqrt (kcj*kcj-waveno2)
zarg=kcj*a
CALL bessf0(zarg,cjOkca,jl,y0,y1,h20,h21,iprint)
zarg=kcj*b
CALL bessf0(zarg,cjOkcb,3jl1l,y0,y1,h20,h21,iprint)
jOkca=DBLE (cjOkca)
jOkcb=DBLE (cjOkcb)
tem6=2.d0*((jOkca/joOkcb) **2-1.40)
cn2(j)=pi*kcj/sqrt(temb)

CONTINUE

cn2(0)=1.d40

input (0)=2.d0/itai*log(b/a)

Yb(0,0)=1.d0/itai*log(b/a)

kmin=DBLE(k (1))

kmax=DBLE (k (1))

kmaxpass=kmax

kminpass=kmin

DO 50 i=2,layerno
kmin=DMIN1 (DBLE (k (i) ), kmin)
kmax=DMAX1 (DBLE (k (i) ), kmax)

CONTINUE

IF (reevaluate.EQ.0 ) THEN
OPEN(3,FILE='asyml.dat’,FORM='unformatted’)
READ (3 ) Mmax
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DO 60 j=0,Mmax
DO 60 i=0,Mmax
READ(3)asymldat (j, 1)
60 CONTINUE
CLOSE(3)
ENDIF
epsl=epv(l) /ep0
eps2=epv(2) /ep0
t=z(2)/(2*pi/waveno)
CALL polen(epsl,eps2,t,thpi,nc)
kcOzerono=nc/2+1
DO 70 i=1,kcOzerono
kcOarray (i) =thpi(2*i-2) *waveno
70 CONTINUE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccceccececece
c Filling the matrix element
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCccccccccccccecece
42 DO 1100 j=0,M
DO 1000 i=0,3
IF ((j+i).EQ.0) THEN

u=0

ELSEIF (j.EQ.0 .and. i.NE.O) THEN
u=1

ELSEIF (j.NE.O .and. i.EQ.0) THEN
u=2

ELSEIF (j.NE.O .and. i.NE.O) THEN
u=3

ENDIF

kcj=kecn(3)

kci=kcn (i)

IF (i.NE.O) THEN
zarg=kci*a
CALL bessf0(zarg,cjOkca,jl,y0,y1,h20,h21,iprint)
zarg=kci*b
CALL bessf0(zarg, cjOkcb,jl,y0,y1,h20,h21,iprint)
cjOkciab=cjOkca/cjOkcb

ENDIF

IF (j.NE.O) THEN
zarg=kcj*a
CALL bessf0(zarg,cjOkca, jl,y0,y1l,h20,h21, iprint)
zarg=kcj*b
CALL bessf0(zarg,cjOkcb,3jl,y0,y1,h20,h21,iprint)
cjOkcjab=cjOkca/cjOkcb

ENDIF
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccecee
c Asymtotic term evaluation

CCCCCCCCCCCCCCCCCCCCCCCCCCCCcCccccccceccececececece
IF (reevaluate.EQ.1l) THEN

asymYes=1
ctr=0
total=0.d0
CALL cromerg (DCMPLX (sqrt(2.d0) *a),
& DCMPLX ( (a+b) /sqrt (2.40)) ,u)
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Ya(j,i)=Ya(j,1i)+total*4.d40/pi*jwepN
asymldat (j,1i)=total*4.d0/pi

asymYes=2
ctr=0
total=0.d40
CALL cromerg (DCMPLX( (a+b)/sqgrt(2.d40)),
& DCMPLX (sqgrt (2.d40) *b) ,u)

Ya(j,i)=Ya(j,i)+total*4.d40/pi*jwepN
asymldat (j,i)=asymldat (j,i)+total*4.d0/pi
ELSE
Ya(j,i)=Ya(3j,1i)+asymldat (j, i) *jwepN
ENDIF
asymYes=0
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccececece
c Evaluation from 2*kmax to a large number (infinite)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccecece
dblflag=0
interv=pi/a
sum=0.d0
idx=1
kleft=2.d0*kmax+ (idx-1.d0) *interv
kright=2.d0*kmax+idx*interv
ctr=0
total=0.d0
CALL cromerg(DCMPLX (kleft),DCMPLX (kright) ,u)
sum=total
c begin whileloop
1230 idx=1idx+1
kleft=2.d0*kmax+ (idx-1.d0) *interv
kright=2.d0*kmax+idx*interv
ctr=0
total=0.d0
CALL cromerg (DCMPLX (kleft),DCMPLX (kright) ,u)
IF (abs(total)/abs(sum) .GT.conv) THEN
sum=sum+total
GOTO 1230
ELSE
kthird=(2.d0*kleft+kright)/3.40
ctr=0
total=0.d0
CALL cromerg (DCMPLX (kleft),DCMPLX (kthird),u)
savetotal=total
ctr=0
total=0.d0
CALL cromerg (DCMPLX (kthird) , DCMPLX (kright) ,u)
sum=sum+savetotal+total
IF ((abs(total/sum).GT.conv) .OR.
& (abs (savetotal/sum) .GT.conv)) THEN
GOTO 1230
ELSE
dblflag=dblflag+l
IF (dblflag.LT.2) THEN
GOTO 1230
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ENDIF
ENDIF
ENDIF
c END whileloop
Ya(j,i)=Ya(j,i)+sum*jwepN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcecee
c Integration from 0 to 2*kmax. The contour off the real
c axis is chosen in this subroutine.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
sumOto2knf=0.
froma=0.d0
IF (openckt.EQ.1l) THEN
tob=kmin/2.d0

ELSE
tob=0.d0

ENDIF

ctr=0

total=0.d0

CALL cromerg (DCMPLX (froma) , DCMPLX(tob),u)
Ya(j,i)=Ya(j,i)+total*jwepN
sumOto2knf=sumOto2knf+total
ptl=tob
pt2=kmax*slope*cj+kmin/2.d40
pt3=kmax*2.d0+kmax*slope*cj
pt4=2.d40*kmax
ctr=0
total=0.d0
CALL cromerg(ptl,pt2,u+4)
Ya(j,i)=Ya(j,i)+total*jwepN
ctr=0
total=0.d0
CALL cromerg(pt2,pt3,u+4)
Ya(j,i)=Ya(j,i)+total*jwepN
ctr=0
total=0.d40
CALL cromerg(pt3,ptd,u+4)
Ya(j,i)=Ya(j,i)+total*jwepN
Ya(j,i)=Ya(3j,i)*cn2(j)*cn2(i)
1000 CONTINUE
1100 CONTINUE
IF (reevaluate.EQ.1l) THEN
. Mmax=M
OPEN(3,FILE='asyml.dat’,FORM='unformatted’)
WRITE (3)Mmax
DO 1150 j=0,Mmax
DO 1150 i=0,Mmax
WRITE(3)asymldat(j,1i)
1150 CONTINUE
CLOSE(3)
ENDIF
DO 1700 j=0,M
c(j+1,M+2)=input (3)
DO 1700 i=0,M
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c(j+1,i+1)=Yb(j,i)+Ya(j,i)
1700 CONTINUE

DO 1750 j=1,M+1
DO 1750 i=1,j
c(i,j)=c(j,1i)
1750 CONTINUE
CALL solvegns(c,sol,M+1,M+1)
DO 1800 i=1,M+1
soll(i)=so0l (i)
1800 CONTINUE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCccccccccceccccceccccceccecccecccece
c Compute and output the complex wave power and the
c aperture electric field.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccece
OPEN(1,FILE='F&P.dat’)
IF (openckt.EQ.1 .AND. losstan.LT.1.d-3) THEN
CALL swpower (sol, swp, toalplop2,w)
u=10
ctr=0
total=0.d0
CALL cromerg (DCMPLX(0.d40),DCMPLX (pi/2.d0),u)
radpw=DBLE (total*4.d0*pi*omega*
& abs(epv(2)**2/epv(l))*k(1l)**2)
ELSEIF (openckt.EQ.0 .AND. losstan.LT.l.d-3) THEN
CALL radialpw(sol, radpw)
ENDIF
R=so0l(1)-1.40
admit=(1.d0-R)/(1.d40+R)
ploss=1.d0-R*conjg(R)
powerin=log(b/a)/120.
WRITE(1,*)'R=',R
WRITE (1, *) 'swp, radpw=', swp/powerin, radpw/powerin
WRITE(1l,*)'ploss=’,ploss
WRITE(1,*)'E field:’
DO 2200 i=0,100
h=(b-a)/100.d0
X=a+i*h
Er=0
DO 2300 j=1,M
zarg=ken(j) *x
, CALL bessf0(zarg, j0,cjlkex,y0,cylkex,h20
& ,h21,iprint)
zarg=kcn(j) *a
CALL bessf0(zarg,cjOkca,jl,cyOkca,yl,h20
& ,h21,iprint)

Er=Er+sol (j+1)*cn2(j) * (cjlkcx*cyOkca-cjOkca*cylkex)
2300 CONTINUE
Er=Er+sol(1)*1.40/x
WRITE(1l, *)Er
2200 CONTINUE
CLOSE(1)
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RETURN
END

CCCCCCCcCccreceeeeceececeececeeceeccecececececeeececeececececececeececceeeceeccecceceeccecceccecceccec

C

c epsl,

Subroutine for finding surface wave poles. Inputs are
eps2, and t (thickness normalized by lamda0O. The

c results in thpi are normalized by kO.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

20
10

30

SUBROUTINE polen(epsl,eps2,t,thpi,nc)
IMPLICIT REAL*8 (a-h,o0-2)
COMPLEX*16 thp(0:10),thpi(0:10),epsl,eps2,thi,th
tcl=.25/SQRT(abs (eps2) -abs(epsl))
nc=INT(t/tcl)

do 10 it=0,nc,2

tc=DBLE(it) *tcl

th=1.

thi=1.00005
nmin=MIN(10,1+INT((t-tc)/0.01))
Do 20 i=1,nmin
tt=tc+(t-tc)*dble(i)/DBLE(nmin)
CALL newtr(epsl,eps2,tt,thi,th)
thi=th

CONTINUE

thp(it)=th

CONTINUE

DO 30 i=0,nc,2

ig=2*int(nc/2) -1

thpi(i)=thp(ig)

CONTINUE

RETURN

END

SUBROUTINE newtr(epsl,eps2,t,thi,th)
IMPLICIT REAL*8 (a-h,o0-2)
COMPLEX*16 pl,q2,plt,q2t,d,dd,term
COMPLEX*16 epsl,eps2,thi,th,kl, k2
REAL*8 kot
pai=3.14159265358979
pai2=pai*2.
k1=SQRT(epsl)
k2=SQRT (eps2)
th=thi
kot=pai2*t
DO 10 i=1,100

pl=SQRT( (th+kl) *(th-kl))

g2=SQRT( (k2+th) * (k2-th))

plt=kot*pl

g2t=kot*q2

IF (abs(g2t).Le.l1.D-6) THEN

d =cos(g2t)-epsl/eps2*q2/pl*sin(q2t)
dd=th* (kot *kot+epsl/eps2*kot/pl*((k2-kl)
*(k2+kl) /pl**2+cos(q2t)))
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ELSE
d =cos(g2t)-epsl/eps2*q2/pl*sin(q2t)
dd=th* (kot*sin(qg2t)/g2+epsl/eps2*qg2/pl* (sin(q2t)
& * (k2-k1)*(k2+kl)/(pl*qg2) **2+kot*cos (q2t) /q2))
ENDIF
term=d/4dd
aterm=abs (term)
IF (aterm.Gt.1.D-12) THEN

. th=th-term
ELSE
GO TO 20
ENDIF
10 CONTINUE
write(*,*) ‘too many steps in newtr, t=',t
20 RETURN

END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCececcececece
c Subroutine to compute the Bessel function of the
c first and second kinds with orders 1 or 2. The input
C arguments are complex.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
SUBROUTINE bessf0(zp,3j0,jl,y0,y1,h20,h21,iprint)
IMPLICIT INTEGER*4 (i-n)
IMPLICIT REAL*8 (a-h,o0-2)
COMPLEX*16 zpsq, zpfact, jlOadd, jladd, fact
COMPLEX*16 zphalf, fach,cosp,sinp,ezp,p.q
COMPLEX*16 zp,3j0,31,vy0,y1,h20,h21,wronsk, ihulp
ihulp=DCMPLX (040, 1d40)
IF (abs(zp).LT.1dl) THEN
§0=140
j0add=1d0
j1=1d0
jladd=1d0
y1=14d0
y0=040
fk=1d0
fkfact=1d0
zpsq=-zp*zp/4d0
zpfact=1d0
skinv=1d0
100 ~ zpfact=zpfact*zpsq
fact=zpfact/fkfact
jO0add=fact/fkfact
j0=3j0+3j0add
fk=fk+1d0
fkfact=fkfact*fk
jladd=fact/fkfact
jl=jl+jladd
y0=y0+j0add*skinv
skinvh=skinv+1d0/£fk
yl=yl+jladd* (skinv+skinvh)
skinv=skinvh
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IF (MAX(ABS(jO0add/j0),ABS(jladd/jl)) .GT.1d-14)
& GOTO 100
zphalf=5d-1*zp
fach=LOG (zphalf)+0.5772156649015334d0
jl=zphalf*jl
y0=(fach*3j0-y0)/1.570796326794940
vl=(fach*jl-(1le0- zpsq*yl)/zp)/l 5707963267949d0
h20=3j0-ihulp*y0
h21=j1-ihulp*yl
ELSE
fact=sqrt(3.14159265358979d0*zp)
cosp=cos (zp) /fact
sinp=sin(zp)/fact
zpfact=dcmplx(1d0,1d0) *exp (-ihulp*zp) /fact
ezp=8d0*zp
u=040
DO 300 iu=1,2
fn=1d40
fk=1d0
p:ldO
g=(u-1d0) /ezp
fact=q
DO 200 j=1,13
fn=£fn+2d0
fk=£fk+1d0
fact=-fact* (u-fn*fn)/ (ezp*fk)
p=p+fact
fn=£fn+2d0
fk=£fk+1d0
fact=fact* (u-fn*fn)/ (ezp*£fk)
g=g+fact
IF (abs(fact/q).1lt.1d-8) goto 210
200 CONTINUE
210 IF (iu.eq.l) THEN
jO0=(p+q) *cosp+ (p-q) *sinp
y0=(p+q) *sinp- (p-q) *cosp
h20=zpfact* (p-ihulp*q)
ELSE
jl=(p+q) *sinp-(p-q) *cosp
yl=-(p+q) *cosp- (p-q) *sinp
h2l=zpfact* (g+ihulp*p)
ENDIF
u=4d0
300 CONTINUE
ENDIF
IF (iprint.eq.l) THEN
const=2d0/(3.14159265358979d40*zp)
p=j1*y0
g=j0*yl+const
wronsk=p/q
diff=abs(1d0-wronsk)
IF (diff.gt.1d-6) WRITE(*,400) zp,diff
ENDIF
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400 format (1h0, ‘wronskian check failed in bessf0 for zp= ’,
& 2e9.2,', difference is ‘,e8.1,'.")
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccece
c A recursive,adaptive and iterative scheme based on
c Romerg integration.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccee
SUBROUTINE cromerg(a, b, fxnumber)
PARAMETER (ppno=9,depthno=50)
COMPLEX*16 temp, fa, fb,y(21),ynew,save, fx,diff
COMPLEX*16 total,tolerance,h,xbar,a,b
COMPLEX*16 al(100),b1(100),anew(100),bnew(100)
REAL*8 relativetolerance, k, accuracy, kipass, shift
REAL*8 diffr,diffi,tolerancer,tolerancei
INTEGER kl,m,3j,n9,intno,ctr,n, fxnumber, fxno, idx
COMMON /varindexl/idx /para/relativetolerance, intno
COMMON /parallO/accuracy /paral/total,ctr
COMMON /para3/fxno /varkipass/kipass
fxno=fxnumber
ctr=ctr+l
IF (ctr.GT.depthno) THEN
WRITE(*, *) ‘'The recursive depth in cromerg subroutine
& is too large for fxno=,’, fxno
STOP
ENDIF
k=1/3.0d40
m=1
al(ctr)=a
bl(ctr)=b
xbar=(b+a)/2.40
h=(b-a)/2.d0
CALL fxvalue(al(ctr), fa)
CALL fxvalue(xbar, fx)
CALL fxvalue(bl(ctr), fb)
y(l)=(fa+4.d0*fx+£fb)*h/3.d0
¢ begin a while loop
4100 save=y (m)
m=m+1
k=k*3.d0
h=h/3.40
temp=0
kl=int (k)
shift=0.d40
DO 4200 j=1,kl
xbar=al(ctr)+(shift+1.d0)*h
CALL fxvalue(xbar, £x)
temp=temp+4.d0*fx
xbar=al (ctr)+(shift+2.d40)*h
CALL fxvalue(xbar, f£x)
temp=temp+2.d0*fx

189



xbar=al (ctr)+(shift+4.d40)*h
CALL fxvalue(xbar, £x)
temp=temp+2.d0*£fx
Xbar=al(ctr)+(shift+5.d40)*h
CALL fxvalue(xbar, fx)
temp=temp+4.d0*fx
shift=shift+6.d0
4200 CONTINUE
ynew=y (1) /3.0d40+temp*h/3.40
n9=9
DO 4300 n=2,m
n9=n9*9
temp=ynew+ (ynew-y (n-1))/(n9-1)
y (n-1) =ynew
ynew=temp
4300 CONTINUE
y (m) =ynew
diff=y(m)-y(m-1)
tolerance=relativetolerance*ynew
diffi=abs((-diff+conjg(diff))*(0.40,0.5d0))
diffr=abs((diff+conjg(diff))*0.5d0)
tolerancei=abs((-tolerance+conjg(tolerance))
& *(0.40,0.540))
tolerancer=abs( (tolerance+conjg(tolerance)) *0.5d0)
IF (tolerancei.LT.1.d-14) THEN
tolerancei=1.d-14
ENDIF
IF (tolerancer.LT.1.d4-14) THEN
tolerancer=1.4-14

ENDIF
IF (m.LT.ppno.AND. (diffi.GT.tolerancei.OR.
& diffr.GT.tolerancer)) THEN
GOTO 4100
ENDIF

c end of while loop
IF (diffi.GT.tolerancei.OR.diffr.GT.tolerancer) THEN
ccccccececececececeeccececececececcecece
C Recursive call
CCCCCCCCCCCCCCCCCCCCCccce
anew(ctr)=al(ctr)+(bl(ctr)-al(ctr))/2.0d0
bnew(ctr)=anew(ctr)
CALL cromerg(al(ctr),bnew(ctr), fxnumber)

ctr=ctr-1
CALL cromerg(anew(ctr),bl(ctr), fxnumber)
ctr=ctr-1
ELSE
total=total+y (m)
ENDIF
RETURN
END

CCCcCccceeeeececeeceeecececeecececececcececececececececececececececeeccececcececccecccecce
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The subroutines for cromerg2 and cromerg3 are omitted
here since they are essentially the same as cromerg with the
following variable change:

ctr -> ctr3

total -> total3

fxno -> fxno3

These two subtoutines are called only when a triple
C integration is encountered.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCececece

oaonooaan

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c A subroutine describing the integrand of a integral
c which is done by cromerg subroutine.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
SUBROUTINE fxvalue(cx,y)
COMPLEX*16 y, kN, rbn,cx,total2, ckc,ckcpass,yc
COMPLEX*16 zarg,jl,y0,y1l,h20,h21,W,epv(65), epidummy
COMPLEX*16 cjOkciab,cjOkcjab,cjOkca,cjOkcb
COMPLEX*16 k(65),cn2(0:50),gamal,gama2,s0l(50)

REAL*8 kcn(100) ,kc,betal,beta2, jOokcab(65)

REAL*8 zdummy (65) ,kcpass,a,b,xlevel,ylevel, x, upper
REAL*8 kci,kcj,kcjpass, kcipass

INTEGER fxno2pass,ctr2, fxno, £xno2, iprint,asymYes,M

COMMON /para2/total2,ctr2 /varxylevel/xlevel,ylevel
COMMON /para3d/fxno /para3l/fxno2pass
COMMON /paraasymYes/asymYes /para8/kN
COMMON /varkcij/kcjpass, kcipass /varckc/ckcpass, kcpass
COMMON /varcjOkciab/cjOkciab, cjOkcjab
COMMON /paraabM/a,b,epidummy,M /parall/k
COMMON /parakcn/kcn /paracn2/cn2 /parasol/sol
COMMON /para9/epv, zdummy
pi=atan(1.0d40)*4.0d0
fxno2=fxno2pass
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcece
c Asymptotic term evaluation
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
IF (asymYes.NE.O) THEN
x=DBLE (cx)
IF (asymYes.EQ.1l) THEN
upper=x-sqrt (2.d0) *a
ELSEIF (asymYes.EQ.2) THEN
upper=-x+sqrt (2.d0) *b
ENDIF
IF (upper.LT.1.d-14) THEN
y=0.d0
ELSE
xlevel =DBLE (cx)
ctr2=0
total2=0.d0
fxno2=3
CALL quard2(0.d0,upper, £xno2)
y=total2
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ENDIF
GOTO 100

ENDIF

kc=DBLE (cx)

ckc=cx

kcpass=DBLE (cx)

ckcpass=cx

kcj=kcjpass

kci=kcipass

CALL crbnfx(ckc, rbn)

IF (abs(ckc).NE.0.d0) THEN
y=(1.d0-rbn)/(1.d0+rbn) /sqrt (ckc*ckc-kN*kN) *ckc-1.d0
zarg=ckc*a
CALL bessf0(zarg,cjOkca,jl,y0,y1l,h20,h21,iprint)
zarg=ckc*b

CALL bessf0(zarg,cjOkcb,3jl,y0,y1,h20,h21,iprint)

ENDIF

IF (abs(ckc).LE.1.d-10) THEN
y=0.d0
GOTO 100

ELSEIF (fxno.EQ.0 .or. fxno.EQ.4) THEN
GOTO 4

ELSEIF (fxno.EQ.1 .or. fxno.EQ.5) THEN
GOTO S5

ELSEIF (fxno.EQ.2 .or. fxno.EQ.6) THEN
GOTO 6

ELSEIF (fxno.EQ.3 .or. fxno.EQ.7) THEN
GOTO 7

ELSEIF (fxno.EQ.10) THEN
GOTO 10

ELSE
WRITE(*, *) ‘report fxno error;fxno=’, £xno

ENDIF

yc=(cjOkca-cjOkcb) /ckc

Y=Y*YC**2

GOTO 100

yc=(cjOkca-cjOkcb) /ckc

y=y*yc*2.d0/pi*ckc/ (kci* (kci*kci-ckc*cke))

) * (cjOkcb*cjOkciab-cjOkca)

GOTO 100

yc=(cjOkca-cjOkcb) /ckc

y=y*yc*2.d0/pi*ckc/ (kcj* (kcj*kcj-ckc*ckc))

* (cjOkcb*cjOkcjab-cjOkca)

GOTO 100

yc=2.d0/pi*ckc/ (kcj* (kcj*kcj-ckc*cke))

* (cjOkcb*cjOkcjab-cjOkca)
y=y*yc*2.d0/pi*ckc/ (kci* (kci*kci-ckc*ckc))

* (cjOkcb*cjOkciab-cjOkca)
GOTO 100

ccceeeeeeececeecececececececececececececececececececececececececececcecececcecce

C

Radiation wave power evaluation

cccceececeeececececececcecececececececcceceeceececececececeececceceececcececce

10

X=CX
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DO 50 i=1,M
zarg=kcn (i) *a
CALL bessf0O(zarg,cjOkca,jl,y0,y1l,h20,h21,iprint)
zarg=kcn (i) *b
CALL bessfO(zarg,cjOkcb,3jl,y0,y1l,h20,h21,iprint)
jOkcab (i) =cjOkca/cjOkcb

50 CONTINUE

kc=DBLE (k (1)) *sin(x)

ckc=kc

betal=DBLE (k (1)) *cos (x)

beta2=sqrt (abs(k(2))**2-kc**2)

gama2=(0.d0,1.d0) *beta2

gamal=(0.d40,1.d40) *betal

IF (abs(x-pi/2.d0).LE.1.d-6) THEN

rbn=0.d0
ELSE

CALL crbnfx(ckc, rbn)
ENDIF

zarg=kc*a
CALL bessf0O(zarg,cjOkca,jl,y0,y1l,h20,h21,iprint)
zarg=kc*b
CALL bessfO(zarg,cjOkcb,3jl,y0,y1,h20,h21,iprint)
W=0.d0
DO 200 i=1,M
W=W+cn2 (i) *sol(i+l)*kc/(kcn(i)**2-kc**2)/kcn(1i)
& * (cjOkcb*jOkcab (i) -cjOkca)
200 CONTINUE
W=W*2./pi
W=W+ (cjOkca-cjOkcb) /kc*sol (1)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
c The following if is to take care of the end pt,
c x=pi/2.d0, for which theta=90 deg s.t. beta2->0.d0 and
c cos(x) -> 0.d0
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
IF (abs((epv(2)-epv(l))/epv(l)).LT.1.d-3 .and.

& abs (x-pi/2) .LT.1.d-6 ) THEN
y=1.d0/abs (k(2))**2
y=y*(sin(x)**3*abs(k(1l))+sin(x) *cos (x) *betal)
y=y*abs( W/(1.d40+rbn)/2.40 )**2

ELSE
y=cos (x)**2/beta2**2
y=y*(sin(x)**3*abs(k(1l))+sin(x) *cos (x) *betal)

" y=y*abs( W/(1.d0+rbn)/(1.d0+gamal*epv(2)
& / (gama2*epv(l))) )**2
ENDIF
100 RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
o] A subroutine describing the integrand of a integral

c which is done by quard2 subroutine.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeee
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113

123

SUBROUTINE fxvalue2(x,Yy)
COMPLEX*16 y,ckc,total3, zarg,jo0,3jl,y0,y1,h20,h21
COMPLEX*16 ycl,yc2,yc3,yc4
COMPLEX*16 jlkcrp,ylkcrp, jOkca,yOkca,jlkcr,ylkcr
REAL*8 yreal,x,r,rp, ratio, dumm
REAL*8 kc,a,b,kci,kcj,xlevel,ylevel
INTEGER fxno2, iprint, £xno, ptr, ctr3, dummy
COMMON /varxylevel/xlevel,ylevel
COMMON /paratotal3/total3,ctr3 /para3l/fxno2
COMMON /para3/fxno /varkcij/kcj,kci
COMMON /varratio/ratio,dumm /pararadiusab/a,b
ptr=£fxno*10+£fxno2
kc=kcpass
ckc=ckcpass
yvlevel=x
rp=(xlevel+ylevel) /sqrt (2.d0)
r=(xlevel-ylevel)/sqrt(2.d0)
yreal=r/ (rp*rp)
ctr3=0
total3=0.d0
dummy =0
ratio=r/rp
CALL romerg3(0.d0,1.d40,dummy)
y=yreal*total3
IF (ptr.EQ.3) THEN
y=y*2.d0
GOTO 100
ELSEIF (ptr.EQ.13) THEN
GOTO 113
ELSEIF (ptr.EQ.23) THEN
GOTO 123
ELSEIF (ptr.EQ.33) THEN
GOTO 133
ELSE
WRITE(*,*) ‘report fxno error fxvalue2 subroutine’
ENDIF
zarg= kci*rp
CALL bessf0(zarg,j0,jlkcrp,y0,ylkcrp,h20,h21,iprint)
zarg= kci*a
CALL bessf0(zarg, jOkca,jl,yOkca,yl,h20,h2l,iprint)
zarg= kci*r
CALL bessf0(zarg,j0,Jjlkcr,y0,ylkcr,h20,h21,iprint)
ycl=(jlkcrp*yOkca-jOkca*ylkcrp) *rp
yc2=(jlkcr*yOkca-jOkca*ylkcr) *r
y=y* (ycl+yc2)
GOTO 100
zarg= kcj*rp
CALL bessf0(zarg,j0,jlkcrp,y0,ylkcrp,h20,h2l,iprint)
zarg= kcj*a
CALL bessf0(zarg, jOkca,jl,yOkca,yl,h20,h21,iprint)
zarg= kcj*r
CALL bessf0(zarg,j0,jlkcr,y0,ylkcr,h20,h21,iprint)
ycl=(jlkcrp*yOkca-jOkca*ylkcrp) *rp
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133

100

yc2=(jlkcr*yOkca-jOkca*ylkcr) *r

y=y* (ycl+yc2)

GOTO 100

zarg= kci*rp

CALL bessfO(zarg,3jO0,jlkcrp,y0,ylkcrp,h20,h21,iprint)
zarg= kci*a

CALL bessfO(zarg, jOkca,jl,yOkca,yl,h20,h21,iprint)
zarg= kci*r

CALL bessfO(zarg,jo0,jlkcr,y0,ylkcr,h20,h2l,iprint)
ycl=(jlkcrp*yOkca-jOkca*ylkcrp)
yc2=(jlkcr*yOkca-jOkca*ylkcr)

zarg= kcj*rp

CALL bessf0(zarg,jo0,jlkcrp,y0,ylkcrp,h20,h21,iprint)
zarg= kcj*a

CALL bessf0O(zarg, joOkca,jl,yOkca,yl,h20,h21,iprint)
zarg= kcj*r

CALL bessf0(zarg,j0,jlkcr,y0,ylkcr,h20,h21,iprint)
yc3=(jlkcrp*yOkca-jOkca*ylkcrp)
ycd=(jlkcr*yOkca-jOkca*ylkcr)
y=y*(ycd*ycl+yc2*yc3) *r*rp

RETURN

END

ccceeceeeeececeeececeeececececeecceececeeceececeeccececececeeccecececececececeecceceecceccccec

C

A subroutine describing the integrand of a integral

c which is done by cromerg3 subroutine.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe

SUBROUTINE fxvalue3(cx,y)
COMPLEX*16 cx,y

REAL*8 u,u2, ratio, dummy
COMMON /varratio/ratio, dummy
u=cx

uz2=u*u

y=(1.d0-u2)**2/sqrt (2.d0-u2)
y=y/sqrt (1.d40-(ratio*(1.d0-u2))**2)
RETURN

END

cccccececeeeececeeceececececeececeecececeeceeceeceecececececeececececececececccecececcecceccce

C

A integration subroutine using quardrature scheme.

cccceceeceeececeececeeceececceececceecececeecececececeecececececeecececcececceccecceccececceccecece

SUBROUTINE quard2(a,b, fxnumber)
COMPLEX*16 save, fx,total2, sum

REAL*8 a,b,xx(50,50),ww(50,50)
REAL*8 x(50,50),w(50,50),diffi, reltolerance, kc
INTEGER j,intno, ctr2, maxidx

INTEGER fxnumber, fxno2,idx,initialidx, idxmax
COMMON /para/reltolerance, intno /xandw/x,w
COMMON /para2/total2,ctr2 /paraidxmax/idxmax
COMMON /para3l/fxno2 /varkc/kc

fxno2=£fxnumber
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maxidx=11

initialidx=4

idx=initialidx

DO 10 j=1,idx .
xx(idx,j)=x(idx,j)*(b-a)/2.d40+(b+a)/2.d0
ww(idx,j)=w(idx,j)*(b-a)/2.d0

10 CONTINUE

sum=0.d0

DO 20 j=1,idx
CALL fxvalue2 (xx(idx,j), fx)
sum=sum+ww (idx, j) *fx |

20 CONTINUE
30 save=sum
idx=idx+2

DO 35 j=1,idx
xx(idx,j)=x(idx,j)*(b-a)/2.d0+(b+a)/2.40
ww(idx,j)=w(idx,j)*(b-a)/2.d40

35 CONTINUE

sum=0.d0

DO 40 i=1: idx
CALL fxvalue2 (xx(idx,1i), fx)
sum=sum+ww (idx, 1) *£x

40 CONTINUE
diffi=2.d0*abs (sum-save) /abs (sum+save)

IF ((diff.GT.reltolerance) .AND. (idx.LT.maxidx)) THEN

GOTO 30
ENDIF
total2=sum
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeC
c A subtoutine for computing the coefficient of Rbn
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
SUBROUTINE crbnfx(ckc, rbn)
COMPLEX*16 rbn,epv(65),ga(65),k(65),kratio2,Rb2
COMPLEX*16 expterm, teml, tem2,Rbj,Rbjml, muv(65), ckc, tem3
REAL*8 z(65),epvre, epvim
INTEGER layerno, openckt, opentoair, i, j
COMMON /paramuv/muv /para9/epv,z /paraopen/openckt
COMMON /paraopentoair/opentoair /para7/layerno
COMMON /parall/k
DO 10 i=1,layerno
epvre=DBLE (epv (1))
epvim=imag(epv(i))
ga(i)=cdsqgrt (ckc**2-k(1i)**2)
10 CONTINUE
Rb2=cdexp(-2.d0*ga(2)*z(2))
IF (openckt.EQ.l) THEN
kratio2=epv(1l)/epv(2)
Rb2=Rb2* (ga (1) -kratio2*ga(2))/(ga(l)+kratio2*ga(2))
ELSE
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Rb2=-Rb2
ENDIF
Rbjml=Rb2
IF (layerno.GE.3) THEN
DO 20 j=3,layerno
kratio2=epv(j-1)/epv(j)
expterm=cdexp(-2.d0*ga(j-1)*z(j))
teml=ga(j-1) * (expterm+Rbjml)
tem2=kratio2* (expterm-Rbjml) *ga(j)
tem3=cdexp(-2.d0*ga(j)*z(j))
Rbj=tem3* (teml-tem2)/(teml+tem2)
Rbjml=Rbj
20 CONTINUE
ENDIF
rbn=Rbjml
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcee

c A subroutine for computing the surface wave power

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
SUBROUTINE swpower (sol, totalprho, toalplop2,wsave)
COMPLEX*16 sol(*),epv(65),W,L,prho2,prhol,wsave
COMPLEX*16 £z2,kr2,gama2,gar,k(65),cn2(0:50), epidummy
COMPLEX*16 zarg,cjOkca,cjOkcb,jl,y0,y1l,h20,h21

REAL*8 plop2(20),toalplop2, fre, dummyconv

REAL*8 totalprho, totalprhol, totalprho2

REAL*8 pi,z(65),omega,kcp(65),3j0kcab(65),temp,a,b
REAL*8 beta2,gamal,v,bz2,kcn(100) '
INTEGER i,Il,kc0zerono, iprint

COMMON /parafre/fre,dummyconv /para9/epv,z
COMMON /paracn2/cn2 /parakcOarray/kcp,kcOzerono
COMMON /parakcn/kcn /paraabM/a,b,epidummy, Il
COMMON /parall/k
DO 100 i=1,1I1
zarg=kcn (i) *a
CALL bessf0(zarg,cjoOkca,jl,y0,y1,h20,h21,iprint)
zarg=kcn (i) *b
CALL bessf0(zarg,cjOkcb,jl,y0,y1,h20,h2l,iprint)
jOkcab(i)=cjOkca/cjOkcb
100 CONTINUE
totalprho=0.d0
totalprhol=0.d0
totalprho2=0.d40
DO 300 m=1,kcOzerono
pi=4.d0*atan(1.d40)
omega=2.d0*pi*fre
beta2=sqrt (DBLE(k(2))**2-kcp(m) **2)
gamal=sqrt (-DBLE(k (1)) **2+kcp(m) **2)
gama2=(0.d0,1.d0) *beta2
gar=gamal/gama2
bz2=beta2*z(2)
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200

v=gamal/beta2

kr2=epv(l) /epv(2)

temp=cos (bz2) *sin(bz2) /bz2

IF (beta2.LT.1.d-15) THEN
fz2=kr2**2*z (2)

ELSE
£z2=(kr2**2*(1l.+temp)+v**2*(1.-temp))*z(2)/2.40
fz2=f22+kr2*v*(1l.-cos(2*bz2))/(2.d0*beta2)

ENDIF

zarg=kcp (m) *a

CALL besst(zarg,CJOkca 31,y0,y1,h20,h21,iprint)

zarg=kcp (m) *b

CALL bessf0O(zarg,cjOkecb,jl,y0,y1,h20,h21,iprint)

wW=0.d0

DO 200 i=1,1I1

W=W+cn2 (i) *sol (i+1) *kcp(m) /(kcn (i) **2-kcp(m) **2)
/kcn (i) * (cjOkcb*jOkcab(i) -cjOkca)

CONTINUE

W=W*2./pi

W=W+ (cjOkca-cjOkcb) /kcp(m) *sol (1)

L=exp(-2.*gama2*z(2))*( (gar-kr2)/(gar+kr2)
*(-2.*z(2)) *kcp(m) /gama2+ 2.*kcp(m) *kr2
*(1./gar-gar)/ (gamal+kr2*gama2) **2 )

L=1.40/L

prho2=8.d0*pi*pi*omega*epv(2)*kcp(m) **2
*£22/ (v**2+kr2**2) / (beta2**2) * (abs (W*L) ) **2

prhol=4.d0*pi*pi/gamal/beta2**2*omega*epv(2) **2

/epv(1l) *kcp(m) **2* (abs (W*L) ) **2
/(1.d0+(gamal*epv(2)/epv(l) /beta2)**2)

totalprho=totalprho+DBLE (prhol+prho2)
totalprhol=totalprhol+DBLE (prhol)
totalprho2=totalprho2+DBLE (prho2)
plop2 (m) =DBLE (prhol) /DBLE (prho2)

300 CONTINUE

IF (kcOzerono.NE.O) THEN
toalplop2=totalprhol/totalprho2

ENDIF

RETURN

END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
c A subroutine for computing the radial guided wave power
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
SUBROUTINE radialpw(sol,totalprho)
COMPLEX*16 sol(*),epv(65),W,L,prho2, epidummy
COMPLEX*16 cn2(0:50),g2z2,kr2,gama2,k(65)
COMPLEX*16 zarg,cjOkca,cjOkecb,jl,y0,y1l,h20,h21

REAL*8
REAL*8
REAL*8
REAL*8
REAL*8

fre, dummyconv
totalprho
pi,omega,kcp(65),z(65)
beta2,bz2,kcn(100)
jOkcab(65),a,b
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INTEGER i,I1,kc0zerono, kcl0zeronodummy, iprint
COMMON /parafre/fre,dummyconv /para9/epv, z

COMMON /paracn2/cn2 /parakcOarray/kcp, kcOzeronodummy
COMMON /parakcn/kcn /paraabM/a,b,epidummy, Il

COMMON /parall/k

pi=4.d0*atan(1.d40)

ccccecceceeeeceeccecececeececeececeeceecececcececcecce

C

50

100

200

find the zeros

cccceceeeececeecececcececececececceecceeccceccecccecce

kcOzerono=int (abs(k(2)*z(2)) /pi)
kcp (1) =abs(k(2))
DO 50 i=1,kc0Ozerono-1
kcp(i+l)=sqrt(abs(k(2))**2-((1i)*pi/z(2))**2)
CONTINUE
kcOzerono=kc0Ozerono+1
DO 100 i=1,1I1
zarg=kcn (i) *a
CALL bessf0(zarg,cjOkca,jl,y0,y1,h20,h21,iprint)
zarg=kcn (i) *b
CALL bessf0(zarg,cjOkcb,3jl,y0,y1,h20,h21,iprint)
jOkcab(i)=cjOkca/cjOkcb
CONTINUE
totalprho=0.40
DO 300 m=1,kcOzerono
pi=4.d0*atan(1.d0)
omega=2.d0*pi*fre
beta2=sqgrt (abs(k(2))**2-kcp(m) **2)
gama2=(0.40,1.d40) *beta2
bz2=beta2*z(2)
kr2=epv(l)/epv(2)
IF (bz2.LT.1.d-16) THEN
gz2=z(2)
ELSE
gz2=2z(2)/2.40
ENDIF
zarg=kcp (m) *a
CALL bessf0(zarg,cjOkca,jl,y0,y1,h20,h21,iprint)
zarg=kcp (m) *b
CALL bessf0(zarg,cjOkcb,jl,y0,y1,h20,h21,iprint)
W=0.d0
DO 200 i=1,1I1
W=W+cn2 (i) *sol (i+1) *kcp(m) / (kcn (i) **2-kcp(m) **2)
/kecn (i) * (cjOkcb*jOkcab(i) -cjOkca)
CONTINUE
W=W*2./pi
W=W+ (cjOkca-cjOkcb) /kcp(m) *sol (1)
IF (kcp(m).LT.1.d4-10) THEN
L=0.d0
ELSEIF (abs(kcp(m)-k(2)).LT.1.4-10) THEN
L=1.40/(4.d0*k(2)*z(2))
ELSE
L=1.40/(exp(-2.*gama2*z(2))*kcp(m) *2.*z(2))
ENDIF
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prho2=8.d0*pi*pi*omega*epv(2)
prho2=prho2* (abs (W*L) ) **2*kcp (m) **2*gz2
300 CONTINUE
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCecccccccceccecceccecece
c A function for computing the phase of a complex number
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcee
FUNCTION phase (x)
COMPLEX*16 X
REAL*8 r,i,pi,ph
pi=ATAN(1.0d0) *4.4d0
r=(x+CONJG(x))/2.4d0
i=(CONJG(x)-x)/2.40*(0.d40,1.40)
IF ((r.EQ.0.d40).AND.(i.EQ.0.40)) THEN
ph=0.d0
ELSEIF(r.EQ.0.d0) THEN
IF (i.GT.0) THEN
phase=90.d0
ELSEIF (i.LT.0) THEN
phase=-90.d0
ENDIF
ELSE

ph=ATAN(i/r)*4.d0/pi*45.d0
IF (r.LT.0) THEN
IF (1.GT.0) THEN
phase=180.d0+ph
ELSEIF (i.LT.0) THEN
phase=-180.d0+ph
ELSE
phase=-180.40
ENDIF
ELSE
phase=ph
ENDIF
ENDIF
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCecccee
c A subroutine for reading an array
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeee
SUBROUTINE rvectorbin (v, r,nameread)
REAL*8 v(*)
INTEGER r,il
CHARACTER*12 nameread
OPEN(3,FILE=nameread, FORM=‘unformatted’)
READ(3)r
DO 420 il=1,r
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READ (3)v(il)
420 CONTINUE
CLOSE(3)
RETURN
END

CCCCCCCCCCCCcCcCccccececcececcecececececececcceccccccecece
c A subroutine for sorting an array
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
SUBROUTINE directsort (arr,n)
REAL*8 arr(*),act
INTEGER i,j,n
DO 2000 j=2,n
act=arr(j)
i=j-1
1700 IF (arr(i).GT.act) THEN
arr(i+l)=arr(i)
arr(i)=act
ENDIF
i=i-1
IF ((i.GT.0) .AND. (arr(i) .GT.act)) THEN
GOTO 1700
ENDIF
2000 CONTINUE
RETURN
END

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCe
o] The last subroutines are for solving a system of
c linear equation using Householder scheme
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee

SUBROUTINE solvegns(W,sol, ra,ca)

COMPLEX*16 W(50,50),s01(50),x(50),y(50)

INTEGER i,m,loop, ra,ca

loop=ca

IF (ra.EQ.ca) THEN
loop=ca-1

END IF

DO 790 m=1, loop
DO 770 i=1,ra
' x(1)=W(i,m)
770 CONTINUE
CALL hvec(x,y,ra,m)
CALL Htrans(y,W,ra,ra+l,m)
790 CONTINUE
CALL trisolve(W,sol,ca)
RETURN
END

SUBROUTINE hvec (x1,yl,ra,ml)
COMPLEX*16 x1(50),y1(50),zm
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REAL*8 zmr, ab
INTEGER ml,kl,ra
zm=0

zmr=0

DO 660 kl=1,ml-1
yv1l(kl)=0

660 CONTINUE
DO 670 kl=ml+l,ra
) y1l(kl)=x1(kl)
zmr=zmr+abs (x1 (k1)) *abs (x1 (k1))
x1(kl)=0
670 CONTINUE

ab=abs (x1(ml))

IF (ab.NE.O) THEN
zmr=zmr+ab*ab
zm=x1 (ml) /ab*sqrt (zmr)

ELSE
zm=sqrt (zmr)

END IF

y1l(ml)=x1l(ml)-zm

x1(ml)=zm

RETURN

END

SUBROUTINE Htrans (yl,Al,r,c,ml)
COMPLEX*16 y1(50),A1(50,50),ul(50),vt1(50)

REAL*8 yvtyl
INTEGER ml,il,jl,r,c
ytyl=0

DO 675 il=1,r
ytyl=ytyl+yl(il)*conjg(y1l(il))
675 CONTINUE
IF (ytyl.NE.O) THEN
DO 680 il=ml,r
ul (il)=y1(il) /ytyl*2

680 CONTINUE
DO 690 il=ml,c
vtl(il) =0

DO 690 jl=ml,r
vtl(il)=vtl(il)+conjg(yl(j1l))*Al(jl,il)
690 ~ CONTINUE
DO 700 jl=ml,c
DO 700 il=ml,r
Al(il,31)=A1(il,3jl1)-ul(il)*vtl(31)
IF (il.EQ.jl1) THEN
IF (abs(Al(il,3jl)).LT.1.d-15) THEN
WRITE(*,*)’'in Htrans: Al(’,il,’,’,3jl,"')
& is 0 item’
ENDIF
ENDIF
700 CONTINUE
END IF
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750
760

RETURN
END

SUBROUTINE trisolve(Wl,x1l,n)
COMPLEX*16 W1(50,50),x1(50),temp
INTEGER n,il,j1,k1
x1l(n)=W1l(n,n+1)/Wl(n,n)
DO 760 kl=2,n
il=n+1-k1
temp=0
DO 750 jl=1,k1l-1
temp=temp+W1l (il,11+j1)*x1(il+3j1)
CONTINUE
x1(il)=(W1l(il,n+1)-temp)/W1(il,il)
CONTINUE
RETURN
END
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