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DIELECTRIC LOSS DETERMINATION USING PERTURBATION
by
Madeleine Y. Andrawis
Professors William A. Davis and Sedki M. Riad, Co-Chairs
(ABSTRACT)

A dielectric filled cavity structure is currently being used to estimate the
dielectric constant and loss factor over a wid> range of frequencies of a dielectric
material which fills the cavity structure [Saed, 1987]. A full field analysis is used
to compute the effective complex permittivity of the sample material based on
reflection coefficient measurements of the cavity structure and associated
geometrical dimensions. The method has previously been used successfully to
determine the dielectric constant of materials, but limitations in the method have
created difficulties in accurate determination of the dielectric loss factor. The
effective loss in this method yields an estimate of the total cavity loss, including

both the dielectric loss and that of the cavity conductor walls.

In this dissertation a perturbation approach is used to separate the
conductor loss from the total loss. The loss-free full-field analysis is used to
determine the electric current at the conductor boundaries. This current is used to
evaluate the perturbed power dissipated in the cavity walls based on known
conductor properties. By subtracting the loss due to the conductor walls from the
total loss measured in the structure, the dielectric loss and the resultant dielectric

loss factor may be estimated.

Measurements are presented for sample dielectric materials. The dielectric
loss tangents computed by this new technique improve the unperturbed estimates

in the microwave frequency range.
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CHAPTER 1

INTRODUCTION

For high frequencies reaching into the microwave region, cavity structures
are most appropriate for dielectric characterization. Traditionally, single frequency
techniques that utilize cavity resonators are used. Unlike these methods, where the
complex permittivity is derived from the quality factor of the cavity at the
resonant frequency, the wideband dielectric-filled cavity technique [Saed, 1987;
Riad, 1989; and Saed, 1990] measures the complex permittivity over a wide band of

frequencies.

The cavity structure used in this technique is a reflection cavity, made with
a conductor of known conductivity enclosing the dielectric. The dielectric is
characterized by the dielectric constant and loss tangent. The cavity samples are
fabricated to adapt to frequency domain measuring equipment. The reflection
coefficient of a dielectric-filled cavity structure is measured and processed using a
full field analysis to evaluate the dielectric properties based on knowledge of the
sample geometry. This technique has been used successfully to estimate the
dielectric constant. However limitations exist in the accuracy of estimating the
dielectric loss factor. The loss estimated using this method yields a measure of the
total cavity loss, including that of the conductor walls, while the field analysis is
restricted to perfectly conducting walls leading to the inability to separate the
dielectric loss estimate from the conductor loss. The conductor loss has a

significant contribution to the total loss at microwave frequencies. The goal of this



research is to expand the full field analysis applicable to two 3-dimensional regions
coupled through an aperture in order to account for the conductor loss by

perturbation to obtain a better estimate of the dielectric loss.

The separation of the conductor loss from the total loss will be done using
perturbation [Harrington, 1961; Collin, 1960; and Van Bladel, 1964], incorporating
the fields in the wideband dielectric-filled cavity found from the unperturbed cavity
problem with perfectly conducting walls. The solution will be varied as a result of
non-perfectly conducting boundary conditions causing the tangential component of
the electric field to be non-zero at the conductor boundary. However, for good
conductors the change in the tangential component of the magnetic field intensity
1s negligible and the basic fields in the cavity are omly slightly “perturbed” from

the loss-free solution.

To solve for the fields in the unperturbed problem, a general Green’s
function method, [Tai, 1972; Balanis, 1989; and Morse and Feshbak, 1953] is
developed, in Chapter 2, to solve two 3-dimensional regions coupled through an
aperture. The basis of the Green’s function solution is the expansion of the Green’s
functions in terms of infinite series in the two regions of the structure. Because the
capacity for treatment by computers is finite, the series have to be truncated.
This Green’s function solution will then be applied to the unperturbed problem
with perfectly conducting walls. The series expansion coefficients are computed by
using the method of moments [Harrington, 1968] to solve a matrix equation
resulting enforcing continuity of the tangential fields over the aperture. The
unperturbed analysis will establish a relationship between the reflection coefficient

of the dielectric-filled cavity structure, the effective dielectric complex permittivity,



and the cavity geometry.

Numerical convergence [Marcuvitz, 1951; Mittra and Lee, 1971;
Mittra, 1963, 1972, 1975; and Leroy, 1983] is found to be related to both a
minimum number of expansion terms and the ratio of the truncations in the two
regions. The ratio aspect of convergence of the numerical results, is related to the
relative truncation of the two Green’s function expansions. The unique choice for
the ratio of truncation is shown to be related to the geometrical dimensions of the
structure. The solution convergence is studied by plotting the phase of the
reflection coefficient versus the number of terms in the truncated expansions. The
ratio of the truncation numbers, to ensure relative convergence, is determined.
The minimum number of terms in the series expansions giving reasonable
convergence in relative error is also determined. An additional verification of the
unperturbed problem solution is obtained by comparing the aperture field
continuity. The aperture fields computed with the minimum mode coefficients

must have an excellent match [Lee, 1971].

The perturbation approach is developed in Chapter 3 to account for the
conductor loss resulting from the imperfectly conducting cavity walls. The loss-free
solution may be used to approximate the electric surface current at the conductor
boundaries and to compute the power dissipated in the conductor. The total loss
in the cavity will be computed from the measured reflection coefficient and the
computed loss in the conductor walls will be separated from the total loss to

estimate the dielectric loss.

As an example on the use of the developed technique, a typical problem will

be simulated in Chapter 4. To further validate the use of the perturbation



technique, experiments are presented for two low-loss dielectric materials. The
obtained results will be compared to published results obtained by use of other

cavity and transmission line techniques [Tyler & Gasper 1989; Riad, 1991].

The perturbation technique has several potential sources of error, including
sample geometry, frequency domain measurements, and numerical processing. The
sensitivity of the estimated loss tangent of the dielectric under test is presented in
Chapter 5 for the sample geometry, the measurement precision, and the assumed

conductor conductivity using simulation.

Chapter 6 presents a summary and a conclusion, including applications and
limitations of this work. Some recommendations for possible future work are also

given.
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CHAPTER 2

THE UNPERTURBED PROBLEM

2.1 INTRODUCTION

The unperturbed problem considered in this chapter is a reflection cavity
structure designed to adapt to APC-7 connectors for frequency domain measuring
instruments such as the HP 8510B network analyzer. This cavity configuration is
illustrated in Fig. 2.1. A full field analysis for this cavity structure, referred to as
the wideband dielectric-filled cavity sample structure, is used for the evaluation of
the dielectric properties of the dielectric material enclosed within it based on
knowledge of the sample geometry and the measured S-parameters of the filled
cavity. An iterative procedure is used to relate the measured reflection coefficient
of the dielectric filled cavity and the complex dielectric permittivity, providing an

estimate of the dielectric constant and the loss tangent.

In the full field analysis, electromagnetic equivalence principles are used to
mode] the aperture separating the two regions of the structure: the transmission
line region (A) and the cavity region (B) by equivalent magnetic currents. These
magnetic surface currents are adjacent to a perfect conductor placed in the
aperture as shown in Fig. 2.2. The magnetic surface current is expanded in terms
of the transmission line modes and the resultant magnetic fields are matched at the

aperture.
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Figure 2.2. The equivalent problem.
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Figure 2.1. Reflection cavity configuration.



This chapter develops the background of the unperturbed problem, paralle
to the work of Saed [1987], using a more general approach. In this chapter, a basic
Green’s function solution approach will be developed for two coupled three-
dimensional regions. This approach will then be applied to the cavity structure of
interest by expanding the Green’s functions in both regions in terms of the modes
of the structures respectively. Applying field continuity over the aperture or
coupling surface, the method of moments will be used to solve for the magnetic
current source imposed on the aperture, effectively applying the mode-matching

method [Mittra & Lee, 1971].

To examine the accuracy of the solution due to higher order modes, the
fields will be computed in both regions for typical cavity dimensions and frequency.
The fields at the aperture should agree from both regions, and the tangential
electric field at the cavity walls should be identically zero. The number of terms
retained in the series representation of the Green’s function in the cavity region
determines the limitations on the ability to match both the aperture fields and the
zero electric field at the conductor walls. The relation between the number of
modes in the transmission line region and the number of modes in the cavity region

will be investigated in this work to ensure solution convergence.

2.2 GENERAL GREEN’S FUNCTION APPROACH

The basic Green’s function problem is developed for two general
three-dimensional regions. The resulting functions are then used to determine an
equivalent aperture magnetic surface current between the two regions bounded by

perfect conductors.
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To develop the basic Green’s function problem, Maxwell’s equations for a
time dependence of the form ei“’t,in the presence of magnetic sources in a volume,

will be stated as follows

VXE® = —jwp, A7) — M), (2.1a)

VxH(T = jwt B, (2.1b)
VeE(® = 0, (2.1¢)
VeH® = %ﬂ?ﬁ) (2.1d)

where E(7) and H(7) represent the electric and magnetic field intensity,
respectively, and M(7) represents the magnetic current source as functions of the
position vector (7). On the perfectly conducting walls bounding the two regions the

tangential electric field vanishes and may be expressed as

Ax B =0, (2.2)

where 1 denotes an outward unit vector normal to the surface. When approaching
the aperture surface, the tangential electric field is equivalent to a magnetic surface

current given by

i x E(T) = My(7). (2.3)
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Eliminating E (7)from Eq. (2.1), the vector Helmholtz wave equation in curl-curl

form is obtained in the form

VxVxH7Y — PHT) = —jweM(¥), (2.4)

where K=w?¢yu, ¢ being the complex medium permittivity, and u equals y, in this
case, the free-space permeability.
To solve Eq. (2.4) for H (), the dyadic Green’s function G(F, ¥) was chosen

and defined as the magnetic field due to a unit dyadic magnetic current source

yi) (7—¥) satisfying the relation

VxVxGHE,7— BGF, 7) = -jwils(r - 7). (2.5)

The factor I is the idem factor or unit dyad such that AeT=TeA=74 and
Ve (k) = Vi and 6(7 —¥) is the three dimensional Dirac delta function® in which
T and ¥ refer to the position vectors of the field and source points, respectively.
The dyadic Green’s function may also be defined to satisfy the appropriate

boundary conditions for the considered problem.

Post-multiplying Eq. (2.4) by ﬁﬁ", 7), pre-multiplying Eq. (2.5) by H(7),

and subtracting the two resulting equations, the following expression may be

! The Dirac delta function is not a function in the pure mathematical sense, but is
properly defined as a generalized function [Lighthill, 1958] or a distribution [Stakgold, 1967).
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obtained as

HP(VxVxGF, ) —(VxVxHT)GF, 7

= —jwéHT) o I6(F - 7) + jweM(P) e G(¥, 7). (2.6)

The vector dyadic Green’s theorem [Van Bladel, 1964] given by the following

expression
“TI{?-).(VxVx?J(?’,?)—(VxVxH(“).G )) } dv
= § {E(?')oﬁx (Vx G, ")
S
+ (Ax vxHT)e GF, 7} ds, (2.7)
may be used with # denoting the outward unit-vector normal to the surface S

enclosing the volume V, in order to obtain an expression for H{(¥). Integrating Eq.

(2.6) over the volume V and using Eq. (2.7), one can obtain

§{ﬁ(?).ﬁx(vxﬁﬁl, )
5
- (AxVxH7)e GF, 7 }ds

= —jwéHF) + jwejm(?). G, 7 dv.  (28)
A .
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The surface integral in Eq. (2.8) may be simplified using Eq. (2.1b) in conjunction
with Eq. (2.2) and Eq. (2.3) to specify the boundary conditions on H and imposing

a boundary condition on the Green’s function
ixVxGF7) =0, (2.9)
for ¥ on the surface S, to obtain the expression

j{M,( ) G(7, M} ds= - H(¥) + J{ 7, %)} dy, (2.10)
A v

where A is the aperture surface. The source M is typically related to an
independent source creating a source field for the problem. This source will give
rise to both incident and reflected fields from a closed aperture. Thus Eq.(2.10)

may be rewritten as

j{M(,!). G(7, ¥)} dv+ J{Ms(# )} ds, (2.11)

where 7 and ¥ have been interchanged. One may define the field due to the surface

magnetic current Mg(¥) by H(T) as
Hy7) = j (M) Gz, 7)} ds. (2.12)
A
To solve the coupled two-region problem, one can first observe that

MB(¥) = - MA(¥), | E (2.13)
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due to the negation of the normal unit vector in the aperture for the two problems.
The superscripts A and B denote the two different regions. The use of such a
current relationship automatically enforces the continuity of the tangential electric
field intensity in the aperture region. To determine this magnetic surface current,

one imposes continuity on the tangential magnetic field intensity at the aperture.

2.3 SOLUTION FOR THE GREEN’S FUNCTION

To relate the two general regions used in the previous section to the specific
problem of this dissertation, the transmission line region is defined as region A, and
the cavity region as region B as shown in Fig. 2.2. The structures of the two
regions and the source are axially symmetric; therefore there is no z-component of
magnetic field, and only TM higher order modes are generated due to the
discontinuity at the aperture. The magnetic fields are ¢-directed and are
dependent only on p and z In order to solve for the magnetic field in a volume,

due to a magnetic surface current, one may use the expression

Hy7) = J{T{s(vf) G(7, 7)} d¢, (2.14)

A
which requires the definition of the Green’s function _—é(?, 7). The magnetic field
H(7) and the magnetic surface current M,(¥') are both independent of ¢ except for
the direction-dependence. For the ¢-independent field and source, Eq. (2.14) may

be rewritten as

B = [{M() $-Br M} s o df. (215)
A :
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By defining

a solution for H,(p) may be obtained of the form

b
Byp) = [{Ms(s") o, )} o' &5

a

In order to obtain g(p, p'), one revert to Eq. (2.5) given as
V' x V'x G7, ¥)— BGF 7) = —jwilb(F, 7),
with the boundary condition given in Eq. (2.9) as

iixV'xE(?‘, ¥)=0.

(2.16)

(2.17)

(2.18)

(2.19)

By taking the anterior product of Eq. (2.18) with #', expressing the delta

distribution §(¥—7¥) in cylindrical coordinates [Balanis, 1989], and integrating over

¢' from 0 to 2, the following expression may be obtained

j {#e[V'x V' x G, ¥)] - B§ <G, 7))} do
¢I

= — [jwed e T8(p—0) 8(6 ') 6(=~2) a4

¢I

(2.20)
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Because of the periodicity of the function involved, the integration over ¢’ of the
¢'-derivatives will drop out. The resultant expression from Eq. (2.20) may be

rewritten by using the definition in Eq. (2.16) as

2t g (5 o9+ B9 =15 8- 8- 2). (2.21)
The Green’s function § may further be writen as g= gq;' , for the circular
symmetrical problem under consideration. The resultant, scalar Green’s function g
must satisfy the scalar form of Eq. (2.19). The function g may be expanded in a
modal series for each region of interest. For a specific mode of the series, the
double zderivative may be replaced by (— k% g) in order to define k5 = ¥* — K for

the guided wave structures. Eq. (2.21) may then be rewritten as

o (dia P+ Ky a=10, (2:22)

for 2 not equal z. The solution to Eq. (2.22) may be written as a Bessel function of

the first order in the form

9’y Z; p, 2) = A(p,2) By(kpp') h(k,2), (2.23)

where B, is a general linear combination of two Bessel functions of order one, h is
the related harmonic behavior in 2, and A(p,2) is a constant coefficient with

respect to p/ and 2.

The function g must satisfy the boundary condition resulting from

combining the boundary condition given by Eq. (2.19) and the function g given by
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Eq. (2.16) to give

27
Fezix (V'x GF 7)) d¢' =0, (2.24)
0
on the perfect-electric conducting surface covering the two regions. By performing

the curl and taking the ¢'-component of Eq. (2.24), the Newman boundary

conditions in 2 on the function g may be stated as
9 4-0 (2.25)

At the zplane closing the left portion of the transmission line region, an absorbing
boundary condition will be used instead. At the radial boundaries, a similar

process gives
6%, (r'9)=0. (2.26)

Applying the boundary condition stated in Eq. (2.25) in addition to an
absorbing boundary condition as Z— —oo for the transmission line region A, the
Z-dependent part of ¢ may be expressed as

C eIk <z
W) = { (2.27)
D cos k,? 2>z
To satisfy the boundary condition of Eq. (2.26) at the radius a, the Bessel function

B, given as a linear combination of the first and second kind Bessel functions has



18

the form
B (k,p') = Nyk, a) Ik, p') - Jolkp a) Ny(k, P, (2.28)

for any ¢ < p' < b, where @ and b are the inner and outer radii of the transmission
line region, respectively. To satisfy Eq. (2.26) at p' =, k, must satisfy the

condition

Nk, a) Tk, b)— Jo(k, a) Nk, b) = 0. (2.29)

Approaching the source plane (Z = z), the continuity requirements on ¢
from the scalar form of Eq. (2.21) may be obtained. This continuity initially

requires g to be continuous as expressed by the condition

=d,_, . (2.30)

9 ,_
7= (+)

“-)
where the signs (—) and (4 ) mean the value of 27 approaching z from the left and

right sides, respectively. The function g may be expanded as a series over all the

possible modes of the structure as

k, z

ik,
En: Cn(p,2) By(k, p') € ™, <z
A7, 25 p, 2)= (2.31)
>~ Dp(p,2) B, (k,_p') cos k. z, 2>z
n

Applying the condition of Eq. (2.30), and using the orthogonality of the Bessel
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functions, the following expression may be obtained
ik
Cy el = Dy, cos k, z. (2.32)

Also at the source plane (z= 2/), the Z-derivative of the Green’s function must be
discontinuous by (jwé/p') 6(p—p') in order to satisfy Eq. (2.21). This condition

may be stated as

9y _ 0y e 2.33
97 |z’=z(+) a_zjlzlzz(_)_ P 6(p—p'). (2.33)

Applying this condition to the Green’s function, one may write

S(p — !
znjF,, [Nk, a) Jy(k, p")— Tk, @) Nk, p')]= (”p—,”), (2.34)
where F, are defined as
. : ik, z
F,=(- k; Dy sin k, z2—jk, Cp€ ™ )fjwe. (2.35)

To determine F,, both sides of Eq. (2.34) may be multiplied by By(kp,,), then the
resultant equation may be integrated over the variable p’ from a to b to give the

expression

b b
| S Fu b Byks, o) Bothy,, o) do' = [By(ky,, #) 80— 1) 45 (2.36)
a a

Using the orthogonality of the Bessel’s functions satisfying the boundary
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conditions, one may solve for F), to obtain

2 By(k

Fom 20100, 2) . (2.37)

Now one may solve for the coefficients C, and D, from Eq. (2.35) to give
wé Fn sz z
Co= — 2 Fn (2.38)
Zn

and

D= - cosk s (2.39)

k, n

n

With the magnetic current source located at the aperture (7 = 0), the

required function ¢, according to Egs. (2.31), (2.38), and (2.37), may be written as

—2 we, Bl(k;}nP) Bl(k,’,‘np’) ejkftz

94p, zp', 0) = : 2.40

( P ) Xn: @41‘ szzl)(k;;inb) _ a2le?(k;)1ua) ( )

where B, is given by Eq. (2.28), and n=0,1 .....co. The coefficients k;}n represent
the solutions to Eq. (2.29) and kfn are found using the equation

(B )? = (wPeqpo)? — (K )2. (2.41)

The complex permittivity in the development of the Green’s function has been
substituted in Eqs. (2.40) and (2.41) with the free space permittivity since the

transmission line region is considered.
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Following the same procedure for the cavity region B, to solve for the scalar

Green'’s function, the required function g2 may be obtained as

_9iwe N(KE p) Jy(KE o)
$Pp,zip!,0) = Y S P

> ARG ) sk ) cos kP (z— d), (2.42)

where ¢ is the cavity radius, d is the cavity thickness and m =1,2...00. The

coefficients kB

p,, must satisfy the condition

Jo (K} ) =0, (2.43)

and kfm must satisfy

k= yJwleu, — (kF )2 (2.44)

2.4 SOLUTION TO THE UNPERTURBED PROBLEM

Assuming each region is a guided wave structure of arbitrary cross-section,
the Green’s functions may be expanded in terms of the orthogonal modes of the
two structures as shown in Egs. (2.40) and (2.42). In region A, there is an incident
magnetic field H(7), a reflected magnetic field from the closed aperture H'(7), and
a scattered field HA(F) due to the equivalent magnetic current source My(T),
imposed in front of the aperture. In region B, there is onl}y the scattered field
HB(7) due to the surface magnetic current source (- MgT)). Due to the continuity

over the aperture, the tangential magnetic field intensities of the two regions must



22

be equal when approaching the aperture as shown by the expression

R

O+ B + B = B) ot =0 (249

where the s subscript denotes terms due to the aperture magnetic current. The
incident field in the transmission line region is assumed to be a TEM mode. At

z= 0, both the incident and reflected fields are equal and given by

HY(p)= H"(p) = 1 , 2.46
(p) () e 12 0/ (2.46)

where 7, is the free space intrinsic impedance given by l_e%o . This incident field
has been normalized for unity incident power. The magnetic current M7 is a
surface current present at the aperture and may be be expressed as a function of its

transverse position as
My(7) = My(p) ¢ (2:47)

To evaluate the scattered fields in both regions A and B, Eq. (2.16) will be used to

obtain the ¢'- directed scattered fields at a plane approaching the z= 0 plane, as

H(p) = J{Ms ) e, P} ' dp, (2.48)

and

HZ(p) = I {Ms o, P} o' dp'. E | (2.49)
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one may obtain

Substituting the appropriate Green’s function as given by Eq. (2.40) in Eq. (2. 48),

HA

Z Ayp ho(p)/ M,

(2.50)
where the coefficients A4, and 7, may be defined as
b
Ap=2nm JMs(P,) ha(p') o' dp' (2.51)
and ) ‘

The functions h, may be defined as

(o) = B,(K5 p)
\/7r (82B3(kA b) — a?B3(KA o)

(2.53)

where a and b are the transmission line radii, and Bl(kA ) are the Bessel functions
For the cavity region, the expression

—]wez Cm Jl cos(kfmd),

(2.54)

may be obtained from Egs. (2.49) and (2.42), where the coefficients Cy, may be
defined as

m=

—

2J2(kB c) sm(kB d) M(p') Jl(

p’) p'dp, (2.55)
a )
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where c is the cavity radius, and d is its thickness. For computational purposes,
the two infinite series in Eqgs. (2.50) and (2.54) will be truncated to N modes in

region A and M modes in region B.

Mg may be expanded in terms of a set of functions M; which span the space

of M;. This expansion is given by
M) = 3 V; M{p). (2.56)
3

The modes of the transmission line region provide a reasonable choice for expansion

with the same number of expansion terms as

Myp) = halp). (2.57)

For an exact solution, Eq. (2.56) is an infinite summation and the M, form a
complete set of basis functions. For an approximate solution, the series is
truncated to a finite number of terms which corresponds to the number of modes in
the transmission line region (N). Substituting with Eqs. (2.46) and (2.56) in Eq.

(2.45), and using linearity, the following expression may be obtained as
2H - YV, HA(M,) - SV, Hi(M,) = 0, (2.58)
n n

where Hﬁ(Mn), and Hg(Mn) are the tangential fields due to the current expansion
function M;. These fields are the same as in Eqgs. (2.50) and (2.54), except that the

coefficients A, and C), will have another subscript to denote the current expansion.
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These coefficients may be given by

b
A =27 jM.(p') ha(p') ¢ dp, for n=i=0,1,2,...N1, (2.59)
a

and

b
C My(p) J, (k8 p) p'dp!, for m=1,2,. .M, (2.60
mn= ZR(D o) snli? d)l n(p') Jy(ky p) p'dp’, for m= (2.60)

m

The method of moments [Harrington, 1968] is then used to solve Eq. (2.58),
to obtain the current coefficients V), from which the magnetic current source is

constructed.

The reflection coefficient of the cavity structure may be determined from
the resultant mode coefficients. The apparent complex permittivity of the
dielectric is determined from the reflection coefficient of the structure using an
iterative procedure to optimize the fit of the measured frequency response of the
reflection structure to the simulation results. A program to perform this

computation is provided in [Saed, 1987].

2.5 APERTURE FIELDS COMPARISON AND MODE DETERMINATION

In the existing technique, the problem involves a discontinuity at the
aperture separating two regions. The fields in these two regions have been
expanded in terms of an infinite number of discrete sets of modes with unknown
coefficients. The numerical problem theoretically involves the calculation of these
amplitude coefficients from an an infinite system using the method of moments.

Because the capacity for treatment by computers is limited, the series used in
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Section 2.3 have been truncated. These series truncations may potentially
introduce significant errors in the computed fields and the resultant reflection
coefficient. In order to determine the effects of truncation error, the field and the
reflection coefficient convergences were studied as functions of the series
truncations. Prior to investigating the convergence of the reflection coefficient, the
goodness-of-fit of the electric and magnetic field continuity at the aperture will be

studied.

2.5.1Aperture Magnetic Field

As a check on the accuracy of the solution computed from the higher order
modes, the tangential magnetic field at the aperture will be computed and plotted

in both the transmission line region and the cavity region.
The magnetic field in the transmission line region, tangential to the
aperture, is represented by

N-1 V.

HA= =% 72 hy(p), (2.61)

n=0
where the coefficients V,, are the expansion coefficients of the magnetic current
distribution on the aperture M, in terms of the expansion functions M,. These
coefficients V), are found by solving the matrix equation in Eq. (2.58). The

functions h, are computed using Eq. (2.53), and the coefficients 7, are given by

%n

weo'

In the cavity region, the tangential magnetic field is represented as

H= ¥y 3 %ﬂw T(KE p) cos (2 (= d) L (262)
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where the coefficients V,, are the magnetic current expansion coefficients and the

constants Cp,, kfm and kg are given by Egs. (2.60), (2.43), and (2.44),

respectively.

The magnetic field tangential to the aperture using the two forms of
Egs. (2.61) and (2.62), at 1GHz frequency, for dielectric constant value of 3.0,
dielectric loss factor of 0.001, thickness d of 0.01 cm, and cavity radius ¢ of
0.7458 cm, was plotted. Excellent agreement in the aperture was obtained as seen
in Figs. 2.3 and 2.4 showing the real and imaginary parts, respectively, of the

aperture magnetic field.

2.5.2 Aperture Electric Field

As the aperture plane is approached, the electric field should satisfy: 1)
Ey(p) should approach infinity as p approaches a and b and 2) Ej(p) should be
identically zero on the conductor for 6<p<a and b< p<c. The electric field
tangential to the aperture plane from the transmission line analysis was plotted at
1GHz frequency, for dielectric constant value of 3.0, dielectric loss factor of 0.001,
dielectric thickness d of 0.01 cm, and cavity radius c¢ of 0.7458 cm. From the
cavity region analysis, the tangential electric field at the aperture plane, given by a
Green’s function representation of the aperture magnetic current source, was also

plotted under the same specifications.

The real and imaginary parts for both fields agree and satisfy the criteria for

the electric field, as shown in Figs. 2.5 and 2.6.
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Figure 2.3. Aperture tangential magnetic field (real) calculated from
both the transmission line region and the cavity region
analysis, for a dielectric thickness of 0.0lcm, €'=3 and
¢"=.001 at 1GHz frequenéy. Both plots..coincide in the

aperture for 0.15 cm > p <0.35 cm.
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Figure 2.4. Aperture tangential magnetic field (imaginary) calculated
from both the transmission line region and the cavity
region analysis, for a dielectric thickness of .0lcm, €'=3
and €"=.001 at 1GHz frequency. Both plots coincide in’

the aperture for 0.15 cm > p < 0.35 cm.
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Figure 2.5. Aperture tangential electric field (real) calculated from

both the transmission line region and the cavity region
analysis, for a dielectric thickness of 0.1cm, €'=3, ¢'=.001,

and at 1GHz frequency. Both plots coincide in the

aperture for 0.15 cm > p <0.35 cm.
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Figure 2.6. Aperture tangential electric field (imaginary) calculated
from both the transmission line region and the cavity
region analysis, for a dielectric thickness of 0.lcm, €'=3,
¢""=.001, and at 1GHz frequency. Both 1;lots coincide in

the aperture for 0.15 cm > p <0.35 cm.
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2.5.8 Number of Modes Determination

The relationship of truncation of the number of modes N in the transmission
line region A and the number of terms used in the Green’s function expansion M in
the cavity region B is now considered. The effect of this truncation on the
reflection coefficient phase, affecting the determination of the dielectric constant, is
also studied in this work. The reference phase was computed using a large number
of modes in both regions (N=100, M=800). The reflection coefficient phase was
then determined versus the number of modes in the cavity region while stepping
over different numbers of modes in the transmission line region (N=1, 10, 20, and
50). These relations are plotted at different frequencies, dielectric thicknesses, and
transmission line and cavity dimensions as shown in Figs. 2.7, 2.8, 2.9, and 2.10,
respectively. The study shows that for any number of modes N in the transmission
line region, the solution converges with respect to the number of modes in the
cavity region for M greater than a specific value dependent on N and the geometry
of the two structures. The relation is suggestive of the 1}—3 ratio for similar

asymptotic convergence [Mittra & Lee, 1971] in bifurcated-waveguide and step-type

discontinuity problems and was found to be

— c
M= (b—a)N’ (2.63)
where c¢ is the cavity radius and a and b are the transmission line inner an outer
radii, respectively. The convergence point was determined by computing the

relative error in phase with respect to the preceding value.

For the different values of N taken in the study, with M determined by

Eq. (2.63), convergence was obtained but not necessarily to the reference phase.
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Figure 2.7. Effect of modes truncation on solution convergence. Plots

of s;; phase versus M with different values of N, for a
dielectric thickness of 0.05cm, /=3, €’=.001, and at 1GHz

frequency. The markers denote the points of convergence.
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Figure 2.8. Effect of modes truncation on solution conirergence. Plots
of s,; phase versus M with different values of N, for a
dielectric thickness of 0.05cm, €=3, €'=.001, and at 4GHz

frequency. The markers denote the points of convergence.
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Figure 2.9. Effect of modes truncation on solution convergence. Plots
of s,; phase versus M with different values of N, for a
dielectric thickness of 0.0lcm, e'-=3, ¢'=.001, and at 4GHz

frequency. The markers denote the points of convergence.
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Figure 2.10. Effect of modes truncation on solution convergence. Plots
of s,; phase versus M for N equals 20, a dielectric thickness
of 0.05cm, €'=3, ¢'=.001, 1GHz frequency and different
cavity radii ¢ of 0.35 cm and 1.5cm. The markers denote

the points of convergence.
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Comparing the convergence values for the different N, it was found that the

relative error defined as

(convergence value — reference value)

reference value x100

Relative Error (%) =

decreases monotonically upon increasing N. For example, for N equals twenty
there was a 0.1% relative error, while for N equals fifty the relative error is 0.03%.
Thus a minimum of twenty will be used to obtain a reasonable convergence relative

to the reference point.

2.6 SUMMARY

The unperturbed problem considered in this chapter was a reflection cavity
structure designed to adapt to the 7mm connector of the HP 8510B network
analyzer. The cavity problem was modeled as two guided wave regions connected
through an aperture. The aperture separating the two regions of the structure is
modeled by equivalent magnetic current sources. The magnetic surface currents
are expanded in terms of the transmission line modes and the resultant magnetic

fields are matched at the aperture.

This chapter developed the solution of the unperturbed problem, parallel to
the work of Saed [1987], using a more general approach. A basic Green’s function
solution approach was developed and then applied to the cavity structure by
expanding the Green’s functions in both regions in terms of the modes of the
structures respectively. The series in the Green’s functions expansions were

truncated and field continuity was applied over the aperture. The magnetic
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current sources imposed on the aperture may be solved for, using the method of

moments.

The accuracy of the solution due to higher order modes, was checked by
comparing the fields in both the transmission line and the cavity regions and
getting excellent match at the aperture. The relation between the number of
modes in the transmission line region and the number of modes in the cavity region
was investigated in this chapter to ensure solution convergence. The minimum
number of modes retained in the series, in order to obtain a reasonable convergence

to a reference obtained using very large numbers of modes, was also studied.



CHAPTER 3
THE PERTURBATION PROBLEM

3.1 INTRODUCTION

Perturbation is a technique used to approximately solve a problem that
closely resembles one that is exactly solvable. Even for problems which can be
solved exactly, it may be more convenient to employ this approximate method, for
the evaluation of the exact solution may be much too complicated. The
perturbation technique evaluates the change in a quantity due to a small change in
the problem. The word “perturb” means to disturb or to change slightly. An
example of an unperturbed problem, for which solution is known, is a cavity
resonator formed by a perfect conductor enclosing a volume. The perturbed
problem could then be one with a slightly different surface covering a slightly
different volume, one with a different material filling the cavity, or one with an
imperfectly conducting surface. The quantity to be examined might be the
resonant frequency or the unloaded Q factor. Another unperturbed problem is a
loss-free waveguide with perfectly conducting walls. The perturbed problem may
involve a wall perturbation, a material perturbation, or imperfectly conducting
walls. The parameter to be evaluated might be the cutoff frequency, the

characteristic impedance, or the attenuation constant.

This chapter develops first, as an example, a perturbation approach to solve
for the attenuation introduced in a hollow rectangular waveguide due to the losses
in its imperfectly conducting walls. A perturbation approach is then applied to

the unperturbed problem introduced in Chapter 2 to estimate the dielectric loss

39
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tangent by taking into account the conductor loss due to imperfectly conducting
cavity walls. The technique computes the total loss from the measured reflection
coefficient and the conductor loss using a perturbation approach. The power loss in
the cavity walls is then subtracted from the total loss to give the power loss in the

dielectric from which a better estimate of the dielectric loss tangent is obtained.

3.2 A CANONICAL PERTURBATION EXAMPLE

To examine closely the perturbation approach we consider the example of a
hollow rectangular waveguide with perfect conductor walls. The guide has lateral
dimensions a and b as shown in Fig. 3.1. It is assumed to be of infinite length, and
empty. The dominant mode, in this case the TE;( traveling in the z direction, will
be considered. The time harmonic electric and magnetic fields must satisfy

Maxwell’s equations for a source-free region. Assuming an €/“* time dependence we

have
VxE = —jwu,H, (3.1a)
Vx H = jwe,E, (3.1b)
VeE = 0, (3.1¢)
VeH = 0. (3.1d)

Working with the above equations and eliminating E, we obtain the Helmholtz

wave equation

V’H + ¥H = 0, ; (32)
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Figure 3.1. Rectangular waveguide with its appropriate dimensions.
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where ¥ = wleu, , €, is the free-space permittivity, and p, is the free-space

permeability.

For this waveguide structure, the necessary and sufficient boundary
conditions are that the tangential components of the electric field must vanish on
the guide walls. Using the separation of variables method, we solve for the fields to

obtain the following electric and magnetic field components for the TE,, mode:

E, (z)yiz) = E, (z;y)z) = Hy (z,y,z) = 0, (33 a‘)
By (e3,%) = —HyL9he (%) sinfrafa) e~ 37, (3.3 b)
C
H ik (xy —jkyz2
(@) = Hy S (3) sintnasa) o3k, (330)
H, (z,y,2) = H, cos(rz/a) e~ k2 (3.3d)
Here
ke = (n/a)?,
and

2 _ 2 2
k? = wep, — k2.

The waveguide supports only an attenuating wave for the frequency below

the cutoff frequency f, of the guide given by

fe=rayem . (3.4)
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which gives k,? as
kP = Wiy [1-(f/f)]. (3.5)

After solving for the fields in an exact way, we may perturb the problem to
include attenuation in the waveguide due to imperfectly conducting walls. There
will be a continuous loss of power in the walls as the mode propagates along the
guide. The propagation constant jk, is perturbed and becomes jkzp =jk,+a
[Collin, 1966], where « is an attenuation constant that gives the rate at which the
mode amplitude must decay as the mode propagates along the guide. To solve
exactly for the loss associated with this change, it would mean solving the new
boundary-value problem with more complicated boundary conditions at the walls.
This creates a complicated field-matching problem at the conduction interface. If
the walls have a high conductivity, as for good conductors with conductivity on the
order of 107 to 10® S/m, we may instead assume that the electric and magnetic
fields in the guide are only slightly perturbed from those with the perfectly
conducting walls and the fields are essentially the same. In other words, the cross
sectional distribution of the fields is essentially unchanged except about nulls. The
loss in the guide will be responsible for an attenuation constant a, which accounts
for the power losses in the conductor walls. Using a, to describe the loss is based

on an exponential power decay of the form
Pf.: Poe—z acz,

where Pj is the time-average power flow traveling in the waveguide, and P, is the

power at some reference point (i.e., z= 0), as shown in Fig. 3.2. The power loss
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Figure 3.2. Power flow along a waveguide with an

attenuation constant o,.
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per unit length in the conductor may be equated to the negative rate of change of

Pf versus z given by the expression
Pd /e =2 (s % Pf .

Thus, the attenuation constant due to losses in the imperfectly conducting walls

may be represented as

_ P/
e=2P

(3.6)

where P, /¢ is the time-average dissipated power per unit length on all four walls of

the waveguide, and Pgis the time-average power flow traveling in the waveguide.

The total power traveling in the guide is obtained by integrating the z-
directed time-averaged power density, or Poynting vector, over a cross section A of

the guide.

P; = JRe (5) o 3ds. (3.7)
A

The z-directed Poynting vector S, is defined as

Sz= (EX?).E

(B, By~ Ey Hj), | (338)

BOj—t

and the cross section of the rectangular waveguide is the rectangular surface with
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dimensions a and b. The resultant power flow in the guide for the TE;; mode is

ba 9
pp= [ [ § L BE g inz) 2o g,
00 ¢
or
-2
P = wp,B |H,|? (%) &bem?, (3.9)

where (3, is the k, of the unperturbed lossless problem given by Eq. (3.5).

The perturbed problem has imperfectly conducting walls with assumed
plane waves penetrating the conductor surface, but localized in a thin surface layer.
The thickness of this layer is on the order of é=(2/wuc)!/%. This phenomenon is
known as the skin effect. The electric field will have a tangential component at the
walls Etan 7 where the original problem has a null, thus the key to the solution is
to use the magnetic field which is near a maximum. The propagation constant of
the waves in the conductor will have components both tangential and perpendicular

to the dielectric-conductor interface such that

— ~d -y p
E=E,e " ",

with # and § denoting tangential and perpendicular unit vectors respectively. This

satisfies the homogeneous Helmholtz equation, provided that
=7+,

where 7. is the propagation constant in the conductor region, 7, is the propagation
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constant in the tangential direction, and +, is the propagation constant in the
perpendicular direction. The propagation constant in the tangential direction is on
the order of the propagation constant in the dielectric material given by j\/qupo,
while the propagation constant in the conductor region, where the displacement
current jweE can be neglected in comparison with the conduction current oE, is
equal to /jwu,o. So the propagation constant in the perpendicular direction may

be found as

Yy & \/jwuoa +wleguy ~ lwpo =7,. (3.10)

So the plane waves propagating in the conductor are mainly propagating in the

perpendicular p direction, and may be represented by
E=E, ¢, (3.11)

This derivation is under the assumption of neglecting the reflected waves from the
back of the conductor walls since it will be proved that for thick enough conductor
walls, the penetrating waves will be localized in a thin surface layer independent of
the thickness of the conductor. The normal-directed power density in the

conductor walls may be evaluated as

Sy =

NIQ

d
= - -2a,d
[1BP do = 1B 1 L (1), (3.12)
0

where d is the thickness of the conductor walls, «, is the real part of the
propagation constant ., and o is the conductivity of the imperfectly conducting

walls. Assuming that the thickness of the conductor walls is larger than half the skin depthp
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skin depth of the conductor defined by aLC, such that e 2%? is small enough to be
neglected with respect to unity in Eq. (3.12), we obtain

S, =12 | E 1 (3.13)

2a,

[

Using the relation between the electric and magnetic fields for plane waves given
by

E= —(pn.xH)=1.(axH), (3.14)

where 7, is the intrinsic impedance of the conductor material as W, and
i= —p is the outward vector normal to the surface of the walls. Substituting
with Eq.(3.14) for E, in Eq.(3.13) with the value of a,= \/W , we obtain

Sp = 1522 |(axH,)? =3 R | T~ (3.15)
The surface current density J is given by # x H, where H, is the tangential
component of the magnetic field to the walls. H, may be replaced with minimal
error with the value corresponding to perfectly conducting walls. The quantity R
is the real part of 5, and is defined as \/wp,20. Observing the units of R,, we
realize that it has units of ohms, and will be defined as the surface resistance. The
surface current density has units of (A/‘m), which gives the power density S, the

corresponding units of Watts/m?. The expression given in Eq. (3.15) is analogous

to PR/2 used in lumped circuit theory.

It is interesting to note that the intrinsic impedance of the conductor 7,

becomes a surface impedance Z; associated with the surface current density J; and
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given by
Zs=Rs+i X = [ 5£2 (14) (3.16)

The real part of this impedance has been defined as the surface resistance Rg and
the waves penetrating the conductor are localized in a thin surface layer. The

thickness of this layer is on the order of & = (2/wpo)/?, and called the skin depth.

The time-averaged dissipated power in the imperfectly conducting walls is
actually the power flowing into the walls, and is obtained by integrating the
component of the power density normal to the surface, over the area of the
conductor walls A,,, and may be written as

R —
Py= [ | By ds. (3.17)

Ay

Eq. (3.17) has been derived for plane conductors, but we may use it for curved
surfaces as long as the skin depth (§) is much smaller than the significant radii of

curvature of the conductor.

For the TE,;; mode, the total power dissipated may be written as a sum of

the power dissipated over the guide walls in a length ¢ as

_ R
o |

Qs
Qe

a a
J | H$|2y=0 dz dz + J | Hzl2y=0 dz dz
0 0

+

D

b
I | Hf?_, dy dz}, (3.18)
0 .

where the factor of two accounts for twice the power dissipated on the bottom wall
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and twice the power dissipated in a side wall. Substituting the magnetic fields of
the unperturbed problem in (3.18) and integrating, we obtain the power dissipated

per unit length £ as

Py/t=Rg |H|* {(£) (14K (a/mP)+b}e %, (3.19)
where

k? = wleouy — (n/a)’.

Substituting the power dissipation per unit length given in Eq. (3.19) and
the power flow given in Eq. (3.9) into Eq. (3.6) with the cutoff frequency given in
Eq. (3.4) and B, as the k, given in Eq. (3.5), we obtain the attenuation in the guide

due to the conductor walls for a frequency f greater than the cutoff frequency f, as

_Bs [ 71 2b 2 m
o= ,/I_Wﬂz {1+ 22 (w9} (Np/m) (3.20)

where 7 is the intrinsic impedance of the dielectric filling the waveguide. In our
case, the free-space intrinsic impedance is given by 5, = % . This conduction loss
o

agrees with the form given by Harrington [1961], who considered a TEj; mode.

3.3 PERTURBATION OF THE CAVITY LOSS

In cavity resonators, electromagnetic fields exist only at specific frequencies,
called “resonant frequencies”, in the loss-free region enclosed by a perfect

conductor. When losses are present, a source must exist to sustain oscillations.

The technique considered uses a circular cavity strﬁcture, formed by a
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conductor enclosing a dielectric sample, and adapted to the end of a precision air
line as illustrated in Fig. 2.1. The dielectric is assumed to be lossy and the cavity
contains an aperture excited through the transmission line. This cavity structure is
used over a wideband of frequencies away from resonance, which will allow the
analysis of the problem to be done over a wide range of frequencies. Therefore this
technique is given the name “Wideband Dielectric Filled Cavity”, or WDFC for

short.

The objective of this technique is to characterize low-loss dielectric materials
by evaluating their complex permittivity é&. The complex permittivity ¢, which is a

function of frequency, is defined as
= et = € (ch — jel), (3.21)

where €, is the permittivity of free space, &, is the relative complex permittivity, €.
is the relative a-c capacitivity or dielectric constant, and € is the relative loss

factor representing the dielectric loss.

The purpose of this technique is to establish a relationship between the
complex permittivity of the dielectric (&) and the reflection coefficient (s;;) of the
cavity structure, using a full-field analysis of the problem. The quantity s;,
(magnitude and phase) is measured using an HP 8510B network analyzer. The
dielectric constant e}. of the dielectric has been successfully evaluated, while the loss
measured includes both the dielectric loss and that of the conductor walls. The
objective of this dissertation is to separate the dielectric loss from the measured
loss, using a perturbation approach. This method is based on the assumption that

the introduction of a small loss in the conductor walls does not substantially
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perturb the fields from their loss-free values. The loss in the conductor walls is to
be evaluated using the loss-free fields, and subtracted from the total loss in the
unperturbed cavity which is calculated from the measured reflection coefficient, to
estimate the dielectric loss. The unperturbed problem will be the problem of the
cavity region filled with a low-loss dielectric, enclosed with perfectly conducting
walls covering its surface except for an aperture coupling this cavity region to a
transmission line region. The unperturbed field has no tangential electric field
component at the conductor walls. The energy absorbed in the cavity is all stored
and dissipated in the dielectric. The electric and magnetic fields in the cavity
region will be represented by E and H respectively. The dielectric will be assumed
"

to have a dielectric constant €}, and dielectric loss €, where the subscript a stands

for apparent values.

The perturbed problem will be the original problem “perturbed” to have
imperfectly conducting walls. The solution for the fields is no longer exactly the
same, because the boundary conditions are changed. In particular, the tangential
component of the electric field at the walls is no longer zero. The electric and
‘magnetic fields in the cavity region for this perturbed problem are represented by
Ep and Ep, where the subscript p stands for perturbed. The energy absorbed by
the cavity is stored and dissipated in the dielectric as well as the conductor walls.
The dielectric constant and loss of the perturbed cavity will be represented by €,

and e}, where the subscript e stands for estimated values.

In both problems, Maxwell’s Equations must be satisfied as

’

VxE = —jwu,H, (3.22a)
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and
V x H = jwéE, (3.22b)

where pu, is the permeability of free space for a nonmagnetic dielectric.

Substituting with the complex permittivity € in Eq. (3.22b), we obtain

ng: jweo(flr—jfz")E,
or
VxH=1J,+J,, (3.23)

where J,, is the effective electric conduction current density, and 7de is the

effective displacement electric current density.

From these equations, the conservation of complex power equation for a

source-free region, for the unperturbed problem, may be derived as

[3ExB)eds = -2 G u, B - & (B do, (3.24)
S Vv
where S is the aperture surface area, V is the volume enclosed by the cavity
structure, and €, is the apparent value of the dielectric complex permittivity. This
equation says that the exciting complex power (in watts) is stored as electric and
magnetic energy in the dielectric, and dissipated in the dielectric. The power
dissipated in this unperturbed problem will be repfesented by P, There will be

two parts to the power dissipated in the cavity. One part is the power dissipated
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in the lossy dielectric (P;;) and another in the conductor cavity walls (P;,) such

that

Py= Py + Py, (3.25)

For the perturbed problem, the cavity is enclosed with imperfectly
conducting walls having finite conductivity o, that results in a surface impedance

as shown in the TE,; example, given by

The conservation of complex power equation for the perturbed problem may be

written as

I(%prﬁ;) o ds= 42“’]%"0 By~ 3 & [Byl) do
S |4
Z —
= 1 Byiang P s, (326)

Ay

where Ay, is the surface of the conducting walls, and ¢, is the estimated value of
the dielectric complex permittivity. This equation shows that the exciting power is

stored as energy and dissipated in both the dielectric and the conducting walls.

For high conductivity metals, with the skin depth of the conductor much
less than the conductor thickness, the fields inside the cavity are omly slightly
perturbed from the unperturbed problem case. An additional assumption that has

to be checked is that the skin depth of the conductor has to be much smaller than
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the significant radii of curvature (cavity radius ¢). If these assumptions hold, Ep
and Ep may be approximated by E and H. On the cavity walls the electric field is

no longer zero, but we assume that the magnetic field I_Ip has only changed

tang
slightly, so it may be replaced by ﬁtang of the unperturbed problem. After these

substitutions, Eq. (3.26) may be rewritten as

S vV

5| 1 B g I ds. (3.27)
Subtracting Eq. (3.24) from Eq. (3.27) we obtain

* —zsi Byangl? ds
& -&=— — . (3.28)
jw| |Ef? dv
|4

This perturbation equation has quadratic nature, ‘which is typical for the

perturbation approach.

Separating the real and imaginary parts of Eq. (3.28), the change in the real
and imaginary parts of the complex permittivity, with equal real and imaginary

parts of the conductor surface impedance, may be found as

RSJ |Etang|2 ds
S

" n  _ ! /! -
€ra— €re = —(€pg— €pe) =

(3.29)

eow| [BP do
vV
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According to this perturbation equation, the estimated value of the dielectric loss
will be lower than the apparent value, while the estimated value of the dielectric
constant will be higher than the apparent value. The low-loss dielectric in the
cavity has a dielectric constant (e) much higher than the related dielectric loss
term (€;). Thus, the change in the dielectric constant is expected to be negligible
relative to the change in the dielectric loss. This small change in the dielectric

constant thus becomes one check on the perturbation assumption.

The change in the dielectric loss will be the only one carried out, and may

be rewritten as

era_,; €re — S — , (330&)
€ra Jw €gera |E> dv Re {J(EX F)ods}
vV S
or
"/ _ Real power loss in the cavity conductor walls _ Pge (3.30b)
e Real power absorbed by the cavity - _Fd ’ )

where P 4 is the real power absorbed by the cavity, and P dc is the real power loss

in the conductor walls.

This discussion leads to the conclusion that the difference between the
estimated value of the dielectric loss term and the apparent value from the
unperturbed problem is equal to the ratio of the real powér dissipated in the
imperfectly conducting walls of the perturbed problem to the total real exciting

power in the cavity for the unperturbed problem. An equivalent form enables us to
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estimate the perturbed dielectric loss €}/, as

(3.31)

To get the estimated dielectric loss tangent from the apparent loss tangent,

we simply divide both sides of Eq. (3.31) with the dielectric constant €.

3.5.1 Real power absorbed by th:c unperturbed cavity

In evaluating the power absorbed by the unperturbed cavity, the measured
reflection coefficient of the cavity structure will be used. The ratio of the =z
directed time-averaged transmitted power density (S‘t‘,) to the z-directed time-
averaged incident power density (Sffz) is proportional to the magnitude of the
transmission coefficient squared and weighted by the intrinsic impedances of the

two media, which in terms of the magnitude of the reflection coefficient is given as

St=(1- |s,[?) Sk (3.32)

For unity incident power, the incident magnetic field at the aperture is

given by Eq. (2.46) as

H = 1 , 3.33
¢~ p /1,7 la (b/a) (3.33)

and the incident electric field at the aperture is

g Vo . (3.34)

P p ;;wln (b/a) _
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The incident power is determined by the integration of the incident zdirected

power density over the aperture surface given as

27 b
i (1T _
P_L(QExH*).ds_ll%ln(b/a _p dp s, (3.35)

which will give unity incident power. So the transmitted power to the cavity or

the dissipated power (in Watts) in the cavity is
Pd = (1= [syf*) (3.36)

3.3.2 Real power dissipated in the walls of the perturbed cavity

The power dissipated in the cavity walls will be evaluated using Eq. (3.17)
discussed in section (3.2) and given as
Ry

Py = 2 J lEtanglz ds,
Ay

with Ay representing the cavity walls surface. The total power dissipated in the
walls is the sum of the powers dissipated, as shown on Fig. 3.3, in the front (P d f)’
back (P ;;), and side (P ;) walls as given by

For the front wall, the surface has two parts, as shown in Fig 3.3, one is a
circle covering the center conductor with radius a, and the other is a ring with

inner radius b and outer radius ¢. The only component of the magnetic field
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tangential to this surface is the ¢-component of the magnetic field in the cavity
region, so the power dissipated in the front wall will be evaluated according to

Eq. (3.17) is

2T

R, f B B*
Pdf—T{lJ ( HEHE* ).o pdpag

2T ¢
+ j ngag* )ezo P dp d¢}- (3.38)
0 b

The ¢-component of the magnetic field in the cavity is given as a sum of all

possible modes as given by Eq. (2.62) as

B = —joe 3o S Vol 5,8 ) cos(hd (s ), (3.39

m=1 n=0 z

where the coefficients V,, are the expansion coefficients of the magnetic current

distribution on the aperture (M) in terms of the expansion functions M, as

M=YV,M,

n

and the coefficients Cyy,, are given by Eq. (2.60) as

b
— -2
Crn = & I (kmec) sin(kfmd) an Jl(k'mep) pdp. (3.40)

The constants kgm must satisfy the condition given by Eq. (2.43) as

JO (kgmc) = 0,



61

and kfm are computed from Eq. (2.44) as

By introducing new coefficients C,, Eqgs. (3.39) and (3.40) may be rewritten as

M N1V, C,;,,,Jl(kgmp) cos(kfm(z— d))

2 = jwe 3.41

H¢ e mz=:1 =0 mcJ, (kgmc) sin(kfmd) kfm ’ (3.41)
where

Cmir = V7 ¢ J1(k5_c) sin(k2 d)] Cpup - (3.42)

Each mode in the cavity propagates energy as if it exists alone. Hence the total

power dissipated is a summation of the powers dissipated by each mode.

Because of the orthogonality of the mode vectors, there will be no cross
terms when we integrate over the entire cavity cross section. Since the magnetic
field in the transmission line and the cavity regions are equivalent over the

aperture, Eq. (3.38) may be rewritten, to use this orthogonality, as

27

J T (Hgﬂg* )z2=0 pdp d¢
0

0

R,
= ]

2w b

a

where the superscript A stands for the transmission line region, and B stands for

the cavity region. Substituting the ¢-component of the magnetic field for both
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regions in Eq. (3.43), we obtain

M Jwecos(k d) ’ mp)
Pdf=RsmE=1{ kB skad} l}{zl nCmnl}{J chszB c) pdp}

27

b
EI m |2I I| h.l*p dp do. (3.44)

n=0
The functions h, are defined in Eq. (2.53) as

Bl(kA p)
\/r[sz (k2 b) — a?B (£ o)

hn(P) =

where a and b are the transmission line radii, and Bl(kﬁnp) are the Bessel functions

given by Eq. (2.28) as
By( = Nk} a) J(K} p)— Jo(k a) N (kS p),

The coefficients k‘;,ln are obtained from the following equation

N, (K5 a) J; (kp 8) = J, (K5 a) Ny (K, B)].

By evaluating the integrations in Eq. (3.44), we obtain the final closed form given

as

R, [ Jwecosde)
Pdf=‘z‘{,,;{‘ .

T PHE e wl} - SITER 0)
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The power dissipated in the back wall will be evaluated as the power
dissipated in a wall made of a complete circle with radius c. The only tangential
component of the magnetic field to this wall is the ¢-component. So Eq. (3.17)

becomes

27

=§2_sl

Because of the orthogonality of the modes of the magnetic field in the cavity

c
j (HE HE*),_q p dp b . (3.46)

region, there are no cross terms in the evaluation of the power. Substituting the ¢-
component of the magnetic field of Eq. (3.41) in Eq. (3.46), and evaluating the
integration, we obtain

- Rs X J

=1

Finally the power dissipated in the side wall is the power dissipated in a ring
with a thickness (d) being that of the dielectric sample in the cavity structure.
As a first estimate, the cross terms will be neglected to get the power dissipated in

the side wall.

Again the only tangential component to the side wall is the ¢-component of
the magnetic field. Using Eq. (3.17), the power dissipated in the side wall is

evaluated as

d
= s
ds 2
0

Substituting the ¢-component of the magnetic field of Eq. (3.41) in Eq. (3.48), and

2

=

T
( Hgﬂg* )p=c ¢ dd dz. (3.48)

0
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evaluating the integration, the following closed form is obtained:

R, i nh(28, sin(2am Jwé
Pys=7 2 {‘2‘1 [ 8m2(ﬂmd 4 ’E(aidd) ]} {I T d) Iz}

m m

N-1
{5 o} (3.49)
n=0
where a,, and f,, are the real and imaginary parts of the propagation constants
Icfm. Away from radial resonance, the magnitude of the magnetic field in the side
wall is negligible compared to its respective value in the front and back walls. So
the power dissipated in the side wall is negligible compared to the total power loss
in the walls, but it will still be evaluated for checking and will be taken into
account. Then neglecting the cross terms, in evaluating the power loss in the side
wall, has a minimal effect on the total power loss in the conducting walls, and

therefore on the estimation of the dielectric loss tangent.

Once the power dissipated in the unperturbed cavity, and the power
dissipated in the imperfectly conducting walls of the perturbed cavity are
evaluated, the dielectric loss tangent may be separated from the apparent loss
tangent using the perturbation equation discussed earlier in this section and given

in Eq. (3.31).

A FORTRAN program was written to compute the estimated dielectric loss
tangent, given the apparent dielectric constant and loss tangent, the conductor
conductivity, and the measured reflection coefficient magnitude as function of

frequency. The FORTRAN program is listed in an Appendix. |



65

3.4 SUMMARY

A perturbation approach has been developed to solve for the attenuation
introduced in a rectangular waveguide due to the imperfectly conducting walls of
the guide. The developed perturbation approach was then applied to the
unperturbed cavity problem analyzed in Chapter 2 with perfectly conducting walls.
The perturbation technique takes into account the loss in the imperfectly
conducting walls of the cavity structure. The total power loss in the unperturbed
problem was computed from the measured reflection coefficient. The power loss in
the cavity walls was evaluated using a perturbation approach and separated from
the total loss. The dielectric loss tangent was determined from the apparent loss
tangent computed from the unperturbed analysis and the ratio of the power loss

solely in the dielectric to the total power loss in the cavity.



CHAPTER 4
SIMULATION AND EXPERIMENTAL RESULTS

4.1 INTRODUCTION

The perturbation approach has Been developed in the previous chapter. It
has been applied to the unperturbed problem presented in Chapter 2. This
technique may be used to characterize dielectric materials in the microwave
frequency range. The method has been implemented on a computer to determine
the loss in the cavity walls, given specific conductor properties. The total power
dissipated in the cavity has been determined from the magnitude of the measured
reflection coefficient. The dielectric loss tangent is estimated from this total power
by subtracting the estimated loss in the walls. Simulation for a given problem,
showing the process, the measurements, and the results, is presented in Section 4.2.
Experimental work is used to verify this method as well as to demonstrate the use
of this technique, including dielectric loss determination for two Dupont polymers
used in the construction of hybrid integrated circuits and multilayer structures.
Experimental results for the Dupont polymer Pyra.lux®, and for low-temperature

M

co-fireable multilayer ceramic (LTCC), known as Green TapeT are presented in

Sections 4.3, and 4.4, respectively.

4.2 PROBLEM SIMULATION

A typical problem is simulated in order to check the validity of the loss
technique. The cavity structure is formed by enclosing the dielectric in a

cylindrical cavity bounded by a low-loss conductor. The dielectric constant was
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chosen to be 5.0, characteristic of typical values. The thickness of the dielectric
was assumed to be 0.02 cm (8 mils). The front and back walls were composed of a
conductor with conductivity of 6x10° S/cm and the edges represent silver paint

with conductivity of 2x10° S/cm.

In order for the apparent dielectric loss tangent to include the loss in the
cavity walls, it was determined as shown in Fig. 4.1. This loss tangent consists of a
constant value for the dielectric loss plus a conductor loss term which varies as the
3/2 power of frequency as seen from Egs. (3.16), (3.17), and (3.41). The
unperturbed analysis was used to compute the reflection coefficient for the different
values of apparent dielectric loss over the frequency range from 45 MHz to 5 GHz.
The resultant reflection coefficient for the problem is shown in Figs. 4.2, and 4.3.
The perturbation analysis was then used to compute the power loss in the cavity
from the magnitude of the reflection coefficient using Eq. (3.36) and the power in
the walls from Eqgs. (3.45), (3.47), and (3.49). The total power dissipated in the
cavity as well as the power in the cavity walls are shown in Fig. 4.4. Perturbation
is used to estimate the dielectric loss tangent from Eq. (3.31). Fig. 4.5 shows the
estimated loss tangent after perturbation as well as the apparent loss tangent for
the unperturbed problem. The estimated loss tangent demonstrates a constant
value as expected. The method does not explicitly impose any frequency

dependence model for the dielectric.

The technique separates the conductor loss from the total cavity loss to
improve the estimate of the dielectric loss. The next two sections consider the
characterization of typical dielectric materials used in the microelectronics

industry.
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Figure 4.1. Apparent dielectric loss tangent versus frequency in Hz, for
the simulated problem with € =5.0, d=.02cm,

op=0g= 6x10° S/cm, and O = 2x10% S/cm.
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Figure 4.2. Reflection coefficient (magnitude) versus frequency in Hz,
for the simulated problem with € =5.0, d=.02cm,

op =0 = 6x10° S/cm, and o = 2x10° S/cm.
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Figure 4.3. Reflection coefficient (phase) versus frequency in Hz, for
the simulated problem with € =5.0, d=.02cm,

Op =0 = 6x10° S/cm, and o = 2x10° S/cm.
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Figure 4.4. The total power loss in the cavity, the power loss in the
front, back, and side wall, and the total power loss in the
cavity walls versus frequency in Hz, for the simulated
problem with ¢ =5.0, d=.02cm, op =0g = 6x10° S/cm,

and op =2x10% S/cm.
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Figure 4.5. The apparent and estimated dielectric loss tangent versus
frequency in Hz, for the simulated problem with € = 5.0,

d=.02cm, op =0 = 6x10° S/cm, and o = 2x10° S/cm.
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43 DIELECTRIC LOSS DETERMINATION OF PYRALUX®

Pyralux® is a Dupont polymer used in the construction of flexible, hybrid
integrated circuits. The perturbation technique is used to separate the conductor
loss in order to estimate the dielectric loss tangent. Small corrections to the

dielectric constant may also be incorporated, but typically are of little significance.

The Pyralux® samples were fabricated in the microelectronics facilities at
Virginia Tech following precise processing steps [S. Riad, A. Riad, and W. Davis,
1990]. The samples were made from a 3"x 3" layer of Pyralux® LF-9121, with the
structure shown in Fig. 4.6. The samples were punched to a radius of 7.458 cm, to
fit the stainless steel sleeves of a 7 mm connector used on the HP 8510B network
analyzer. The required layout for the top layer of copper forms the electrical
contacts to the coaxial cross section of a 7Tmm connector terminating the
transmission line, as shown in Fig. 4.7, with an inner conductor radius of 0.15 cm
and an outer conductor radius of 0.35 cm. This layout was designed with a
computer aided design (CAD) program. The pattern was plotted on a rubylith
with an enlargement ratio of 10. The pattern was photoreduced and necessary
parts were blanked for etching. The copper layer on one side of the samples was
then etched using the spray etcher. The other side was left with copper covering
the entire back wall of the cavity. The edges of all the samples were painted with

silver paint to reduce errors of a possible air gap.

The reflection coefficients (s;;) of these samples were measured using a
frequency-domain fixture on the HP 8510B network analyzer with a one-port full
reflection calibration.  Figs. 4.8 and 4.9 show typical reflection coefficient

®

measurements for the Pyralux™- samples. The functional relationship between the

reflection coefficient and the complex permittivity of the dielectric samples was



74

SRR ARAL
I%&MWQO
A“

4 mil Copper

1

ive

Adhes

<
=
=

2 mils Kapton

Silver Paint

Pyralux® samples structure.

Figure 4.6.
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modeled with the full-field analysis of Chapter 2. The samples were analyzed using
the unperturbed analysis to determine the dielectric constant and the apparent
dielectric loss tangent providing an upper bound on the true dielectric loss tangent.
Perturbation is then applied to the results of the unperturbed problem to estimate

the true dielectric loss tangent.

The upper bound of the apparent loss tangent is shown in Fig. 4.10 for the
frequency range of 45 MHz to 5 GHz starting at 0.015 and increasing to 0.027. The
computed complex unperturbed permittivity was used to compute the power
dissipated in the cavity walls as shown in Fig. 4.11. The wall losses are subtracted
from the total loss to obtain the power dissipated solely in the dielectric. From the
ratio of the power dissipated in the dielectric to the total power dissipated, the
dielectric loss tangent of the dielectric is estimated from Eq. (3.31) as shown in

Fig. 4.12.

The loss tangent estimated using the perturbation technique demonstrates a
reasonable behavior with respect to frequency as the frequency dependent
conductor loss has been separated from the apparent loss. The resulting loss
tangent agrees with the published results [Riad, 1991] obtained by the Material
Characterization Group at Va Tech using different techniques including
transmission line and stripline techniques and by the Dupont Electronics at the

Dupont Company using T- and cavity resonators.

44 DIELECTRIC LOSS DETERMINATION OF GREEN TAPE™

This section presents the results of measurements and application of the
perturbation technique to Green Tape™. The Green Tape™ dielectric is a

Dupont ceramic material used in multilayer technology.
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The samples were also processed in the microelectronics facility at Va Tech
following the material processing and the sample preparation steps listed in the
1990 Dupont Final report [Riad, 1990]. The sample preparation starts by
laminating 8 layers of 3"x 3" squares of Green Tape™ material, each layer being
3.7 mils thick for a total thickness of 29.6 mils. The dielectric material was
punched in a circular shape with a radius of 0.8244 cm to allow for the shrinkage
factor due to the firing process that gives the dielectric its hard ceramic
consistence. The final processed samples have a 0.7458 cm radius to fit the
stainless steel sleeves of a 7 mm connector used on the HP 8510B network analyzer,
and a dielectric thickness of 27 mils. The required layout for the conductor layer
was designed with a computer aided design (CAD) program with an enlargement
ratio of 10.. The pattern was plotted on a rubylith and photoreduced to create the
necessary screens. The dielectric samples were then screen printed, using silver
paste on one of the sides of the ceramic samples, to match the cross section of a
7mm connector. The other side of the samples and the edges were painted with
silver paint to completely enclose the samples and give them the necessary cavity

structure for adapting to the end of the transmission line.

The HP 8510B network analyzer was used to measure the reflection
coefficient of the samples. This measured reflection coefficient is shown in
Figs. 4.13 and 4.14. Using the unperturbed analysis, the complex permittivity of
the Green Tape™ was evaluated for the frequency range of 45 MHz and 4 GHz
with a resultant apparent dielectric loss tangent between 0.003 and 0.015 as shown
in Fig. 4.15. Using this information in the perturbation analysis, the power in the
unperturbed cavity as well as the power in the cavity walls was computed as shown
in Fig. 4.16. The resultant estimate of the dielectric loss tangent is shown in

Fig. 4.17.
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Figure 4.13.  Typical Green Tape™ reflection coefficient (magnitude).
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The dielectric loss tangent estimated after separating the loss of the
conductor walls from the apparent loss demonstrates a reasonable behavior and

compares well with the published data [Tyler, 1990].

45 SUMMARY

A simulation problem using typical values for dielectric constant, dielectric
loss tangent, cavity dimensions, and conductor conductivity for the cavity walls has
been considered to demonstrate the use of this technique including the reflection

coefficient measurements and the computation of the dielectric loss tangent.

Measurements were made on two Dupont dielectric materials. The sample
preparation, the measurements made with the network analyzer, and the estimated
dielectric loss tangents using the perturbation technique were presented and agreed

with published data on the materials.



CHAPTER 5

ERROR ANALYSIS

5.1 INTRODUCTION

The potential sources of errors for the measurement and perturbation
technique may be grouped into three general categories: samples uniformity and
geometry, calibration and measurements errors, and errors occurring in the
numerical process. In addition to these errors, the technique has additional

limitations as discussed in Section 3.3.

The measured data includes the magnitude and phase of the reflection
coefficient of a dielectric-filled cavity. The sensitivity of the reflection coefficient
to the dielectric constant, the loss tangent, and the sample geometry will be

established analytically through the use of a simple model and numerically.

The samples, made to fit the Tmm connector of an HP 8510B network
analyzer, are assumed to be uniform in their geometry and constructed from
homogeneous materials. Both the uniformity and homogeneity may be possible
sources of error, but the effects on the results are assumed to be negligible and will
not be investigated in this work. The samples are made of a dielectric enclosed in
a conductor cavity with an aperture adapting to a precision air line. A precise
measure of the dielectric thickness is difficult to obtain. The thickness is a
potential source of error since this technique is highly sensitive to this dimension.
The cavity radius becomes critical when approaching the radial resonant frequency.

The error effects of these two dimensions will be investigated.
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Some of the potential sources of errors in the measurement process includes
the resolution of the different subsystems, round off errors, and system noise. The
HP 8510B network analyzer used for the reflection coefficient measurements is a
sophisticated equipment with a carefully analyzed system performance. A
simulation study, with a random Gaussian noise, based on the instrument
uncertainty specifications, added to a simulated reflection coefficient, has been
conducted to evaluate the complex permittivity computational behavior in the
presence of noise. Related errors result from the effects of system calibration and

imprecision of the calibration standards.

The numerical process provides an additional source of error. The
truncation of the number of modes in both the transmission line and the cavity
regions may lead to a nonconverging solution or one converging to an incorrect
solution as discussed in Section 2.5. As a check on the accuracy of the perturbation
technique from a purely computational point of view, the technique is used in both
a forward and a reverse sense. The forward problem is used to simulate data from
which the reverse problem should retrieve the original sample model for different
geometrical variations. Also the perturbation technique assumes knowledge of the
cavity wall conductivity resulting in a potential error due to an incorrect estimate

of conductivity.

The limitations of the perturbation technique come from the assumptions
made in the development of the technique. The frequency range limits will be

discussed.
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Some error definitions used in this chapter include

Relative error in g = SHOLID T |

Percentage error in z = SIIOLID T x 1(Q,

and

error in z

: x 100.
error in y

Sensitivity of z to y =

5.2 MEASUREMENT SENSITIVITY

The measured data includes the magnitude and phase of the reflection
coefficient of a dielectric-filled cavity. The unperturbed analysis relates the
measured reflection coefficient to the complex permittivity of the dielectric. The
sensitivity of the reflection coefficient to the dielectric complex permittivity and

the sample geometry is considered analytically and checked numerically.

For thin dielectric structures, The dielectric-filled cavity structure may be
approximated as a capacitor with an added conductance. This problem is modeled
as shown in Fig. 5.1, where the fields are assumed to be concentrated under the
transmission line inner conductor and fringing may be neglected. The circuit

parameters are given as

c=c4 (5.1)






93

and

G=04_wdA (5.2)

where A is the area of the inner conductor given by wa?, and d is the dielectric
thickness. The source resistance R, is 50 §) for the matched line. The reflection
coefficient, defined as the ratio of the complex amplitudes of the reflected and
incident voltage waves at the load, is a complex quantity with a magnitude
|s;1| 1. This reflection coefficient may be written in terms of the characteristic

and load admittances as

Y,—-Y,
S11 = YZTYz ) (5.3)
where Y,= 0.02 mhos, and Y, = G+ jwC, or equivalently as
f-€r—je
= 5.4
51 7 €"r+j€’r, (5.4)
where fis defined as
Y,d
f= w.fleo' (5.5)

For typical values of d=.02cm and a=0.15cm, at a 1GHz frequency, the value of f

is about 10.

Evaluating the magnitude and phase of the reflection coefficient of Eq. (5.4),

we obtain

f+e’+e?—2f;
]a + €:,. 2 + 6",? )

(5.6)

|511| =
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and

t -1 = 6’1‘ ¢ -1 6’7‘ (5 7)
S =1ian —ian = —-. .
" = +eh

Neglecting €';. with respect to fin Eqs. (5.6) and (5.7), the following relations may
be obtained

2fe'y (5.8)

| I 1 ’
a'nd

'
s, = —2 tan1 <. (5.9)
K f
From these equations (5.8) and (5.9), it is clear that the magnitude of the reflection
coefficient is affected mainly by €. and the reflection coefficient phase is affected

mainly by €.

The sensitivity of the reflection coefficient to the dielectric constant and
dielectric loss in the unperturbed analysis was computed numerically by
Saed [1987] and showed that the magnitude of the reflection coefficient is indeed
sensitive to the dielectric constant while the phase of the reflection coefficient is

only sensitive to the dielectric constant.

By substituting f with the expression given by Eq. (5.5) into Eqs. (5.8) and
(5.9), one may show that both the magnitude of the reflection coefficient and the
phase are proportional to the dielectric thickness (d) as presented numerically in

the next section.
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5.3 GEOMETRICAL ERROR ANALYSIS

The dielectric samples are typically made by laminating various layers of
the dielectric material with a conductor either printed or etched on the front layer
to adapt to the network analyzer connector. Estimation of the dielectric and
conductor thickness in a sample is complex, requiring separate blank and conductor
coated samples. However, the microstructure at the conductor-dielectric interface
and the potential nonuniformity in the sample surface make any measured

thickness estimate imprecise. Thus variation with geometry is of prime concern.

The first study conducted in this chapter considers the complex permittivity
of a dielectric with a thickness 0.020 cm. The reflection coefficient for this material
with dielectric constant of 5.0 and an apparent loss tangent as shown in Fig. 5.2
was computed using the forward analysis discussed in Chapter 2. The complex
permittivity estimate is obtained from the unperturbed analysis for various
thicknesses of the dielectric thicknesses including a =+ 20% relative error. The
resultant dielectric constants and loss tangents are shown in Figs. 5.3 and 5.4.
Relative errors in both the dielectric constant and dielectric loss tangent with
respect to a relative error in the dielectric thickness are computed and shown in
Fig. 5.5. At 1 GHz frequency, the sensitivity of the dielectric constant to the
dielectric thickness is 85%, while the sensitivity of the dielectric loss tangent to the
dielectric thickness is 50%. Thus excessive precision must be given in estimating

the dielectric thickness.

The next consideration deals with the radial dimension of the cavity region.
The samples must have a radius of 0.7458 cm in order to adapt to the 7mm
measuring equipment connector. If a sample has a smaller radius, it still fits into

the network analyzer connector, but may create an error in the computation of the
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complex permittivity near resonance. This error is not expected to be large since
the fields at the cavity edges are minimal except near resonance. The complex
permittivity will be estimated using a cavity radius with a —5% and a —10% error
relative to the radius used to simulate the reflection coefficient. The dielectric
constants and loss tangents are shown in Figs. 5.6 and 5.7. At 1 GHz frequency,
the sensitivity of the dielectric constant and loss tangent to the cavity radius does
not exceed 4% as shown in Fig. 5.8. Only a negative estimate in the radius has
been considered due to the physical limitation of the sample holder formed by the

connector structure.

54 MEASUREMENT ERROR ANALYSIS

The reflection coefficient of the dielectric-filled cavity is measured using an
HP 8510B network analyzer. According to the specifications of this instrument,
there is an uncertainty of 0.04 for the reflection coefficient magnitude and 3 degrees
of uncertainty in the phase for a reflection coefficient of unity through 8 GHz.
Gaussian random noise with these basic specifications was added to the simulated
reflection coefficient to simulate realistic measured data. The computed dielectric
constant and loss tangent for this problem with the added random noise to the
reflection coefficient are shown in Figs. 5.9 and 5.10. These results have the same
general behavior as the computed results from actual measured data using the HP

8510B network analyzer as the apparent loss tangents shown in Figs. 4.10 and 4.15.

5.5 PERTURBATION TECHNIQUE ERROR ANALYSIS

The numerical process in the perturbation technique- used to separate the
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conductor loss of the cavity walls from the total loss is the last potential source of
error to be considered. To check this numerical error, the perturbation technique
is used in a forward sense to compute the power dissipated in a simulated problem
with an €} of 5, an €'} of 0.01, a thickness of 0.02 cm, and a conductor conductivity
of 6x10° S/cm. This conductor loss is then added to the dielectric loss of 0.01 to
give the apparent loss tangent as in Fig. 5.2. Using the perturbation technique one
more time in a reverse sense to compute the dielectric loss of 0.01. The percentage
relative error in the estimated loss tangent is minimal, as shown in Fig. 5.11. The
relationship between the error in the dielectric loss estimate and the absolute
thickness of a dielectric sample is considered. The forward analysis was used to
determine the reflection coefficient for three thicknesses (d=0.02cm, 0.0lcm and
0.005cm). Perturbation analysis was then used to estimate the dielectric loss
tangent for each of the cases and results were compared to the initial values of the
dielectric loss tangent. The percentage error in the estimated dielectric loss
tangent increases sharply with deceasing the thickness of the dielectric as seen from
Figs. 5.11, 512, and 5.13. These results indicate a limitation on the perturbation
technique. For an expected error of less than 0.1% in the estimation of the
dielectric loss, the dielectric thickness must be at least 0.0lcm for low dielectric
constants over the frequency range of interest. This limitation will vary slightly for
different dielectric constants and frequencies. The general recommendation is to

use samples as thick as possible to guarantee small numerical error.

To use the perturbation technique in order to compute the power loss in the
cavity walls and separate it from the total cavity loss, the conductivity of the
conductor material must also be known. To study the effect of this conductivity on
the estimated dielectric loss, a simulation has been created for a dielectric constant

of 5.0 and a dielectric loss of 0.01 with an added conductor loss for a conductor
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with a conductivity of 6x10° S/cm, giving the apparent loss tangent shown in
Fig. 5.2. The perturbation technique was used to estimate the dielectric loss
tangent of the simulated problem for different assumed values of conductor
conductivity. Fig. 5.14 shows the apparent dielectric loss tangent and the
estimated loss tangents with various assumed conductivities. The assumed
conductivities included the original value of 6x10% S/cm for the front and back
walls of the cavity and 2x10% S/cm for the side walls of the cavity and two
additional set of values with +10% error. The relative error of the loss tangent is
a function of the frequency as seen from Fig. 5.15. At a 3 GHz frequency the
relative error in the estimated dielectric loss versus the error in the conductor
conductivity is shown in Fig. 5.16. At this frequency, the sensitivity of the
perturbation technique to the estimation of the conductivity is 40%. This source of
error puts a limitation on the use of the technique in the absence of a good
estimate of the conductor conductivity. If not known accurately, a higher estimate
of the conductivity is then recommended since it will give an upper bound on the
dielectric loss tangent. This sensitivity may be reduced by the use of a thicker

dielectric sample as suggested in the previous study.

5.6 PERTURBATION TECHNIQUE LIMITATIONS

Assumptions were made in Chapter 3 when developing the perturbation
approach. These assumptions are now conditions to be satisfied in order to use the
developed technique. The first condition is that the conductor walls must be
constructed from high conductivity conductors such that o > we,. This puts a
higher limit on the frequency to be used. For conductivity of 1x107 S/m, this

upper limit is about 1x1016‘Hz, which is well above the frequency range of interest.
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The second condition is that the conductor thickness must be larger than the skin
effect such that 29/ <1, or 2d> 6, where 6§=,/2/wpuso. For conductivity of
1x107 S/m, and conductor thickness of 0.2mil, the lower limit on the frequency is

about 4 kHz. This lower limit on the frequency is well below the range of interest.

5.7 SUMMARY

Potential sources of error in the measurement and perturbation technique
have been discussed in this chapter. The unperturbed cavity problem has been
represented by a simple model for thin cavity structures. From the model, the
sensitivity of the reflection coefficient to the dielectric characteristics and the
cavity geometry was considered analytically. The sources of error were grouped
into three general categories. The first group is related to the sample geometry,
where two dimensions have been considered: the dielectric thickness and the cavity
radius. The next category includes possible sources of error related to the
measurements. The effect of the random noise generated by the measuring
equipment was considered. The last source of errors was the numerical process.
The considered errors included those generated in estimating the dielectric loss
tangent using the perturbation technique, their relation to the dielectric thickness,
and the effects of an error in estimating the conductor conductivity needed to be

known for the use of the perturbation technique.



CHAPTER 6

CONCLUSION

The wideband dielectric-filled cavity technique, developed by Saed [1987],
estimates the dielectric constant and the loss tangent of the material within a
cavity from measured reflection and transmission coefficients of the cavity
structure with known geometrical dimensions. Based on measurements for some
low-loss materials with known properties, the dielectric constant was satisfactorily
estimated while the loss tangent was typically overestimated, providing an upper
bound on the loss tangent. The overestimation was attributed to the fact that the
conductor walls of the cavity structure are not ideal (infinite conductivity) as
assumed in the cavity analysis. Thus, the estimated loss tangent included the
conductor loss. The goal of this research was to account for the conductor loss in

order to obtain a better estimate of the dielectric loss.

In order to separate the conductor loss from the total cavity loss, a
perturbation approach was used. The unperturbed problem was the cavity
structure with assumed perfectly conducting walls, while the perturbed problem
included the effect of imperfectly conducting cavity walls. For high conductivity
walls, the fields in the cavity are only slightly perturbed from the unperturbed
case. The unperturbed magnetic fields at the walls are used to approximate the
surface currents at the walls. The power loss in the cavity walls are computed
from these perturbed currents. The total loss in the cavity was computed in the
unperturbed problem from the magnitude of the measured reflection coefficient.

Subtracting the power loss in the cavity walls from the total power loss in the
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cavity, the power loss in the low-loss dielectric was determined. With the ratio of
the power loss in the dielectric and the total power loss in the cavity, the loss
tangent of the dielectric under test was evaluated from the apparent or effective
loss tangent computed with the unperturbed analysis. As a result of this

perturbation technique, improved accuracy in the dielectric loss was obtained.

The unperturbed analysis was developed in this work using a Dyadic Green’s
function formulation. This basic Green’s form was developed for two general
regions in order to determine the equivalent aperture magnetic current between the
two regions. This solution form has been applied to the cavity structure under

consideration.

The solution of the unperturbed problem was studied with respect to
convergence to an asymptotic value of reflection coefficient. A ratio of the
numbers of expansion terms in the Green’s functions for the two regions was found
to be related to the geometrical dimensions of the two regions. A minimum
number of terms in the two regions, related by that ratio, was determined in order
to give a reasonable convergence. To verify, as well as to demonstrate, the use of
the perturbation technique, two Dupont dielectric materials were characterized
using the technique, giving results comparable to published results obtained by

other techniques.

Recommendations for use of the perturbation technique were made based on
error analysis done of the technique, including sample geometry, frequency
measurements and numerical processing. Some of the recommendations include
the use of thick dielectric samples to reduce the numerical error. It was also
recommended to use an overestimate of the conductor conductivity, when an

accurate estimate is not available, to obtain an upper bound-on the dielectric loss
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instead of underestimating the value.

Limitations also exist in the assumptions necessary for the formulation of
the perturbational application to the specific problem of the wideband dielectric-
filled cavity. The interface between the dielectric and the conductor walls was
assumed to be smooth and uniform. The thickness of the conductor walls was also
assumed to be larger than the skin depth. The skin depth puts a lower limit on the
frequency range over which this technique is expected to provide improvement
successfully. Below this frequency, the results obtained applying this technique

may be questionable, but should have only provided minor changes to the results.

This technique was proven to be successful and may be used by commercial
industries to characterize the dielectric materials used in hybrid integrated circuits
and multi-layer structure technology. Possible future work may include the
expansion of the work done in this research to the transmission cavity structure

developed by Saed [1987)].



APPENDIX

L e e L
Cx Program PERT (Perturbation)
C * THIS PROGRAM ESTIMATES THE LOSS OF A DIELECTRIC SAMPLE PLACED
C * IN THE CAVITY REGION OF A WIDEBAND DIELECTRIC FILLED CAVITY
C « ADAPTED TO THE END OF A TRANSMISSION LINE.
C * IT CALCULATES THE POWER DISSIPATED IN THE CAVITY FROM
C * MEASUREMENTS, SUBSTRACT FROM IT THE POWER DISSIPATED IN THE
C * CONDUCTOR WALLS TO GET THE POWER DISSIPATED IN THE DIELECTRIC,
C * FROM WHICH THE DIELECTRIC LOSS IS ESTIMATED.
C * GIVEN DIMENSIONS OF THE CAVITY (A, B, Radius, THICK. D), Freq,
C * Epslp, EpsIDP, CONDUCTORS’ CONDUCTIVITY (Sigma) AND S11(MAG).
Cokkrarkskkirkkkakrrhkihrhlkmrihkeorrk kR k kR Kk
CxxxxxParameters
INTEGER NAmax,NBmax
Cx*++x+DEFINE MAXIMUM DIMENSIONS OF REGIONS A & B MODES
PARAMETER (NAmax=50,NBmax=200)
COMPLEX*16 YMat(NAmax,NAmax),Y(NAmax),RESINT(NBmax,NAmax)
COMPLEX*16 ARR(NBmax),Sum,Eta(NAmax),VOEta
REAL+8 CONSM(NAmax),MSVOEta,VOEtaS
REAL+8 PB,HRoF1,HRoB,HR0S,ARRES(NBmax),RsF,SigmaF
REAL#*8 Roots(NAmax),RKCS(NAmax),CONSB(NBmax),SigmaS
REAL#8 Zeros(NBmax),ALP(NAmax),BET(NAmax),PF,PS,RsS
REAL+8 SARR(NBmax),FARR(NBmax),ARRS(NBmax),RMAG,TEpsDP
REAL*8 AES(NBmax),ProdS,FT(NBmax),ARES(NBmax),Pt,TPd,ALT,ELT
REAL=8 Eta0,SpLite,C,Radius,D,Freq,EpsP,EpsDP,P1,A,B,Eps0,Mu0
REAL#8 XNA,ARG1,RJOKB,RJ1KA,RNOKB,RN1KA,RJ1KB,RN1KB,DEN,XMNB
REAL+8 CONS0,RK2,RK1,VAL,T1A,T1B,V1,V2,W,SumS,Pd,SumSS
INTEGER NModeB,NModeA,ICnt,JCnt,NP,IW
CHARACTER=*30 XXXXX,YYYYY
COMMON /B1/ C

Cx**xxDEFINE CONSTANTS
PI=DACOS(-1.D0)
Eps0=1.D0/((36.D+11)*PI)
Mu0=PI+4.D-09
SpLite=DSQRT(Eps0+«Mu0)
Eta0=DSQRT(Mu0/Eps0)

C#xxxxDEFINE DIMENSIONAL CONSTANTS
A=0.152D0
B=0.35D0
C=B/A

C#*+++DEFINE NUMBER OF MODES IN THE TWO REGIONS
NModeA=20
NModeB=75

Ca++++START DATA READ
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WRITE(x,x) ’ENTER INPUT FILE NAME FOR FREQ,rmag,EpsP AND EpsDP °’
READ(,1) XXXXX

1 FORMAT(A30)
OPEN(4,FILE=XXXXX)
WRITE(*,+) "ENTER OUTPUT FILE NAME FOR DISSIPATED POWER ’
READ(+,6) YYYYY

6 FORMAT(A30)
OPEN(3,FILE=YYYYY)

WRITE(*,*)’)ENTER THE RADIUS (IN CM) OF THE SAMPLE HOLDER’

READ(*,*) Radius

WRITE(*,*)’ENTER THE SAMPLE THICKNESS (IN CM)’

READ(*,*) D

WRITE(*,+*)’ENTER THE NUMBER OF DATA POINTS’

READ(*,%) NP

WRITE(*,+)’ENTER THE FRONT & BACK CONDUCTOR CONDUCTIVITY IN S/CM’
READ(*,*) SigmaF

WRITE(*,+*)’ENTER THE SIDE CONDUCTOR CONDUCTIVITY IN S/CM’

READ(*,x) Sigma$S

C#+++++xREAD THE Roots OF THE BESSEL-NEUMANN COMBINATION AND THE Roots
OF
Ckxxx ZERO ORDER BESSEL FUNCTION OF THE FIRST KIND
DO 99 IW=1,NP
READ(4,*) Freq, RMAG,EpsP,EpsDP
WRITE(*,*) "'FREQUENCY ’,Freq
W=2.D0+PIxFreq
YMat=0
Y=0
CALL RTS(PI,NModeA,NModeB,Roots,Zeros,NAmax,NBmax)
DO 13 ICnt=1,NModeA
RKCS(ICnt)=Roots(ICnt)+Roots(ICnt)/(A*A)
13 CONTINUE
DO 4 ICnt=2,NModeA
XNA=Roots(ICnt-1)
ARG1=C«XNA
CALL BESSEL(0,XNA,RJOKB)
CALL BESSEL(1,ARG1,RJ1KA)
CALL NEUM(0,XNA,RNOKB)
CALL NEUM(1,ARG1,RN1KA)
ALP(ICnt)=B+(RJOKB+RN1KA-RNOKB*RJ1KA)
CALL BESSEL(1,XNA,RJ1KB)
CALL NEUM(1,XNA,RN1KB)
BET(ICnt)=A*(RJOKB+RN1KB-RNOKB+RJ1KB)
DEN=DSQRT(PI+(ALP(ICnt)«ALP(ICnt)- BET(ICnt)*BET(ICnt)))
CONSM(ICnt)=1.D0/DEN
4 CONTINUE

DO 14 ICnt=1,NModeB
XMNB=Zeros(ICnt)
CALL BESSEL(1,XMNB,FT(ICnt))
CONSB(ICnt)=2.D0+DSQRT(PI)/(Radius*FT(ICnt))
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14 CONTINUE
CONS0=1.D0/DSQRT(2.D0+PIxDLOG(C))

DO 2 ICnt=1,NModeB
RK2=Zeros(ICnt)/Radius
CALL BESSEL(0,RK2+«B,FARR(ICnt))
CALL BESSEL(0,RK2+A,SARR(ICnt))
2 CONTINUE

DO 17 ICnt=1,NModeB
RK2=Zeros(ICnt)/Radius
RESINT(ICnt,1)=CONS0+CONSB(ICnt)*(SARR(ICnt)-FARR(ICnt)) /RK2
DO 17 JCnt=2,NModeA
RK1=Roots(JCnt-1)/A
IF(DABS(RK1-RK2).GT.1.E-08) THEN
VAL=CONSM(JCnt)*CONSB(ICnt)/(RK1*RK1-RK2+RK2)
RESINT(ICnt,JCnt)=VAL+*RK2
& *(FARR(ICnt)*ALP(JCnt)-SARR(ICnt)*BET(JCnt))
ELSE
CALL BESSEL(1,RK1%B,T1B)
CALL BESSEL(1,RK1xA,T1A)
V1=B+T1B-(FARR(ICnt)/RK2)
V2=A*T1A-(SARR(ICnt)/RK2)
RESINT(ICnt,JCnt)=CONSM(JCnt)*(CONSB(ICnt)/2)
& *(ALP(JCnt)*V1-BET(JCnt)*V2)
ENDIF
17 CONTINUE

C#++x+EVALUATE THE MATRIX ELEMENTS REPRESENTING THE INCIDENT FIELDS
DO 7 ICnt=1,NModeA
Y(ICnt)=0.D0
7 CONTINUE
Y(1)=2.D0+*DSQRT(2.0)/DSQRT(Eta0)

C#++++EVALUATE THE COEFFICIENTS Y(NModeA) NEEDED TO EVALUATE THE
Caaxks - POWERS IN THE CAVITY
CALL REGA(Eta0,SpLite, W,Eps0,RKCS,NModeA,YMat,NAmax,Eta)
CALL REGB(D,Radius,Mu0,Eps0,W,NModeB,NModeA,
&Zeros,EpsP,EpsDP,RESINT,YMat,NAmax,NBmax,ARR,ARES,ARRES,ARRS,AES)
CALL GAUSS(NModeA,YMat,Y,NAmax)

C#xxxINITIALIZATION
ProdS=0.0
HRoB=0.0
HRoS5=0.0
HRoF1=0.0

VOEta=Y(1)/Eta0
MSVOEta=DREAL(VOEta)*DREAL(VOEta)+DIMAG(VOEta)*DIMAG(VOEta)

DO 500 JCnt=2,NModeA
VOEta=Y(Jcnt)/Eta(Jent-1)
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VOEtaS=DREAL(VOEta)+DREAL(VOEta)+DIMAG(VOEta)xDIMAG(VOEta)
MSVOEta=MSVOEta+VOEtaS
500 CONTINUE

DO 100 ICnt=1,NModeB

Sum=RESINT(ICnt,1)*Y(1)

SumSS=DREAL(Sum)*DREAL(Sum)+DIMAG(Sum)*DIMAG(Sum)
DO 200 JCnt=2,NModeA
Sum=RESINT(ICnt,JCnt)+Y(JCnt)
SumS=DREAL(Sum)*DREAL(Sum)+DIMAG(Sum)*DIMAG(Sum)
SumSS=SumSS+Sum$S

200 CONTINUE

ProdS=ProdS+ARES(ICnt)+*SumSS
HRoB=HRoB+ARRES(ICnt)*SumSS
HRoF1=HRoF1+ARRS(ICnt)*SumSS
HRoS=HRoS+ARRES(ICnt)*AES(ICnt)*SumSS

100 CONTINUE

C#++++EVALUATE THE POWER ABSORBED BY THE CAVITY
C & USING S11 MEASUREMENTS
Pd=(1.0-(RMAG*RMAG))

C#*x+x+EVALUATE THE SURFACE RESISTIVITY OF THE FRONT AND BACK WALLS
RsF=2.E0+PI+SQRT(Freq*1.E-09/SigmaF)

C#+x+x+xEVALUATE THE SURFACE RESISTIVITY OF THE SIDE WALL
RsS=2.E0+«PI«*SQRT(Freq*1.E-09/SigmaS)

Cr++++EVALUATING THE POWER DISSIPATED IN THE FRONT WALL
PF=(RsF/2.E0)x(HRoF1-MSVOEta)

Cr++++EVALUATE THE POWER DISSIPATED IN THE BACK WALL
PB=(RsF/2.E0)+HRoB

C#++++EVALUATE THE POWER DISSIPATED IN THE SIDE WALL
PS=(RsS/Radius)+HRoS

Cx*xx+*ADDING UP THE TOTAL POWER LOST IN THE WALLS
Pt=PF+PB+PS

C#++++EVALUATE THE NET POWER DISSIPATED IN THE DIELECTRIC
TPd=Pd-Pt

Cxx+x+ESTIMATE THE DIELECTRIC LOSS FACTOR (EpsDP)
TEpsDP=TPd+EpsDP/Pd

C#++++«EVALUATE BOTH THE APPARENT AND THE ESTIMATED LOSS TANGENT
ALT=EpsDP/EpsP
ELT=TEpsDP/EpsP
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WRITE(3,15) Freq,Pd,PF,PB,PS,Pt,ALT ELT
15 FORMAT(8(1X,1PE18.8))

99 CONTINUE
STOP
END
C #kkkrkiokikskkkkkkkkkikiokiokiokikiokikikkkkkdokkkdkkdkkdkdokrikdokkkdok ok ko kkk ok
Cx
C * THE FOLLOWING SUBROUTINE COMPUTES THE ELEMENTS OF THE MATRIX
C *+ REPRESENTING THE TRANSMISSION LINE REGION
C=*

C 3 3k o 3 e ok 3 ok 3k ok 3 o o 3k o o 3k o ok o o e ok o ok o sk ok sk sk ok ke ok o ok o 3 ok e sk o ok ok ok s ok ok sk ol sk ok ok sk ok sk e sk sk ok ok ok ke ok ok

SUBROUTINE REGA(Eta0,SpLite,W,Eps0,RKCS,NModeA,YMat,NAmax,Eta)
COMPLEX%*16 YMat(NAmax,NAmax),Eta(NAmax),RKMN

INTEGER ICnt,NModeA

REAL=*8 RKCS(NAmax),RK,RKS,Eps0,SpLite, W,Eta0

RK=W=xSpLite
RKS=RKx*RK
YMat(1,1)=1.0/Eta0

DO 1 ICnt=2,NModeA
RKMN=CDSQRT(RKS-RKCS(ICnt-1))
Eta(ICnt-1)=RKMN/(WxEps0)
YMat(ICnt,ICnt)=(W=*Eps0)/RKMN

1 CONTINUE

RETURN
END

C e 3 3 e o e 2k e e 2k ok ok 3k 3k o o e ok 3 ok o 3 oo ok o ok o o ok ok 3 ok o ok ok o 3 3 ok a e o ok o o ok o o ok ke ko ok o o s ok ko ok ok o ok ok ok

C * SUBROUTINE REGB EVALUATES THE MATRIX ELEMENTS REPRESENTING THE

C » CAVITY REGION. IT ALSO FORMS THE MATRIX AND VECTOR TO BE USED
C * IN THE GAUSSIAN ELIMINATION ROUTINE (SUBROUTINE GAUSS).

C axkrkrkoribikkkikkihkkkkkiokititkktkkkkkionkokkk ik ok kdkkkkkkkk

SUBROUTINE REGB(D,Radius,Mu0,Eps0,W,NModeB,NModeA,
&Zeros,EpsP,EpsDP,RESINT,YMat,NAmax,NBmax,ARR,ARES,ARRES,ARRS,AES)
INTEGER NB1

parameter (NB1=200)

COMPLEX=*16 Jsm,KzD,EpsB,KDSQ,SUMB,ARR(NBmax),ARRE(NB1),

& YMat(NAmax,NAmax),K,RESINT(NBmax,NAmax)

REAL#*8 Zeros(NBmax),Alpha,Beta,MAArg, MBArg,ARRS(NBmax)

REAL#*8 D,Radius,Mu0,Eps0,W,EpsP,EpsDP,ARRES(NBmax)

REAL#*8 Sn,Snh,ARES(NBmax),A Arg,BArg,MSIN,AES(NBmax)

INTEGER ICnt,JCnt,LCnt,NModeB,NModeA ,NAmax,NBmax

Jsm=DCMPLX(0.D0,1.D0)
EpsB=DCMPLX(EpsP,-EpsDP)xEps0
KDSQ=Wx+Wx*EpsB+Mu0
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DO 1 ICnt=1,NModeB
KzD=CDSQRT(KDSQ-(Zeros(ICnt)/Radius)**2)

K=KzD+D
ARR(ICnt)=Jsm+Wx(EpsB+«CDCOS(K)/(KzD+CDSIN(K)))
C#++++EVALUATING THE CLOSED FORM OF THE INTEGRATION
C & OF THE MAGNITUDE SQUARE OF SIN((KzD(D-Z))

Alpha=REAL(KzD)
Beta=IMAG(KzD)
AArg=2.0xAlphaxD
BArg=2.0«BetaxD
MAArg=DABS(AArg)
MBArg=DABS(BArg)

IF(MAArg.LT.1.0E-5) THEN
Sn=(2.0xAlpha+D)/(2.0#Alpha*D)

ELSE
Sn=(DSIN(2.0xAlphaxD))/(2.0xAlpha*D)
ENDIF

IF(MBArg.LT.1.0E-5) THEN
Snh=(2.0«xBeta*D)/(2.0xBeta*D)

ELSE
Snh=(DSINH(2.0%Beta*D))/(2.0+Beta*D)
ENDIF

MSIN=DREAL(CDSIN(K))+*DREAL(CDSIN(K))

& +DIMAG(CDSIN(K))*DIMAG(CDSIN(K))
ARES(ICnt)=((Snh-Sn)+(D/2.0))/MSIN
AES(ICnt)=(Snh+Sn)+(D/2.0)

C#+xxxCOMPUTING ARRE(ICnt) AS ARR(ICnt) WITH Z=D
ARRE(ICnt)=Jsm*Wx*EpsB/(KzD*CDSIN(KzD+D))
ARRES(ICnt)=DREAL(ARRE(ICnt))*DREAL(ARRE(ICnt))

& +DIMAG(ARRE(ICnt))*DIMAG(ARRE(ICnt))

C+++++COMPUTING ARRS(ICnt) AS ARR(ICnt) SQUARE WHERE Z=0
ARRS(ICnt)=DREAL(ARR(ICnt))*xDREAL(ARR(ICnt))
+DIMAG(ARR(ICnt))*DIMAG(ARR(ICnt))
1 CONTINUE

DO 2 ICnt=1,NModeA
DO 2 JCnt=1,NModeA
SUMB=0.D0
DO 3 LCnt=1,NModeB
SUMB=SUMB+ARR/(LCnt)*RESINT(LCnt,ICnt)*RESINT(LCnt,JCnt)
3 CONTINUE
YMat(ICnt,JCnt)=YMat(ICnt,JCnt)-SUMB
2 CONTINUE
RETURN
END
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C 3k ke 3 o 3k 3 o o ok ke 3 3 ok o e e ok o 3ok o 3 o 3 ok e o 3 o e ke e o o o o sk ke o o o ek e ok o ke e o ok ok e ok o ok ok ok ok ok ok ok ok
Cx* SUBROUTINE ROOTS AND ZEROS
C*

C ek o ok o o e o ok e ok o o 3 ok ok o ok o ok 3k o 3 o o ok ok ok ok o sk ok ok o ok sk ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok b kok ok ok ok ok ok k k ok

SUBROUTINE RTS(PI,NModeA,NModeB,Roots,Zeros,NAmax,NBmax)

REAL+*8 Roots(NAmax),Zeros(NBmax),Est,Xn,Xp,Den,Tol,C,BISECT,PI

REAL+8 BSNM,BESS

INTEGER ICnt

EXTERNAL BSNM,BESS

COMMON /B1/ C

Tol=1.D-12

DO 1 ICnt=1,NModeA
Est=DSQRT(ICnt+ICnt+PI+PI

&  /((C-1.D0)*(C-1.D0))-1.D0/((C+1)*(C+1)))
Xn=Est-.2D0
Xp=Est+.2D0
Roots(ICnt)=BISECT(Xn,Xp,BSNM,Tol)

1 CONTINUE

DO 2 ICnt=1,NModeB
Den=4.D0%ICnt-1.D0
Est=PI*(ICnt-.25D0+.050661D0/Den

&  -.053041D0/(Den*+3)+.262051D0/(Den=x5))
Xn=Est-.5
Xp=Est+.5
Zeros(ICnt)=BISECT(Xn,Xp,BESS,Tol)

2 CONTINUE
RETURN
END

REAL+8 FUNCTION BISECT(Xmin,Xmax,F,Tol)
REAL*8 FA,FM,HALF,Xmin,Xmax,Tol,F
FA=F(Xmin)
1 HALF=(Xmin+Xmax)/2.D0
FM=F(HALF)
IF(FA*FM.LE.0.D0) GOTO 2
Xmin=HALF
FA=FM
GO TO3
Xmax=HALF
IF((Xmax-Xmin).GT.Tol) GO TO 1
BISECT=(Xmin+Xmax)/2.D0
RETURN
END

[

FUNCTION BSNM(X)
REAL=+8 C,X,TJ0,TJX,TN0,TNX,ARG,BSNM
COMMON /B1/ C

CALL BESSEL(0,X,TJ0)

ARG=CsX :

CALL BESSEL(0,ARG,TJX)
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CALL NEUM(0,X,TNO0)
CALL NEUM(0,ARG,TNX)
BSNM=TJX+TNO-TNX+TJ0
RETURN
END

FUNCTION BESS(X)
REAL«+8 BESS,X
CALL BESSEL(0,X,BESS)
RETURN
END
C mkxkikrkikkiokiokkiokiok ik kb kR ok kkok ook kk kR Rk ok Kk kR ok kR Rk ok kok
Cx* SUBROUTINE BESSEL
C *
C skktkikkkkdkkikkkkiokikikiokionkiokkiok ok ik kokok ok koK dok ok ok kR ok Kok Kok ok Kok
SUBROUTINE BESSEL(NORD,ARG,VALJ)
REAL*8 X,F,TH,SUM,F11
REAL=*8 RIF,RIMFAC,VALJ,ARG
INTEGER ILJNORD,NORD
IF(ARG.GT.20.D0) THEN
X=3.D0/ARG
IF(NORD.EQ.0) THEN
F =.79788456 D0+X*(-.00000077D0+X*(-.0055274D0+ X +(-.00009512D0
& +X#(.00137237D0+Xx(-.00072805D0+X+.00014476D0)))))
TH=-.78539816D0+X*(-.04166397D0+X *(-.00003954 D0+ X (.00262573D0
& +X*(-.00054125D0+X+(-.00029333D0+X*.00013558D0)))))+ARG
VALJ=F+*DCOS(TH)/DSQRT(ARG)
RETURN
ENDIF
IF(NORD.EQ.1) THEN
F =.79788456D0+X*(.00000156 D0+X+(.01659667D0+X#(.00017105D0
& +X#(-.00249511D0+X*(.00113653D0-X+.00020033D0)))))
TH=-2.35619449D0+X*(.12499612D0+X*(.00005650D0+ X *(-.00637879D0
& +X*(.00074348D0+X«(.00079824D0-X+.00029166D0)))))+ARG
VALJ=F*DCOS(TH)/DSQRT(ARG)
RETURN
ENDIF
ELSE
SUM=0.D0
X=ARG*ARG/4.D0
F11=-1.D0/X
JNORD=NORD-1
RIF=1.D0
RIMFAC=1.D0
DO 5 I=1,JNORD
RIMFAC=RIMFACxI
5 CONTINUE
DO 11=1,100
JNORD=14+JNORD
F11=-F11xX
IF(I.NE.1) RIF=RIFx(I-1)
IF(NORD.EQ.0) THEN °
RIMFAC=RIF
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ELSE
RIMFAC=RIMFAC+JNORD
ENDIF
F=F11/RIF/RIMFAC
IF(DABS(F).LE.1.D-10) GO TO 7
SUM=SUM+F
1 CONTINUE
IF(DABS(F).GT.1.D-10) WRITE(7,8) F
8 FORMAT(/,5X,’DESIRED ACCURACY IN CALCULATING A BESSEL FUNCTION’,
& ’IS NOT OBTAINED. THE LAST TERM OF THE SERIES ADDED =’,F15.8)
7 VALJ=SUM+(ARG/2.D0)++NORD
ENDIF
RETURN
END

C aokiokok ok kokokoksk ok ko ok ok koo ok ook ok ko ok ok ook ok sk ok kR ko ok Kk K
Cx* SUBROUTINE NEUMAN
Cx*
O T T L L L R PR P )
SUBROUTINE NEUM(NORDER,ARG,VALN)
REAL=+8 X,TH,F,PI,GAMMA,C,C1,VALJ,FT,ARG,VALN
REAL*8 SUM,DSUM1,AFACQ,AN,TER,DSUM2
INTEGER 1
IF(ARG.GT.20.D0) THEN
X=3.D0/ARG
IF(NORDER.EQ.0) THEN
F =.79788456D0+X*(-.00000077D0+X x(-.0055274D0+X%(-.00009512D0
&  +X%(.00137237D0+X#(-.00072805D0+X.00014476D0)))))
TH=-.78539816D0+X(-.04166397D0+X*(-.00003954D0+X+(.00262573D0
&  +X%(-.00054125D0+X*(-.00029333D0+X+.00013558D0)))))+ARG
VALN=F=+DSIN(TH)/DSQRT(ARG)
RETURN
ENDIF
IF(NORDER.EQ.1) THEN
F =.79788456D0-+X*(.00000156 D0+X+(.01659667D0+X*(.00017105D0
& +X+(-.00249511D0+X*(.00113653D0-X+.00020033D0)))))
TH=-2.35619449D0+X#(.12499612D0+X*(.00005650D0+X*(-.00637879D0
&  +X+(.00074348D0+X*(.00079824D0-X+.00029166D0)))))+ARG
VALN=F+DSIN(TH)/DSQRT(ARG)
RETURN
ENDIF
ELSE
PI1=4.D0«DATAN(1.D0)
GAMMA=0.5772156649D0
C=2.D0+«DLOG(ARG/2.D0)/PI
C1=2.D0+GAMMA//PI
X=ARG*ARG/4.D0
IF(NORDER.EQ.0) THEN
CALL BESSEL(0,ARG,VALJ)
FT=(C+C1)*VALJ
SUM=0.D0
DSUM1=0.D0
AFACQ=1.D0
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AN=1.0D0
DO 14 1=1,100
AFACQ=AFACQ+I+I
AN=-X+AN
DSUM1=DSUM1+1.D0/DFLOAT(I)
TER=ANxDSUM1/AFACQ
IF(DABS(TER).LE.1.D-10) GO TO 15
SUM=SUM+TER
CONTINUE
IF(DABS(TER).GT.1.D-10) WRITE(7,21) TER
FORMAT(/,5X,'DESIRED ACCURACY IN CALCULATING NEUMANN

FUNCTIONS °,

15

20

16

b
b

22

& ’IS NOT OBTAINED. THE LAST TERMS OF THE SERIES ADDED =’,2F15.8)

VALN=FT-2.D0+SUM/PI
RETURN

ENDIF

IF(NORDER.EQ.1) THEN

CALL BESSEL(1,ARG,VALJ)

FT=(C+C1)xVALJ

SUM=0.D0

DSUM2=0.D0

AFACQ=1.D0

DSUM1=0.D0

AN=ARG/2.D0

DO 20 1=1,100
DSUM1=DSUM1+1.D0/DFLOAT(I)
DSUM2=2.D0+DSUM1+1.D0/(DFLOAT(I)+1.D0)
AFACQ=AFACQsI+(I+1.D0)
AN=-X+AN
TER=AN+DSUM2/AFACQ
IF(DABS(TER).LE.1.D-10) GO TO 22
SUM=SUM+TER
CONTINUE

ENDIF

IF(DABS(TER).GT.1.D-10) WRITE(7,16) TER
FORMAT(/,5X,’"DESIRED ACCURACY IN CALCULATING NEUMANN FUNCTIONS

& ’IS NOT OBTAINED. THE LAST TERMS OF THE SERIES ADDED =’,2F15.8)

VALN=FT-(ARG/2.D0+SUM)/PI-2.D0/(PI+ARG)
ENDIF
RETURN
END

C srkrksrkkikkiorkihihkkkikkkkkkkkkkikkkkikionkkkkiokikkkkikkkkkkohkkkkk ok

Cx
C*
C=*
Cx

THIS PROGRAM SOLVES SYSTEMS OF EQUATIONS USING L/U
DECOMPOSITION

C ki ik kokikikiokkkkk ik iokiokkok koo kok sk ko ok ok ok ok ok Kk

SUBROUTINE GAUSS(N,A,B,NAmax)
INTEGER N,NAmax,NA1
PARAMETER (NA1=50)
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INTEGER IPIVOT(NA1)

REAL+8 D

COMPLEXx*16 A(NAmax,NAmax),B(NAmax)
CALL LUDCMP(A,N,NAmax,IPIVOT,D)
CALL LUBKSB(A,N,NAmax,IPIVOT,B)
RETURN

END

SUBROUTINE LUDCMP(A,N,NP,INDX,D)
Cx+++xFROM P.35 OF "NUMERICAL RECIPES”
C  The input matrix is A(NP,NP) with NxN elements used.
C  On output A is the combined L-U decomposition.
C  The integer vector INDX(N) is used for ordering.
C  Real D represents the sign of the determinant start.
C  The determinant is found as D multiplied by all A(L,I), I=1,N.
Crxxxx
INTEGER INDX(N),IMAX,N,NP,I,J,K,NMAX
REAL«8 TINY
PARAMETER (NMAX=100,TINY=1.0E-20)
REAL*8 D,DUM,AAMAX,VV(NMAX)
C#+*x++*CHANGE NEXT LINE FROM REAL TO COMPLEX FOR COMPLEX
APPLICATIONS
COMPLEX«x16 A(NP,NP),CDUM,SUM
D=1.0
DO 12 I=1,N
AAMAX=0.
DO 11 J=1,N
IF (ABS(A(1,J)).GT.AAMAX) AAMAX=ABS(A(1,J))
11 CONTINUE
IF (AAMAX.EQ.0.) THEN
PAUSE 'SINGULAR MATRIX.
RETURN
ENDIF
VV()=1./AAMAX
12 CONTINUE
DO 19 J=1,N
DO 14 I=1,3-1
SUM=A(1,J)
DO 13 K=1,I-1
SUM=SUM-A(L,LK)*A(K,J)
13 CONTINUE
A(LY)=SUM
14 CONTINUE
AAMAX=0.
DO 16 I1=J,N
SUM=A(LJ)
DO 15 K=1,J-1
SUM=SUM-A(L,K)*A(K,J)
15 CONTINUE
A(1,J)=SUM
DUM=VV(I)*ABS(SUM)
IF (DUM.GE.AAMAX) THEN
IMAX=I
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AAMAX=DUM
ENDIF
16 CONTINUE
IF (J.NE.IMAX) THEN
DO 17 K=1,N
CDUM=A(IMAX,K)
A(IMAX,K)=A(J,K)
A(J,K)=CDUM
17 CONTINUE
D=-D
VV(IMAX)=VV(J)
ENDIF
INDX(J)=IMAX
IF (ABS(A(J,)).EQ.0.) A(J,J)=CMPLX(TINY,0.)
IF (J.NE.N) THEN
CDUM=1./A(J,J)
DO 18 I=J+1,N
A(1,3)=A(1,3)*CDUM
18 CONTINUE
ENDIF
19 CONTINUE
RETURN
END

SUBROUTINE LUBKSB(A,N,NP,INDX,B)
C#++++FROM P.36 OF "NUMERICAL RECIPES”
C  The input matrix is A(NP,NP) with NxN elements used.
C  The integer vector INDX(N) is used for ordering.
C  The vector B(N) is the forcing function for the problem on input.
C  The vector B(N) is the solution for the problem on output.
Crkenk
INTEGER INDX(N),IL,I,J,LL,N,NP
C*++xxCHANGE NEXT LINE FROM REAL TO COMPLEX FOR COMPLEX
APPLICATIONS
COMPLEX«*16 A(NP,NP),B(N),SUM
11=0
DO 12 I=1,N
LL=INDX(I)
SUM=B(LL)
B(LL)=B(I)
IF (II.LNE.0) THEN
DO 11 J=ILI-1
SUM=SUM-A(1,J)*B(J)
11 CONTINUE
ELSE IF (ABS(SUM).NE.0.) THEN
=1
ENDIF
B(1)=SUM
12 CONTINUE
DO 14 I=N,1,-1
SUM=B(I)
IF (I.LT.N) THEN
DO 13 J=I+1,N



SUM=SUM-A(I,J)+B(J)
13 CONTINUE
ENDIF
B(I)=SUM/A(L])
14 CONTINUE
RETURN
END
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