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ABSTRACT

L)
1

The capacitance of an open-ended coaxial line immersed in

. a bi—layered\medium is‘evaluafealboth numerically and expéer-

imentally. Water layers of varying thickness backed by air

and metal walls were assumed and 3 qﬁasi—static sclution for .

-the fringe-field-_capacit%nce'was obtained using the Method

of Méménts; The numerical resultsicompayeé we}l with exper-
imental values éLtained'using an automated network analygzer.
The two configurations, naﬁely’the‘metal and air wall rebre—
sent the. upper and lower bound of the capacitance change

from the ;hbmogeneOUS'case, respectively.  For a typical

6.4-mm (.25-in) diameter sénéor, the change in ‘the senéor

capacitance as compared with a homogéneous case is less than
1% for "layers thicker than 6 mm. Tﬁe results of this inves—
tigation proviaé information on éhe response of the sensor
when used to measure the properties cf inhomogeneous dielec-

trics Such as biological tissues.
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inner conductor radius of the coaxial-line
outer .conductor- inner radius of the coaxial-line
outer conductor outer radius of the cocaxial-line .

static value of.the total fringe—fielg\sépaéitance
internal'capacitance

externai'capagitance

capacitance due to the TEM field inside the line
position of the wall

electric field in r—compoﬁgnt ‘

eiectric field in z-component

magnitude of the total electric field intensity‘
(resultant of the r-z components)

complete elliptic function gf the first kind
conductance

scalar potential Green's function

image coefficient

length of the coaxial-line

unit charge

magnitude of the input reflection coefficient

‘conductor surface

dielectric interface
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v = potential difference
WE. = totai stored electric energy
YO = characteristic admittance
Z = characteristic impedénce ’
Wy
Greek g ]
" = electric flux | o ;
® = potenfial
¢ = phase of the input reflection coefficient
gll = _permittivity of the medium o
o :\;ZEI\pgft of the relative permittivity or
dielectric constant
" = loss factor of the medium correspon@ing
to the‘imaginary\ﬁart-of-é
e = permitti;ity of free-space ’
Agi = i-th subarea of the cylindrical coa*ial—line
g = charge density o

= angular frequency
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Chapter'I

" INTRODUCTION

1.1 'GENERAL .

Although the dielectric properties of biological materi-
.als have'been'ﬁtudied extensively and a considerable amount
of data has been gathefed, there 1s a continuing need to
supplement the existing knowledge. i

The need for research in this area is of increasing im-
portance for various reasons. First, the information coﬁ-
tained in dielectric propefties helps to devedlop an under-
standing of the Basic biophysical interaction Imechanism'of
electromagnetic fields with living matter [1,2] which is,
for instance, involved.in the evaluation of tﬁe Specific Ab-
sorption Rate (SAR) of radio frequency or‘microwave frequen-
cy ;adiatiOns for dosimetric calculations [3]. Such study
is essential in evaluating.potential health hazards from ex-
posure to eiectromagnetic (EM) -fadiations [4] and to ade-
quately determine séfe leﬁels for personnel exposed té éﬁéh
radiation. Secondly, this informatidn is beneficial 1in
biomedical'applications such as developing effecﬁive thera—
peutic . methéds inclﬁding electromagnetically (EM)jiddpced’
hyperthermia for cancer treatment, EM thawing of cryogeni-

cally preserved tissue and organs, and diéthermy applica-

E)



2
tions [5,6]. Finally, there are tndicatidns that diagnostic
methods based on differences in the dielectric properties of
normal and cancerous tissues are feasible [71. .

Much activity has heen spent on measurlng human and ani-=
mal tissues. ® The data avadilable up. to 1979 1s tabulated in
[8]3. while Stoy et al, [9] summarlzed the recent data of.
dielectric properties 'of mammalian tissues.at low frequen-
c1es. Measurements of permittivities of variou5'enimal tis-

. sues are presented by several authors [10 13]1. "

1.2 DIELECTRIC MEASUREMENTS : A Rsvm'w

Varlous methods for measuring. the 'dieleétric prOperties

have been used. These methods can be d1v1ded into three ma-

-
]

jor categor1e5° ' " ; . | | -f:;

1l.. Cav1ty Perturbatlon Method

2. Loaded*llne'Method-

3. Lumped- element Method

The‘cav1ty perturbatlon technlque 1s based on measurement
of the change 1n_resonant freguency and Q factor of a- cav1ty'
wi;h and without a smallI'dielectriCusample [14,15]. Very
*little‘work has been done_'using-this;tedhnique.fbr biolog@—.
. calﬂmaterials because it:requires tissue exeisibnghlmakd@g
“in-vivo dielectric.measuremente impdssible. 'Hobeove;; ‘the
saﬁple pfeparation is very difficult 51nce_ its dimensibns

must be accurately known and small compared w1th the cav1ty



3
In the.leadea-line method,. -the sample is inserted iﬁto.a
waveguide or coaxial line and its complex permittivity is
obtained from measurlng the transmiseion and reflection
‘scatterlng coeff1c1ents [15] [17] " Like the cavity pe;tUrw
batlon method the sample must be excised, -thus fendefiqgg
in-vivo measurements 1mp0551ble |
The lLumped-élement method is the technigue which best
~lends iFseif to meaéuremente fof biclogical materlals, thus
feceiving the attention of many researchers-_[lS 281. In
'this mefhod a lumped equivalent circuit‘is used to relate
the admattance of a dlelectrlc sensor to the permittivity of
the sample Thls approach has the advantage of prov1dlng
closed form expre551ons for the real and imaginary part of
the permittivity ‘as a _functibn of the reflection .COeffij-
cient, and meaeurements may be made using either.résonént
techniqﬁes or reflectioﬁ techniques.: _
"Tanabe and Joines [19] proposed a method based .on the
perturbation of the fringing field-at the open end of a
Eransmissien line reeonater by -the unkﬁown' dielectfié—ma—
tefial. The °~ open Eesbnant, sttem.was fepresented_by-.an
L-C-G parallel lumped;elemeht'circdit ana the permittivitye
was calculated from tﬁe measured‘chaﬁges in the re8onant
freduency and the-Q fecfor. 7 |
In reflecfion'tecﬁniqhee the test sample perm1tt1v1ty :s

obtained from, measurement of the reflectlon coeff1c1ent at

the_open end of the line or at a deflned reference'plane._




(éig. 1), The reflectlon coeff1c1ent may be . measured by a’

~ slotted 11ne or a network analyZe

A varlety of openr and closeﬂ coax1a1 11ne sensors .and

-Sample conflguratlons have been developed for the lumped el-

ement. method. These range 1n. conf1gurat10n from plac1ng a'

small sample insidé the probe'for:measurement, to -placing an
open—ended-line'against'a semi-infinite.sample,-depending'on
the measurement scheme as- shewn in Flg 3.

There are some important p01nts requ1red for perm1tt1v1ty

measurements as applled to b1ologlca1 materlals

1. Ability to perform 11v1ng (in-vivo) tlssue dlelectr1c.h

r

measurements:

2, Wide frequency‘range operation (typically 0.1 GHz.to

. . f
- a few GHz); P s

- 3. Suitability'Fg:fg;mple temperatUre'contEol;

4. Ease of fabrication and sample preparatlon1

5. Convenient for both frequency Y domain and time domaln

- measurements {181].

Among the various sample configurations .shown in Fig. 3,

only those in Fig. 3(a),(c),(i)‘ and (k) have been studied.

lexten51vely and only those in (i) and (k) have been used for

in-vivo measurements. The ablllty to perform living (in-

V1vo) tissue dlelectrlc measurements 1s 1mportant since fac-
tors such as temperature, blood flow and possibly phy51o—
log;cal changes between l1v1ng and non living ~t1ssue5 may

influence the dielectric properties. F1g 3(1) can also be
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icons1déred as 5u1table for in-vive measurements. - However it

has several llmltat1on5, mainly because the 1nput impedance,

_which s related to the perm1tt1v1ty of the sample,. is very

‘sensitive te the dlstance ‘c' (see Fig. 3(1)).” In addltlon

it does not offer any pract1ca1 advantages oomparing with

the conf1gurat10ns 1n Flgures '3(i) and (k) {18].

Burdette et al. - [23] used a short monopole (Fig. 3:(k))
'w1th a 11m1ted size _ground plane to meaeure the dlelectrlc
-'propertles in- v1vo. The . equ1valent c1rcP1t of a short mono-

polé 1mmer5ed 1n a d1electr1c medium was used, to relate the

sample- perm1tt1v1ty to the measured 1mpedance of the: sensor -
The ‘equivalent 'c1rcu1t is predom1nant1y capaqztlve repre-

senting. the storage of electric ‘energy in ' the .fringing

flelds Whlle the small re51st1ve component repregents radia-

tion losses. When the length'of the monopole decreases, the"
conf1gurat1on approaches that in Fig. 3(1) and the res1§t1vew

component in ‘the equ1valent circuit becomes negllglble The

sensor essentlally becomes an open ended coax1al Yine which
.prov1des sgveral advantages OVer - .the short monopole, namely
a less 1ntru51ve contact w1th the measured mater1a1 nomne—

cessity for accurately‘de51gned compdﬁenﬁs, ,and_ a 51mpler
' ' v ' . -

-

equivalent dircuit with which to relate the permitti#ity to

the measured reflection coefficient.

The configuration in Fig, 3(i) Was employed by Ga]da [24}

who included an additional shunt capac1tance,'1ndependent of"

sample permlttivity; in order to account for the.frlngtng-

*.Jl"

- ' . 7




8
field inside the coaxial line. - A numerical analysis of. the
capacitances of open ended coaxial sensors used for in-vivo

permittivity studies of biological substances was performed

.in [27,28] and the. related experfmental measurements were

presented in [10]-[13]. A more complete equivalent circuit
including the effects of radiation from the open end of the
sensor was proposed in [Z&ﬁ. ’

Mosig et al. [25] presented a theoretical solution where
the effects of rafiation and higher order modes mear the
aperture of the open-ended coaxial line weré taken int5 ac-
count.. The permittivity was obtained from nomog;ams relat-

ing the reflection-coefficient to the relative permittivity

. of the sample in contact with'the open end. The limitations

of this method are that nbmograms of relative 'dieléctric
constant and loss factor versus reflection-coefficient are
required- at each frequency and extensive numerical co puta-
tions must. be performed EQ£ each freqguency and dielZStric
constant. In addition, theSe.nomograms become increas{hgly

gomplicatéd and time consuming to produce for materials with

high permittivity, such 4s biological substances. &£O



| . .
1.3 STATE OF THE PRESENT KNOWLEDGE

In recent years, measurement methods utilizing the sample

~holder shown in Fig. 3(i) have been used and analyzed exten-

‘sively [231-[28]. The relationship between the permittivity
' L4

and the measured input reflection-coefficient of the open-
ended coaxial line (Fig. 1) 1is derived on the basis of a
simplified equivalent circuit represented in Fig. 2. This
eddivalent circuit is valid at frquencies where the dimen-
sions of the line are small compared with the wavelength so
that the opeg end of the line is not fadiating and 3{1 the

energy 1s concentfated in the fringe field of the line. The

.measurement reference plane 1is usually taken at the inter-

I

face between, the open end of the line and the test sample.

-
The equivalent circuit consists of a section of uniform.

transmission line of characteristic-impedance Z, terminated

]

by a capacitance C({ e ) and conductance G € ). 1t -has been

found that G( € ) is negligible fobr most commonly used coax-

ial lines and over a large frequency range [26],(28]. Coh—
sequently it will\be neglected in all further discussions.
Normally an infinite sample is wused and a linear model
relating th? sample permittivity to éhe fringing capacitance
is found to be'a good approxiﬁation for- large permittivities-
such as those enéountered in biological materials‘[27],f28].

The fringing capacitance may be written as {181,[24]

7{(t) = Cf + £ Cy | | (1.1)



&3

- 10
wheree = ¢' = je" is the relative: complex permittivity
of the sample occupying the space outside the line. The con-
stant term CF represents the storage of energy 1n the frlng—
1ng fields inside the teflon-filled-part of the coaxial line
while the linear term ¢ C, represents the energy storage

in the dielectric. The input admittance ok fhe sensor can

be written as: v
= 9 + - 1.2
Y 7w (Cf £ Co) . ( )
1 1 -~ §,,e3%11 _
4 11 — (103)
Zy 1 + Sllej¢11 C

where w represents the angular frequency, $: and ¢11repre-

sent the magnitude and phase of the reflection coefficient

referenced to the plane of the open-circuit of the ‘sensor.
From the above eqguations, closed-form expressions for the

real and imaginary parts of the permittivity can be derived

(18]

2 8;; sin{-¢11) Ce

g' = Z - — y
w Co 2o [ 1+ 285, cos{=-¢;1}) + Si1:1] CO f1-4)

. )
l-Sll v
en = (1.5)

2
w Co¢ 2o [1 + 28y, cos{= ¢,1) '+ Sy, ]




11
where ¢' denotes the relative dielectric constant and &"

denotes the loss factor. '
.

1.4 MOTIVATI‘ON AND PURPOSE QOF STUDY
| The, objective of this thesis 1is to investigate fhe re—-.
sponse of the open-ended coaxial sensor shown in Fig. 3(3)
when utilized to measure the electrical properties of inho-
mogeneous dielectrics. It is shown in previous sections
that only infinite samples (Fig. 3(i))} have been used, where
the sample layer is t@ick enough to prevent reflection from
‘the back end of the sample. However, in measurements of
'Eiélogical materials where parts of biological tissues have
'seVe;al finitg or ﬁerhaps thin layers, for example skin, fat
and muscle, it is‘important to take into consideration the
éffect caused bylthe material backing the thin-layer sample,
aﬁd'to_ estimate the minimum sample'.ﬁhickness reguired to
simulate an infipite samﬁle. The work presented in this
thesis provides answgrs to these questions.

Investigation was begun by’measurihé Eﬁiq layers of ma-
terials with known permittivitiés such as-water, which has a
high dielectric constant and low loss at low'freduencies.

In addition, its temperature can be easil controlled. Met-

‘allic and styrofoam sheets were used to }imit the thickness
of "the water layer {see Fig. 4). The fringing capacitance
was calculated numérically, using the Method of Moments, and

measured experimentally, wusing an automated network analyz—ﬁ'
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er. The result provides information about the upper and
lower bounds.of the sensor capacitance change in inhomogéne—'
ous media as compared with the homogeneous case. Thus, the
depth of the interaction region of the sensor in dielectric
measurements can be eyaluated. In addition, the electric
field intensity at the apefture of the sensor as well as in
the dielectric material along the radial and axial lines
give information_ about the minimum sample volumelrequired
for simulating an infinite sample. Also, the sensitive
(high electric-field) regions of the sensor are identified

from computations of the electric field in the region of the

open end. .

N ~ ‘ b N . \\ \\ \\\\\\\‘ wall
N . . ~ N N ~ . NN
~ N N Mdielectric ~ N
~ N N AN
. N . N ssample . N o
. . \\ ~ N ~ ~ N ~
NS . T . N N . N ~ N
. __4J111r1111r1‘114141rr1: \ \
. \
. N
‘| TEFLON . o~
N
2¢  2b Zfa ey NE
N AN
L« .
g
N N
L LT T T T T T T ~ \\
<N oN Y B . N NN
A ~ ~. ~
\ \\ N ~ ~ L R
A S \\ A ~ \\l d\
LY ~ b ~
N N N ~ N
o ' LI N ~
\1 «
1

"Figure 4: Geometry of an open-ended coaxial line sensor

with a finite thickness sample.



Chapter I1I

NUMERICAL CALCULATICN OF FRINGING CAPACITANCE

In this chapter a brief description of the Method of Mo-
ments and its use in caléulating the static fringe-field ca-
pacitfance of the coaxial-line sensor is presented. The ge-
ometry of the problem 1is assumed to consist of a coaxial
sensor in contact withla layer of dielectric, backed by ei-
ther a metal or air wall (shown 1in Fig. 4). The metal or
air wall represents the two extremes of dielectric constant
for the outer-most layer (i.e. infinity or unity), and gives
rise to the upper and lower bounds iH the capacitance. Two
separate approaches were used to simulate the presence of
the wall numerically. They are denoted here as the Finite
Wall method and the Image Coeffiecient method and will be

defined further on. |

2.1 THE METHOD OF MOMENTS: THEORY

In order to solve.a linear operator equation, the Method
of Moments may be employed to "transform such’' an equation
into a system of “linear algebraic equations which can be
solved numerically. It 1s especially well adapted to the

solution of static conductor-dielectric problems [29].

5
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Consider the following inhomogeneous equation correspond-

ing to a deterministic problem:
L(f) = g ' (2.1)

where L is a linear'operator, g is a known function and f is
a function to be deermined. Let the unknown function f be
expanded in a linear combination of basis or expansion func-

tions f,,f

2,...,fn,... in the domain of L such that:

f = Ta £ ’ (2.2)

where @« are unknown constants and the domain of L is the
set of all possible functions satisfying the boundary condi-
tions accompanying the operator L. Substituting the expan-

sion functions (2.2)  into the operator equation (2.1) and

using the linear property of the operator L gives:

% @ L(fn) =g (2.3)

An inner producf is wusually defined for the problem
(2.1), where the integral of the product Cgf two functions
results in a scalar. Mathematically, it can be expressed
as: |

<f,g> =5 f' ‘g dg . . (2.4)
A .

which satisfies the following condition:

< f'g > .= < g__f st (2.5)
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<a1f+azg,u>=al<f'u>+az<g,u>
< f*, f > =0 for £ = 0
> 0 for £ # O
where @ ., o are scalars and £,g,u are any functions. The

symbol * denotes the complex conjugate. A set of weighting
functions or testing functions w_in the range of L is de-
fined. The range of L is the space spanned by all functions
g resulting from the operation. Taking the inner product of

(2.3) with each w_ results in:
T o<W ,Lf >=<w,6 g> . (2.6)

m=1,2,3...

The resulting algebraic system is solved for the unknown
coefficients o N .This set of equations can be written in

matrix form as:

[L1Llal=10gqg] (2.7)

where
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1 -
5 = 0'. g = <W2v9>
2 .
‘ < W » 9>
Lun L m a

' : . . . , -1
If the matrix [ L ] is nonsingular, its inverse [ L ] ex-

ists and the %, are then given by:

[al=10LT0Cgq) . | (2.8)

+

The solution for f is obtained - by using (2.2). It is im-
portant to select the appropriate sets of_ﬁasis functions f,
and weighting functions w, , used in (2.2) and (2.6), which
will determine fhe solution to be exact or approximate. The
w, should be linearly independent and chosen so that the
producfs <w_,9> depend on relatively independent propertiés
of q. Other factors wﬁ&ch affecﬁ the choiceé of fn and W
are: .

1. The accuracy of the solution desired;

2. The ease of evaluation of the matrix elements;

3. The size of the matrix that can be inverted;

4, The realization of a wéll—ébnaitﬁoned matrix [L).~
Different schemes lead to various methods @hose.eomplete de-
scription can be found in [29].

The Method of Subsections involves the use of basis func-

tion £ each of which exists only over a single subsection

S ¥
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-cf/ggg\dpmain of f. Then each o of the expansion (2.2)
effects the approximation of f only over a subsection of the
region of intérest. This procedure often simplifies the
evaluation and the form of the matrix [L]. In the colloca-
tion (point matching) method, Dirac delta functions are used
as weighting functions. When the basis functions are chosen
to be,fhe same of the weighting functions, this procedure is
known aé Gélerkin's method. The Method of Subsectioﬁ in
conjunction with collocation (point-matching) lends itself
‘to solve the conductor-dielectric coupled integral equations

effectively [28]. N

\

2.2  APPLICATION TO THE PROBLEM

2.2.1 Finite Wall method

The open-engded coaxial line ‘sensor terminated with finite
thickness sample to be analyzed in this section is shown in
Fié. 4. Tﬁo essential parameters$ to be determined are the
‘fringe—field capacitance of the sensor and the electric
field distribution with varying sample thickness 'd’. The
Method of Moments 1is  employed to golve for the wunknown
charg% distribution on the conductors and the dielectric in-
terfaces which then ma§ be used to calculate all the other
i'quantities. The metal wall backing the sample may be con-
sidered as an additional conductof and the air wall Iis

treated as another dielectric interface. The coupled inte-

gral equations relating the free surface charge distribution
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on conductors and the bound surface charge distribution on
dielectric interfaces, due to a potential distribution ¢ (s),

are given by [31,32]

fa(s') G(s|s') ds' = ¢ (s) (2.9)
SC+SI . ) .
. 8 on SC
€L +EL+)
7 ols) + (g-e .,y I ofls') 2b(s|s') ds' = 0 (2.10)
L™ fL+t) 45T  Bn ° L2
c .

s on interface betwgen °L , €L+l

Dielectric

L+1
Dielectric

normal)n

Figure 5: Orientation of normal vectors on the interface
between*different dielectric media.

where G(s}s') 1is the scalar potential Green's function, f%
and %[ denote conductor surface and dielectric interfaces,
respectively, o (s) is the charge density, and & andeg 4,

are the two permittivities of the dielectric regions where

the normal n 1is directed from region L to region L+1 (Fig.
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5). In the rotaticnally symmetric system, the Green's:func-
tion and its normal derivative are expressed in terms of the

complete elliptic integral of the first kind and its deriva-

tive [31]. 9
| 'y
X metal/air wall
! Dielectric .
' Int
Image ; nterface ront
bl ' - ==
pr? emn ! o e e _$=0 problem
t ! )
E E _______ El "y _n—;
1 £
: ! =1 2 £,
— 2
z=0 |¢-d——ﬁ

Figure 6: Configuration of the real and image problems for
MOM solution of an open-ended line sensor.

The potential on the inner conductor 1is held at one volt
and zero volts on the outer conductor and the metal wall.
The Method of Moments 1is applied to equations “(2.9) and
(2.10) 'by dividing all surfaces into éh%sectionS'and assum—v
ing a uniform charge density of uhknown amplitude on each
subsections. The discretized integral eguations are then.

enforced at the midpoint of each subsection, yielding a sys-

tem of algebraic equations for the unknown charge-pulse am-
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plitudes. This approach is known as the Method of Subsec-
tions with point Yatching or collocation. It is equivalent
to using pulse expansion and Dirac or impulse weighting
functions.

Ih order to approximate an infinite coaxial line in the
negative z-direction (see Fig. 6), the Method of Images is
employed [28]. The line must be selected long enough‘iﬁ or-
der that the charge distribution far from the aperture is
approximately uniform, as is expected for an infinite uni-
form coaxial line. The charge distribution on the real con-

ductors and interfaces and their mirror images about z =0

are found, However, due to symmetry, the image elements do

. not increase the number of unknowns.

The 'Finite Waii Method' is not a standard name for this
particular method since it is a method iﬁvolving the appli-
cation of the Moment Method to account for the presencenog
the wall. The m;tal/air wall may be solved likewise as for
the conductors and dielectric interface of the coaxial line
by using the same expressions Igiven in (2.9)l and (2.10).
However, it is convenient to give this approach a name so
that one may be able to distinguish and describe the two
different approaches used specifically to deél with the
wall, namely the Finite Wall Method and the Image Coeffi-
cient Method. For simpiicity, the barriér separating the
two different dielectric samples is called a"wall', for ex-

ample, the metal wall or air wall.

-
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The first methéd is called the Fihite Wall Methed because
only a finite space of the ﬁall is uéed in the numerical
computation. The extent of thé wall must b? chosen properly
in order to include almost all of tﬁe energy stored in it,
This can be done by increasing the dimension of the wall

3

proéressively during computation until the computed capaci-
tance-converged te a single vélue. - In this approach, the
finite wall i$ treated simply as an additicnal conductor or
dielectric interface of finite dimensions. The wall ‘is sub-
sectioried as with all other boundaries and causes an in-
crease i the number of unknowns to be solved. On the other
hand, no computation of the wall is necessary for the Image
Coefficient Method because the series of the image charges
is equivalent to. the existence of the infinﬁte wall,

The capacitance is evaluéted by integrating the chargé
over cne of the conductor surfaces and dividing %y the po-

tential difference Vv ,

| g (s) :
C T|= —V—-é E (S) Tds - (2.11)

<

3

where 3> 1s the potential gradient terminating on the con-
ductor and € (s) 1is the permittivity of the dielectric con-
tacting the surface. The product of the two is the normal
electric flux density or charge density 9 (s). The net
fringe-field capacitance 1is determined by subtracting the
contribution due to the TEM fields inside the line, given

e
by:
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2r e, L
Crey = ~ (2.12)
EM by .
In ( E) L
where L is the length of the coaxial line, & is the per-

mittivity of the dielectric inside the line, a and b are the
inner and outer-conductor radii, respectively. A complete
numerical procedure and detailed description regarding the
computation of sensor capacitance with infinite “sample can
be found in [28].

-

2.3 APPLICATION OF IMAGE COEFFICIENT METHOD TO
INHOMOGENEOUS DIELECTRIC PROBLEM

Iﬁ cases where dielectric boundaries form infinife
planes, the method of Images hay be exploited to reduce the
overall number of unknowns. Using the Image Coefficient
Method [30], the infinite dielectric wall m#y be represented
mathematically as a convergent series in the Green's func-
tion of integral equation, s&é;gby eliminating-the need.to
subsection the wall, |

-

2.3.1 Image Coefficient

Let the halfspace x < 0 be filled with{ a homogeneous die-

lectric of pérmittivity €; , and let a line charge of g cou-
lombs per meter lie at (x,,0,2z), as>siown in Fig. 7. This
Eharge will produce 'an electric flux uniformly in all radial
directions. At the dielectric surface, some fraction kipy s

of the flux will fail to penetrate into the dielectric,

while the remainder (1 - k) ¥, must continue in the dfelec-
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tric material. The reflected flux K¥, .returns from the

23

die;ectric surface  with an angle ©%; . In order to fulfill
the boundarylconditions, the normal component of flux densi-

ty requires that:
(1°K) ¥, sin «; =¥, sina; - Kb sino, (2.13)

where the angles of incident and reflected flux line must be
equal. In addition, the continuity of the tangential elec-

- tric component is possible only if:

P

1 _ _ . N ‘ )
?a(l g)wl cosa; = é?wlCOSJl +.JE_(_J K ¥, cos a, ; (2.14)

Therefore an image coefficient K may be expressed as:

EO-' El " -
K = —g¥737 (2.15) .

The equality of angles of incidence and reflection leads to
an” apparent existence of images [30]. Using the image coef-
ficient K , the potential due to the series of the image

charges can be obtained as shown in the next section.
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b
x-

3 ' . )

Figuré 7: A line charge and its flux linesl;

‘

2.3.2 - Dielectric Wall

. S ,
The image-coefficient method described in E'gj previous

section is now applied to a point charge located in a regfon
bounded by infinite dielectric sheets. 1In this case, every
. - . /'T\\ . " -
reflected flux line 1s‘§ub]é€% to further partial reflection
¢
at either plane 1 or p1532~2, -~ and this will continue .on to
infinity. This process is illustrated in Fig. 8‘by a simple

graphical construction.

. q & . . . LN -
The resulting-flux-line reprekentation’of Fig. 8 1is valid Q//

throughout the r-z plane and the image representations per-
mit analytic expressions for the potential . to be written
with great ease. It can be shown that the sum of the

strengt®s of all image charges forms a series which natural-

A

~ ,,
\\ P |

i

7
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ly converges to zero. The potential due a point charge
located at (r,z) = (r,,2z,) 1inside the regioh between two

bounded walls as shown in Fig, 8 may be expressed as [30]:

$(r,z) =—1+'L'“‘" 4 :
Teq Vv (rerg)2 + (z-2)? b
n
aza K
q .
* =1V (r+r0)2 + [z-2nd %(-1)n+] zO]2

Kn
+ q? - 5 tES va (2.16)
=1 J (rfro)a + [z+2nd +(-1) | zy) .

»

where the image coefficient is:

K=2S2 " F3 | (2.17)
€2+ 83 - ) .

In the 1limiting case where the dielectric constant g,
becomes very large and approaches infinity, none of the flux
arriving at the dielectric interface is able to penetrate.
Therefore, this totally reflective boundary gives a negative
image coefficient K = -1, which is.equivalént to replacing
the dielectric wall with a metallic plate. A different ap-
proach and explanation wiil be given in the followiné sec-

tion to show that the eqguatiopn derived in (2.16) is valid

also for metal wall.



26

a3TuTjur ue utr abieyd B O3 INP SIUIT XNT4

~
-yoiMpues DTI3DATITP
e on :g sanbtg

_.a\

- . 5
ﬁo.\mn-@m ) (0*0z+Pp)

(0%2-p¢) [0‘°z)0

B+ 15
4 &

(0 %2z-pz-) (0 Tz+pp~- )

E]

(0 9z—pog-)

A __.mv.m // QNM

-

R

¢ 4 %NMAMI.:

ra YAl
p .\_JM , _NVH

G (-T)

Fm
/ gl
v

/




27
2.3.3 Metal Wall
’ In the case where a charge is located between two metal-
lic planes,. a different approach to finding the equivalent
image charges and the resulting potential function may be
used. Let's assume that the plane is grounded and hence is
held at zero potential. Consider the following system con-
sisting .of a point charge g lying between two i;finite

ground planes as shown in Fig. 9.

\ AN ’
Planey 2 Plandg 1
] A
4
Al o
N ’
hY v
\ “
\ ”
A : r
A L

AR -
LN ’

. 4
\ Lr
) -
N ’

—d: +q_ +d [ —g N
N - ‘ 4 r i
N L—(d r{'d+z )-ll
A .—.z "
h . 8' 0 i

; A :

Figure 9: A point charge g with its image charge.

The effects of the ground planes may‘be described by the
potential due to .an infinite seriles of imégé charges. The
location of thede image charges may be determinedsby aiter-
nately enforcing the potential on both ground planes to be

equal to zero. For instance, on plane 1, the potential can
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, L~ :
be made zero by placing a negative image charge opposite the
real one as shown. Calculating the potential on plane two

then gives:

L[ i _ g ]
. 7](2.18)
ame, V% + (@ + 2)¢ v (3d - zp)

¢2(r,z) =

The fact that the above expression is not identically equal
to zero implies that two image charges must be added which
are located a distance (d + zy) and (3d - zy) to the left of

plane 2, to ensure the potential on plane 2 to be zero.
v

'~

=5

Plane 2 " Plane 1

] .

i i (

1 4

4 ~ L

d y
g =3 ~d’ d dl g .
| k—1d4-z§—e 0 k(-2 ) qdd-z )4 7z

L———Bd - zO) —

- Figure 10: Two additional image charges located at the left
plane. -

Calchlating the potential on plane 1 again, gives:

‘ ) _a | q
é (F,Z) = [ = = " i
1 | 4re , V2 + (d_zo)z v r2 « (d_zo)z ¢

- q N q |
Vr2+ (3d + z,)? Vo (5d - z )2

(2.19)
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The above eqguation indicates: that two more image ,charges

must be placed a distance {34 + zn) and (54 - zo) to the
right of plane 1, in order to obtain zero potential.

This procedure continues on to infinity producing the

following series of image charges (see Fig. 11). The poten-

tial due to this infinite series of charges 1is then ex-

pressed as:

(r,z) L =
$ (r,2}) = —
4me, Jr2+ (z - zo)2
» -1)"
+ Zl 5 d = (2.20)
n= _ S .
Jr + [z 2 nd + (-1) zo]
w q (-1)
* 2 +1 2 ]
n=1 ' 4+ [z + 2nd + {( l)n ZO]
r
Plane 2 A Plane 1
’ f
€4 , Ez | €,
8 J A 4 a dqr 4 g V—ﬁ 3 Z
(-6d-z,) (-hd+zo) (—Zd-zo) 0 z, (2d-20) (hd+zo) (6d+zo)

Figure 11: A real charge with its infinite series of image
charges.
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The equation (2.20) derived is then identical to tha£ ex-
pressed in (2,16) with'K = -1 and rg= 0. If the finite
thickness dielectric sample is bounded by air or free space,

the image coefficient K is given as:
K = —2—_2 _ - (2.21)

where the normalized free space permittivity €; is equal to
unity.

Since the sefies of image.chérges is equivalent to having
two ground/planes, the above expression represents the po-
tential due to a point charge located at (r,z) = (O,ZD), be-
tween two ground planes, If the charge does not lie on the
axis but rather at a point (xD 'Y, 2,) then r’ is replaced

2

by (x - X, Y2 o+ (y - Y, )* , in the above derivation.

2.3.4 Green's Functions

For application -to rotationally-symmetric systems, the
potential due to a point charge must be replaced by the po-
tential due to a uniform ring of,charée. The Green's func-
tion therefore represents the potential at a poinf (r,z) due
to a ring of charge of radius r' and centre located at z' as
in Fig. 12. "

The distance between the obsérvation point P and the source

. X
point P' is given by: '

R

J(x=x)2 4 (y-y")2 + (z-2')2

¥
\/(r—r')z + (z=2')% - 4 ¢ r' cos? & (2.22)
2



Infinitesimal ring used in derivation of the
Green's function,

Figure 12: -

t v b

The rotationally-symmetric Green's function for a single

ring of charge'is_written as-[31]:

. T
G(r,z)= ~_4ie

(=R N

2 . 2 a9
v/(r+r') + 2

KT /(r+r')2

4
N
1
N
o)
2}
~

(2.23)

[}
where 4drr

2
(r + r')2 + (z - z'")

and E(k) is the complete elliptic integral of the first kind.

defined as:

. . | (2.24)
D/l-k sin® B
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When a wall is placed in close proximity to the open end
of the sensor, the Green's function for cylindrical systems

can now be found by considering a real ring of charge with

radius r' located at z = z' and the infinite series of image

charge rings due to the two infinite walls as shown in Fig,

13, )

LI S - T,

ol '!f\\ ‘,n.‘ A r ! , Fa ‘ ’, \‘l ’,\‘\
g\ R [ | i N ro
| N = -t .1 [ -.1 b 5 {1 bt %1: ; A
T N oS AT

J v ! ] . \ ] v ) . \
‘\,’ ‘\j “’.I ) i J. A Y] L

(-6d-z") (-4d+z') (-2d-27), z' [ (2d&-2") (4d+2z') (6d-z')

Figure 13: Real ring of charge and its mirror images.
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The Green's function is thus expressed as:

_ 1 _ 1
Gir,z | r',z2') = 7 [ E (k}
| TE /Qr + r')? + (z --.'z')2
g n
.o = — E( o)
“=¥ ‘ /Qr + r'}2 + [z = 2nd +-(--l)rl+l z']%
) .
5 | K >~ E( B
P / 7 n+l .2
n (r + r')° + [z + 2nd + (-1) z']
(2.25)
where. . e ¥
4 rr'
K’ = 2 2 !
(r + x')"+(z - z") _
' | /
2 ’ 4 r r'-
a. ° = 5
(r + r')2 + [z - 2nd + (—l)n+l z']
7' 4 rr'
Bn = 2

(r + r')% + [z + 2nd + (-1)™ 21

where E(k), E(an ), E(B,) are the complete elliptical inte-
grals of the first kind.
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2.3.5 Organization of Solution

To implement a solution by the method of subsections, the
real conductors and finite interface in Fig. 14 are divided

into subsections, numbered from i = 1 to i = n for conduc-

tors and i = n+l to i = n+m for the interface.
r Finite Interface
AN
A S: as,
b, e mewn b wall
subsect}on T2 | subsection"iV
! —
Ve (ri, zi) _> (ri,zi) L
2 ::::*z:mﬁnm < grounded
. ov [ ) —
€3 €2 ! €2 €3
(S N )
‘ : 7
— d — 0 r—d—#
Image | Real problem
problem

Fiqure 14: The coaxial sensor with wall presence and its
- mirror image. v

Since it is symmetric about z = 0, i.e. Asj‘ ASj, only one

half of the problem is required to be subsectioned. The in-
finite metal or air wall is not subsectioned since it 1is
taken into account in the Green's function. Using point

matching technigles, the coupled integral equations in (2.9}

and (2.10) become:

+ - V1o -
Tyl aleyfen) g e L elagls st T = E) (2.26)

. As.
j=1 j %j

.
I
}_l
o
Lo
-
=]
+
2
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(e, + € ) n+m . ' -
L L+ _ s g 6 3G . ' )
2 % +.( L EL+1) j=1 [ f gﬁ(sils') ds' + I.EE (s;]s') ds 1=0
AS - ' AS', : :
J J
i = n+l,n+2,...... ,n+m
e
Jor l,2,00cceenn , ntm. (2._27)

The fringe-field capacitance can be calculated once the

charge density is known. Equation (2.11) is then evaluated

as fdllow:

1 k

f

C = —

= 3 E o, €4 fﬂ\s. ds (2.28)
i=1 i

The net fringe-field capacitance which is equivalent to the CT in (1.1)

may be calculated:

where C, is the total capacitance, %; is the pulse amplitude

in units of C/m? and the summation is over all positively or
negatively charged subsections lying on conductors.
in a rotationally-symmetric system, the total stored

a’ - -
electric energy WE is given by

W o=y F-IVdJl2 2 Tr dr dz (2.29)
E 2°q . :

and it can also be expressed in terms of the capacitance as:

]
W=7%CV? (2.30)

T E
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where -V is the potential = difference between the two

conductors.

The electric field along the radial and axial directions

.3
may be calculated as follow:

T =-Vo (2.31)
E = _4¢ . (2.32)
r ar
E = __8¢ (2.33)
Z Ay :
E =152 5 (2.34)
Total IJ E[‘ * Ez

wvhere E. and E are the electric field in the r and z direc-
tion, respectively, and %btalls the resultant field qf the
two components., Thus the electric field along the axial and

radial lines can be mapped which will be shown in the next

chapter.
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</ NUMERICAL RESULTS
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i fn this chapter, the numerical'resﬁlﬁé §btained.from the
Finite Wall Method and the Image Method are compared and
analysed. Variations of the fringe-field capacitance as a
gﬁnction of displacement of the wall gives information about
the effects of finite thickness samples backed by a wall or
bi-layered samples. In addition, thé minimum sample volume 
required to simulate an infinite sample ;aﬁ be estimated.
Finally, the electric field intensity at the aperture of the,
coaxial line as well as in close proximity to the 1line is
mapped, showing the sensitive (strong electric-field) re-
/ gions of the sensor in contact with the sampie, which may be

useful for measurement purposes. ' L

L,

P
-
!

3.1 PROGRAM DESCRIPTION ) N
- A FORTRAN program of the Moment Method: used for calculgt—

r - - ing. the fringe-field capacitance of the infinité samples,,
. (28] was modified fér .use in an inhomogeneous'®dielectric
problem. This program QSlved the coupled integral ‘equations
(2.9) and (2.10) using a subsectional»basis and point-match-

ing method in a rotationally—syﬁmetric system. The IMSL

subroutine packéges [33] were employed for the calculati%ﬁ

1
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of the elliptic integral function and solutioq~of the final
system of equatiohs. The matrix inversion routine is capa-~
ble 6f handling large-sized matTices with full storage mode‘
and produces high aécufﬁcy olutioﬁs. Also, it requires
less CPU time as compared with the Gauss elimination ap-
proach. .

The derivative of the Green's function was obtained using
the ffmite difference?:%iftead of the back@ard diffeance
approximations o;iginally proposed 129[28]. ; Two separate
subroutines weré used to replace the subroutine of the
Green's fungtion and its de ivative given in.[28]: - The
first routine computes'thé Green's funcgigﬁf containing the
complete elliptic integral, while the other calculated ifs
derivaéive; This approach eliminates the complication of
numerical and analytical derivation of %he Green's fumction
and pfévides flexibility for any modification to the Green's
function without reprogrammiﬁg %%e\sub:outine. For tHe pro-
gram utilizing - the Image Coefficient Method, the Green's
function subroutine was modified to accept the infinite se-
ries in (2.25). . = Notice. that subsections for the wall are
not needed for this-casé'since the converging series of im-
. 4ge charges répresants the Finfinite wall. 1 operation
were performed with &Suble precision (8 word) arithmetic on
an Amdahl;gzo/V7A computer and the listings are presenﬁed in

¥ w

appendix‘A. ‘ e
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3.2 COMPARISON BETWEEN FINITE WALL METHOD AND IMAGE
COEFFICIENT METHOD !

The sensor configuration utilized for analysis 1is shown
in Figqg. 14 'and a comparison of t total capacitance ob-

tained from the two different approaches is tabulated in Ta-

" bles 1 and 2. Table 1 gives values of the total capacitance

normalized to the free-space permittivity and - aperture di-
mension (b-a) for-various sample permittivitiqs. These val-
ues of C /go(b—a) apply to any size of 50-Q air-filled co-
axial line for which the ratio b/a is equél to 2,303, where
b and a are the outer and inner conductor radii, ‘respective-
ly. The relative permittivity used for filling the space
between the‘ coaxial line and the wall ranges from 10.0 to
60.0, where the wall is located at a distance of twice the
inner conductor radius.

Table 2 shows a compérison of the results of the two

methods for distances between the tip of the sensor and the

- wall (denoted by 'd') ranging in value from a to 30ay where

a is the inner conductor radius {see Fig., 14).. The dimen-

sions of the Semi—rigidhline are taken from standard manu-
facture;s_data'where c¢/a = 3.925 and in‘i 3.268 for tef10n1
filled lipe ( €= 2.05). |

For the finite wéll analysis, the necessary dimension of
the wall required for the capacitance to converge had a ra-
dius of approximately_sevggj times the inner-conductor radi-
us. Thé dimension was determined by successively increasing

the region of the wall during computation until the change
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TABLE 1

'Comparison of Cr/eo(b-a) versus € for a 6.4-mm air-line
obtained from Image Coefficient and Finite Wall Method.

. ~ ' . /-"~_/ “
) . d/a = 2
sr CT/ED (b—a)
Metal wall Air wall
SN et DL DL EE L E LTl S e ats meaba L L
Image Coef. | Finite Wall Image Coef. | Finite Wall

Method Method "™\ Method - Method

10 40.428 40,567 35.605 35.616

20 79.742 80.190 70.027 ~70.223

40 158:271 159.339 138.793 139.360
? 60 236.776 '|  238.463 | 207.540 208.539

P

ﬁan the capacitance between consecutive runs bé;ame less than
0.1%. A sufficient length of coaxial line to ensure that
the charge distribution on both inner and outer conductors
to‘be approximately uniform in the vicinity of z = 0 is
found to be equal to eight times the inner conductor rad;us

[28]. The -minimum number of subsections reguired for the

wall was seven where it was found that doubling the number

-~

of subsections produce only 0.1% difference in the total ca-
pacitance value. It was also observed that further increas-
ing the size and the number of subsections of the wall used

9

above produced negligible change in the capacitance. For
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TABLE

Compariébn of the two methodg of normalized fringing

41

capacitance versus position of fthe wall for a 6.4-mm line,

80

.

water € =
d/a C;/ eb-a
v ' .
Metal Wall Alr Wall
" |image coef. [Finite Wall | Image Coef.]| Finite Wall
Method Method Metho Method
\ S O R e e —_—— |~
1 220.74 %23.92 113.39 113.78 .
L2 176.33 _ 177.82 143.45 143.88
4 161.65 162,52 153.81 154,54
6 ;158.80 159.85 155,62 156.45
8 158.32 158.92 155.85 157.12
12 157.65 158. 29 156.47 157.57
30 157.37 157,88 156.63 157.79
. example, tripling the size and number of subsactioné of the
wall only gives less than 0.1% difference in the‘result.
The conductor ané interface of the coaxial line required at

(. - -
least 58 and 17 subsections, respectively [287.

For the image coefficient
in (2.25) converges rapidly.

are necessary to .ensure convergence within 1%.

analysis,

the infinite series

Only two terms in each series

Each term

requires an additional fifty seconds of computer time for a

solution.
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3.2.1 Discussion
In terms of the CPU time, the Finite Wall Method requires
40 seconds to run for a typical problem compared with 103
_seconds'for the Image Coefficient Method. More time is
needed for the Emage Coefficient Method because ‘its Green's
function contains several sér%es to _simﬁlate the image
charges. -~ Although the Finite Wall Method necessitates more
unknowns and thus storage requirements, these factors are
trivial in both the programming and exeqﬁting'process. The
IMSL routines, capable of handling large size matrices with
goodlaccuracy, requires only a few seconds of execution
time. Therefore, it is recommended to use the Finite Wall

. ) . , ) N
Method if the computing time is the main concern. .

Both the Finite Wall and Image Coefficient’ Methods pro--

duced comparable results for the finite thickness single-
dielectric or bi-layered sample problem. A comparison’ of
the normalized caﬁgcitance values obtained from both methods
indicate that they are within 0.7% in-all cases.

1

3.3 FRINGING CAPACITANCE

The dimensions of several standard 50-Q semi-rﬁgfd coax-—
ial lines and the total capacitance of an infinite sample of
each of these sensors are given in Table 3. The coaxial
line is lpaded with teflén (Er_= 2.05), and wété; (Er = 80)
is used as the sample outside the‘line. These values corre-

spond to the limiting case of a bi-layered medium where the

second layer is displaced to infinity.
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TABLE 3

’

Several standard 50-Q «coaxial lines and the total
fringe-field capacitance of infinite sample (water).

. External Nominal
Line Dimension b {mm] a [mm] ¢ [pFl

{ mm ] T .
6.4 (.25-1in) 2.663 0.815 2.5820
____________________________________________ f___..-:__...........__
3.6 (.141-in) 1.490 0.456 1.4447
2.2 (.085-in) 0.836 0.256 0.8104

Calculations of the ,fringing capacitance were performed
for different positions of the wall until the capacitance
value appgoachedithat of ﬁhe infinite sample. Fig. 15 shows
thé changé An capacitance versus distance of the wall in
normalized form {(valid ' for any size of 50-Q teflon-filled
sensor), whereas Figs. 16, 17 and 18 show the results in pi-
cofarads for the three different standard coaxial 1lines,
i.e. a 6.4~mm line, 3.6-mm line and 2.2-mm line, éespective—
ly.

The upper curve.in'each figure i1llustrates the capaci-
tance when a metal wall is moved along ‘the axial direction

starting from the tip of the sensor (zero millimeters) to a

few millimeters away‘from the sensor, while the lower curve

b
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represents the case for -an air wall. The straight line
(horizontal) shows the capacitance value with infinite sam-
ple. Note that the depth of penetration‘ of the. sensor
(probe) immersed in the water sémple did not affect the ca-
pacitance value [28]. ;

ﬁFigures 19 to'22-give.the percentage difference of sensor-
capacitance with the wall and the infinite sam?Ie as a func-
tion of the position of the wall. The results f%f @gﬁferenﬁ

sensors commonly used {as given in Table 3) are plotted for

convenience.
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Figure 17: Total capacitance C.[pF] versus position of the

wall dlmm] for a 3.6-mm teflon-line immersed in
water. '
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Figure 18: Total capacitance C;[pF] versus position of the

wall d[mm] for a 2.2-mm teflon-line immersed in
water.
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3.3.1 Discussion
It is evident from Fig. 19 that the capacitance values
change rapidly as a metal/air wall moves within a- distance
of approximately twice the inner-conductance radius from the
tip of‘thg sensor (d = 2a). For ins?ance, Figure 20 shows
that when the wall is placed at a distance ranging from 2 mm
to 6 mm, the change in capécit&pce is within 1 to 10% for a
standard 6.4-mm line. The farther the wall is moved away
from the sensor, the smaller the change where 1t becomes

negligible beyond 15 mm. From these data, the minimum sam-

ple thickness for simulating an infinite sample may be esti-

mated to be approximately 6 mm of water for a 1% change in

capacitance. Since the dielectric constant of water is the
limit of pérmittivities encountered in biological substances
at microwave frequencies, the change in capacitance for the
latter would be even smaller. Generally, for any teflon-

line, a thickness equal to at least seven times the inner

radius of the coaxial line sensor is required to simulate an

infinite sample.

A summary of the result'regardin;\génsor capacitance dif-
ferences for the norméliZed;wall position and three stan-
dard-sized se;sors is given in Table 4. This table provides
i&formation on minimum thickness of sample reguired depend-

ing on the desired accuracy.

“By
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Estimation of Sensor Capacitance Difference between finite
and infinite sample versus the Position of the Wall.

water Er = 80
} : Position of the Wall
'.""""""'""""'""_"""""""'.5: """"""""""
CmaElCInf Any sensor 6.4-mm 3.6-mm | 2.2-mm
C normalized dia line dia line dia line
Inf, .
to lal
% d/a d{mm] , afmin] dlmm]
> 10% 0 - 2a 0-2mm |0O~1mm| 0 - ~6 mm"
. S . , -
1% - 10% 2a - 7a 2-6mm #1 - 3 mm|.6 -1.8 mm
__________________________________ A e
0.1% - 1% | 7a -19a € -15mm |3 -9 mm|1.8 - 5 nm
< 0.1% > 19a > 15 mm > 9 mm > 5 mm

CIH?_Capacitance with infinite sample.

a

Inner conductor radius of the sensor.
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3.4 ELECTRIC FIELD

The magnitude of the total electric field ( Ep =y E.+ E.)

along a radial line at the aperture of the sensor is calcu-

lated using equations (2.31)-(2.33), and plottéd in Fig. 23.
The field is "expressed in volts per unit a where a 1is the
inner conductor radius of the conductor line. it is ob-
served fhat the maximum field intensity occurs at the radial
digtance of 1.2 a, while another small peak occurs at ap-
prsximately 0.98 b (b is the outer conductor inner radius).
The ratio of the first and second peak field strengths is
approximately 7:1. Beéond the distance ¢, which is the out-
er-condu;tor outer radiis, the field intensity is negligi-
ble. This corresponds to the results in [281, where it was
observed that adding a ground plane (metallig\iiiygé)_to the
coaxial line produced insignificant change in the fringing
fields and subsequentiy in the capacitéhce.

Figure 24 gives the total electric field along a radial
line at a distance 'a' from thé)apérture.. The magnitude of
the E¥field' is. at maximum around the center conducfor and
decays with r. The magnitude of the E-field along z-axis 1is
also calculated as shown in Fig. 25(A).

In cases where a bi-layered dielectric sample 1is used,
such as water and air, the total field is mapped as shown in
Figs. 25(B) and 26(C). For curve B, the first sample is wa-
ter ( e..= B0) with a thickness (distance) of 2 times the

inner conductor radius (4 = 2a). Beyond this distance the
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space is filled with air ( €, = 1), and vice versa for curve
C wherg the first sample is air, backed by water.

It is observed from these ~grapﬂs thAt the field strengtﬁ

in a high permittivity sample (e.q. water,\er = B80) decays

much faster than in a low permittivity material (e.g. air, o

= 1) as the distance away from the sensor is increased. A

4
discontinuity in the field occurs at the interface as ex-

\
pected. ) > \h}

f\)
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3.4.1 'Discussion

The result in Fig., 23 shows that the most sensitive por--

tfon of the sensor with respect to the sample is afdund the

regions of the ihner conductor. This result prévides useful
information for éample preparation and‘measurément process,
It is important to ensure that the sample portion, particu-
larly in_thedvicinity of high electric field regions, 1is in
good contact with the line. For- a semi-solid material, the
sample surface should be very flat{énd smooth to avoid air
gaps. For'any liquid sample, " air bubbles around the open
end of the line have to pe eliminated béfore measurements
take 5iace.

Figure 24 shows that the fieid strength at a radial dis-
tance 5 times the inner conductor radius (r = 5a) 1is very
small., For'ek%mple, for a 6.4-mm standard line {a = 0.815
mm?) , .fhe magnitude of the electric field 1is found to be
0.012 v/mm {(the potential difference between the inner and
outer conduchrs was set to be equal to 1 V) at a radial po-
sition of 4\?m-from the center cohductor. A similar result
is obtained for the case where the distance is alon‘g- the /ax—
ial direction (see Fig.' 25(A)). " The electric field at the
axis z = 5 mm is found to be 0.020.V/mm (normalized to 1 V
between the cohducto}s) for a 6.4-mm line, By knowing the
pattern of the electric-field around the sensor, the minimum

volume of the sample required in order to prevent reflection

\, . . ’ :
from the'other_ closed-by object can be determined. Also,

1
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the depth of the interaction region of

evaluated from these results.

the sensor

62

can be



Chapter IV

EXPERIMENTAL PROCEDURES AND RESULTS

In this chapter, experimental procedures and results are
:presented, including a brief description of the equipment
.used in the measurements, the calibration method and the ex-
" perimental arrangement.

The measurement method is based on the determination of
the input refl?ction poéfficient of an open-ended coaxial
line immersed in distilled water backed bg either a metal or
air wali.' With the wall moving in close proiimity to the
sensor, the input reflection coefficient was measured where
its value was uged to calculate the total capacitance by as-—
suming a lumped impedance terminating the semi-rigid line,
The_éxperimental resﬁlts given in this chapter are usea
to verify the validity of the related numerical methods de-
scribed in Chapter II; A comparison between the theoretical

and the experimental results is presented.

\/\
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4.1  EQUIPMENT <,

The key components of the measurement system were the
sensor and the computer-controlled Network Analyzer (Héw—
lett-Packard ﬁodel 8410B). The sénsor translated changes in
the permittivity of’a test sample into changes in the input
reflection coefficiéﬁt. The Automated Network Analyzer, op-
erating in the frequency range 0.1-12.4 GHz, was used for
fast and accurate measurements of the reflection coeffi~
cieﬁé. ‘ .

The measurement system compriged .of HP8410B Network Ana-
’ lyéer; HP8745A Test‘Set, HPB620C RF Signal_Source, HP59306A

Relay Actuator, HP593134 A/D'anveiter,‘ HPBGSGAKSyntheSized

éignal Geanator and HP8709A Synchronizer, all conﬁfolled by

an*HP9B25A Desktop Computer interféced through the IEEE—488‘
interface bus, The block diagrah of'the séstem is sﬂbwn‘in

Fig. 27.

The HPB620C RF Source was programmed to' a required fre-
quency foxr each measurement and combination of linear and

. polar displays . provided accurate\'magﬁitude‘and phase data
[34]. * o

The Source Phase-Lock Subgystem consisting of the HPB656A
éynthesized Signal Generatof and the HP8709A Synchronizer
which provided the synthesizer a good frequency acéuracy and
repeatability. This subsystem provideé the frequency accu-
racy of approximately #* 1 pért in 10° plus 5 KHz, and fre-
quehty,gepeﬁtability of + 100 Hz. This accuracy was espe-

-
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cially valuable when measuring materials with properties
L] - :

that cause the magnitude-'gr phase to change rapidly with

66

frequency. ' L

T

4.2 CALIBRATION

One of the most important parts in the measurement proce-

dure was the error correction/gélibration of the computer-

baséa automatic network analyzer for the reflection coeffi-
cient measurements. To attain high accuracy meaéurements,
the calibragion procedure may be performed by psing liquids
of well known electrical properties (permittivity), namely

distilled water, . methanol, or saline solution. Water was

‘the most' suitable material used as a standard liquid for the

system calibra;ion because it was chemically inactive
[35,36].
In this calibration procedure, the intrinsic impedance of

the leuid used for calibration was calculated and used for

calculating the .refleqtion coefficients for the sensor im-

mersed in the same. material [37]. The error correcting

‘coefficients were then computed for every fregquency on the

basis of measured values of the refiectipn coefficients dur-
ing calibration and the caiculated (known) .refle%Eion.coéf—
ficients of standard terminations or materia%s: The vec£or
(magnitude and phase) error terms were stored in the comput-

er memory and were used to remove these systematic errors

during the measurement procedure as the analyzer tuned back

~

i) [ " Q :
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to each calibration frgquency, measured the sensor response
and performed the error‘corréction computation. The result-
ing high-resolution magnitude and‘phase data of the reflec-
- tion coefficient were used in the calculations of the other
quantity such és the capacitance and transmitted directly to-

a printer in tabular form. ' ,

P

4.3 EXPERIMENTAL ARRANGEMENT
1) .
A typical 6.4-mm (0.25-in) dielectric sensor ¢onsisting

: ; ,
of an open-ended semi-rigid coaxial line was utilized in the

_measugements. .Distilled water at room temperature -(23°C)
was chosen as the test dielectric, since it represents the
Opper limit of the dielectric constant of biological materi-
als at microwave frequencies. |
The sensor was immersed in a container filled with dis-
~tilled water mounted on a moveable carriage. A metal wall
was achieved by placing a-metallic plate at the bottom.of
the container while aﬂ-é&? wéll-*ﬁas simulated using a sheet
. \ : , ;
of styrofoam which had a thickness. of 2 cm. The height of

the open end of the sensor above the wall was measured using

a. dial gauge as shown in Fig. 28. . \
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Figure 28: Experimentalvarrangement;

L=

4.4 MEASUREMENT PROCEDURES

The system was allowed to warm up for several hours prior
to taking the measurements. The programs were ‘then loaded -
into the HP98B25A computer and calibration was done with an \ .
open circuit, distilled water and a saline'solution.

It is important to ensure that . no air bubbles ex#st at
the open end of the sensor since a minute pocket of air. may
cause large errors. The frequency&range was selected from

0.2 GHz‘to 2.0 GHz with an incremental step of 100 MHz, be- j‘\‘//
1

/
!
<

cause it was shown in [35] that the change in the fringe-

field cépacitance;with frequency is negligible in this fre-
{ . .

4
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gquency range. This criterion can be jﬁstlfled by using the

following empirical formula [35]:

o
C,= cT41-+§: [pF1 (4.3)
where ' . .
F =27nf (b-a} eg VE (4.4)

where a and b are the internal and external ré&ii of the

- \. . . ) . »
line, respectively, ¢ is the dielectric conséght of free
0 -

_ space f{air)} and £, is the dielectric constant of the materi="

" al £illing the line (&,,.= 2.05), and C_, is the static

E ,

value of the fringe-field cabacitance of water. Using this

expression (4.3), the frequenc§§c6rrection of the opji;Fir—

cuited capacitance for various types of teflon-filled“coaxi-

—
3

al lines immersed in water can be calculated:

R

T\ For 2.2-mm line: C, (f) = 0.8104 + 1.454 £ * 107 {pF]

H

2. For 3.6-mm line: C. (f) = 1.4447 + 4.08 £ * 107" [pF]

3. For 6.4-mm line: cT (£) 2.5820 + 2.33 f£* 107° [pFi

where f is the frequency in megahertz. For frequency rang-

ing from 0.2 Glz to 2 GHz, the maximum&error due to fregquen-

cy correction i§\0.07% for 2.2-mm line, 0.1% for 3.6-mm line
and 0.36% for 6.4-mm 1iné.
Measurements of an infinite sample was first made by.im—

mer51ng\z§e sensor in a/&arge (150-ml bealker) container of

water without interference of any clpse by objects (e.g.

wall). A metallizkg}éfg\gr .styrofoam sheet was ?heﬁ moved
u

closer at each measurement to the senspr and the\distance
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between the tip of the sensor and the wall was determined by

using a dial gauge (see Fig. = 28). Once the values of the

input reflection coefficient wereg measured and known, they

were used to calculate the total fringe-field capacitance of

the sensor using the following equatipn '(see section 1.3,°

equations (1.1)-(1.3)}:
(1-5s.. el®11)

11
r

Er 2o 1 + 8, e 39119 | | (4.5)

Measureients were pefformed at different distances of the

sensor above™~the wall thus producing a set of values of to-

-

tal capaéi&épce as a function of the walk position, These
procedures were then repeated ten times where the average
(mean) values Were obtained and were used to compare with

]

the theoretical-resﬁlts.

Y
-t




- K
\/’J , B
N

71
4.5 ERROR ANALYSIS

. ~'The errors ghich occur in this mgasurem?nt can be divided
iﬁto two categories, i.e., systemat{c errors, which are re-
peatable and can be measu;ed and corrected by the system
through calibration, ~and nopsystematic errors, which are
random error (not repeatable). The latter includes the dis-
continuities introduced by connectors and other physical
changes in the test setup between calibrdtions and measure-
ments. The most common errors are dﬁe to the following fac—-r
tors: N | .

1. Imperfect contact with the test sample such as forma-
tion of a small air bubble in water sample.

2, Teﬁperature drift® @articularly due to changes in the

| length cf the_koaxial line connpctérs. ThisApréblem
can be reduced by warming dp the measgremehtlﬁystem'

.  before the tests were performed. {; ‘

3. Imperfect connéétions' during calibrati%ns may cause
large correction parameters.’ This problem should be
"corrected before proceeding to further measurements,

4, Lack OJT;epeatability of connections, noise or other
5\ ; ’
unknown causes could also cause error in the measure-

‘yénts. Repeating the calibration procedure was nec-
essary in this case. \_‘
Fortunately, the effects of all these errors can be reduced

~if the experimental measurements are proceeded with care and
'a.proper calibration is done.

- | . «

7

//””
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4.6 EXPERIMENTAL RESULTS
_kﬂ,ih ‘The values of the measured capacitance'cT [pF] versus the
wall posjtion d [mm] is plotted in Fig. 29 and compared with
the thegretical result. N
Yor
" TABLE 5

Experimental.vaides of the capacitance [pF] versus the
position of%?he wall [mm] for a 6.4-mm teflon line.

&7 -
e = B0 (water)
% r 7=+ 23C
Metal Wall Air Wall
, ' d [mn]| average | standara | average | Standard
1D N Cp [pFl | Peviation = | C, [pFl | DPeviation
1.0 220 0.083 2.6% 2.139 0.026 l.2%
2.0 2,730 0.048 1.7% 2,440 0.023 % 0.9%
3.0 2.625 0.053 2.0% 2.518 0.021 0.8%
’ 4.0 2.593 | 0.042 1.6%| 2.546 0.028 1.1%
6.0 2.576 | 0.036 1.4%| ;2.561 0.035 1.4%\
8'0 2,573 0.030 1.2% 2.577 0.026 1.0%
10.0 2.578~ 0.025 0.9% 2.580 0.025 0.9%
Note that th) values of Co / indicated® in Télgle pare mean

values averaged over all the measurements taken at-'a fixed

-

position of the wall. The straight line shown in Fig. 29

represents the tal capacitance. value with infinite sample

t/
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(no wall) which ig equal to 2.582 pF, The solid lines
(curves) repfésént calculated values .from numerical methods
while sguare points indicate expefimental results. Vertical
bars indicate the standard deviations of ten repeated meas- =
urements at any given point, where the standard deviations

describe the reproducibility of the results.
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4.7 COMPARISON BETWEEN NUMERICAL AND MEASURED RESULTS

The experimental results agree very well with the theo-
retical values "obtained from either the Image Coefficient
‘Method or Finite Wall Method. Larger valdes ?f standard de-
viation occured at flistances below 5 mm. * This is due to the
rapid changes of the sensor capacitance when the1p wall is
brought close to the sensor.  For instance, when two paral-
lel conducting plates are brought closer to each other, the
value of the capacitance will 1increase aé the distance of
wal{ decreases, In thé;éﬁperiments, it was difficult to set
the distance accurately even though a precision dial gauge
was used. Howeveri for the majority of experimental points,
the deviation from %he mean Qalue wa&_}ess than 2% as shown
in Table 5.

Y
o
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Chapter V

SUMMARY AND CONCLUSION

" In this chapter, a summary of this 'thesis is given.
Also, some suggestions for the future research and develop-

¥
ment are presented.

5.1 SUMMARY ﬁ( .

Chapter‘I gave a review of sevéral methodé used by re-
seachers in measurements of dielectric properties and a va-
riety of sample holders with their sample gonfiguratiops
were given. The equivalent lumped-circuit of the sensor,
which represenpé a linear-model relationship between the
sample pe?mittivity anq the stétic_fringe-field cépacitaqce
.of the sensor was presznted. It yi?lds closed-form expres-—

sions for the permittivity as a functlion of the measured in-

1
»

put reflection coefficient.”

Chapter IT gave a brief review of statig conductor-die-
lectric problems and the Moment Method used " in their solu-
tioh: ':Two approaches were used-'o account for. the presence
of ‘the cqnducting or dielectriéfﬁall. "They were the Finife

)

Wall Method and the Image Method. In the first method, the

" wall which was assumed to have finite area, was subsectioned’

N .

in a manner similar to the other conductors and interfaces.

E 4
: 76_. ‘u, ot - .?
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In the later method, the infinite conéucting or dielectric,

.yall was replaced by an infinite series of image charges.
éoth‘were.implemented us&ng'a digital computer.

ChaptertiII presented thé nﬁmerical rébplts. The fringe-

field.capacitance calculated by the Finite Wall Method and

the Image Coefficient Method was coppared. The minimum sam-

ple thickness required to simulate an infinite samplé”was

estimated from'the results, The total dieleétric field dis-

"tribution along radial and axial lines ‘from ;hé aperture

-

were plotted f both homogeneols and inhomogeneous dielec-
tric‘iéﬁﬁies. ‘ ‘

Chapter IV described the experimental procedures-and the

* ‘ - . . o
equipments used. The error ~analysis was also discussed.

The computer program for permittiwvity measuremehts using the

open-ended coaxial line .sensor and the automated network an-

’aljzer was written in HPL language and is given in Appendix

B: Finally, the measured value of the capacitance was pre-
sented. The comparison between the theoretical (nAumerical)}

and ekperimental results showed good agreement.
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5.1.1 Future Research

An interesting extensidn 'of this work would be to replace

-the bi—iayered sample with a mulpi*layer3 dielectric sample

such as bioldgical tissue. Using the Finite Wall Me%hod, an
additional wall which simulgtes the - ;nterface of the second
and third layers may be solvéd liﬁewise for the bijlayefed
sample shown in this thesis, The multi-layer problem would
be more . complicated uéin§ the Method of Images because of
the mulEiple reflections due to the second interface., ' It"is

expected to produce a more complicated Green's. function,.

therefore, considerably inéreaSing the CPU-time. Inﬁaddj-‘
. ~ .

tion, it would be interesting to analyse the case of lossy,

media, e.q. biological sgbstances, where the ‘loss factor
can not be neglected and must be included in the analysis.’

. o
- . “ . . LR
5.2  CONCLUSIONS '
L + ' .
In this thesis the configuration of an open-ended coaxial.

line 1in éontact with a finite thickness 'samplé has _beeﬁ
analysed; in order _td evéluétE'thg résgonsé. of the sensor
when utilized to measure the ﬁ:openties'of 'inhqmogeneous
dielectrics. Also, ’the'm;nimum.sample tﬁidknéss for simu-,
lating an infinite saépie héSfbégh ?Stimated. - ,k“

The Method of"Mg;ehts was,uéed to solde - the SQatiCICOnLi
ductor-dielectric problém.fand two separaﬁe_ approaches were.
used to account for the presence of‘the'bi-iéyered médium En:

the solution. The’nUmerical ‘results wer® verified experi-

T . L. -

. .
\ | )
B . .

~
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' menFall§“by measuring the fringing capacitance of the\sensor
in a bi—layered ;edium.

The numerical resulks agreed very well with the experi;
ment. The required thickness oﬁ the sample depeﬁdé on’ the.
size of the sensor used in heaeurements. 'Eor'example,‘for a
standard 6.4-mm line, a water sample of‘et least 6 mm thick-
ness may be regarded. as an infinife sample Qithin only %%
error. ‘ _ . . ,;

The accomplishments achieved in fhie stugy‘are as fol;
lows:

1. TQo separate numerical approaches have been used to
ipvestigate the effects of a well, . simulating an.in-
Homogenepus dielectric sample;

2. The preparation and imbieméntation of the computer
pfograhs for these tyo methods wefe presented:

3. _The minimum sample thickness for sﬁ&ulatlng an infi-

-

nite sample has bien estimat&¥; .
4. The numerical results were verified by the experimen-
tal ﬂalues using an automated network analyzer and
they were‘founq§to be in good agreement; |
5. Thelelectric field patterns were mapped aiong radial
and axial iines at the aperture. The region of the

highest electric field was found to be in the vicini-

.ty of the center conductor.



Appendix A

FORTRAN PROGRAM: METHOD OF MOMENTS

The listings of the computer programs used in this work
are given. . Appendix A.1 gives a iigting of ‘the Method of
Moments program where the.wall is solved by the finite wall
approach. Since the prdgram for the Method of Images‘uti-

lizes the same as in Appendix A.l, except for the subroutine

: : -
of the Green's function which replace the subsections of the

wall, only the subroutine GREEN is reproduced in Appendix
A.2. ' '

- - 80 -
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A.1 ' PROGRAM LISTINGS QEWTHE_FINITE WALL METHOD "~

o

1
-

*itt*ttit#*t‘tty*#‘*t#*tt#t#*t##*ttt**ttt#ttt#*'ttttf‘*‘t#‘

* Program name: FNWALL *
* . P *
* Purpomse: To calculate thé coarial-line capaclitance *
* .and the electric-field im a bi-layer *
. ‘ diélectric sample. ' *
* Method: Finite Wall Method . *
* *

t#t#####i##*t##t'ﬂl *t**t#tt###tt***#t##t*l*t‘t#*#t#**_t*****

IMPLICIT REAL*8 (A-H,0-~2) ) .

REAL*8 K(89,89),R(89),2(89),BIT(89),RI2(89),217(89),2I2(89),
BPOT(89),CHECK(10),C(10,89) AINV(89,89),WKAREA(81688),0(89),
5RS(10),25(10) ,DELP(20) ,DELR(10),DELZ( 10) ,ER(10),EZ(10)

INTEGER PR

Coordinates ( RIV(I),ZIN(I) ) and ( RIZ2(I),ZI2(I) )

represent the erd point of the ™I® th charge pulse.

Number the charge pulses beginning with the pulses
¥ 'belng held at a potential of 1 volt.

Subsectional polnts on the coaxial line .and the vall:

DATA RI1/15%140,%40,e95,49,48,¢7,06005r035,02,
§15%30268934268,303,3¢35,3485,3455,3465,3.75,3.85,
511%34925,040505,10051¢5,200,245,3¢00305,%40,405,500,545,
§5640,6050100,1¢05,1075,125,148,146,200,208,2¢65208,229,
§2495,300,3405,341,3.15,342/

DATA RIZ2Z/75%140,+95,¢99280075065054035¢02,040,
815*3.268.3.3,3.35,3-45.3.55,3.65,3.7513.85,3.925,
511*3-925,.5,1-0,1.5,2-0,2.5.3.0.3.5,#.0,4.5.5.0,5.5,
56.0,6.5,7-0,1.05,1.15,1.25.1.4.1.6,2i0,2.4,2.6,2.8,
620992¢95,3e053¢05,301,3415,30243.268/ 2N

DATA ZI'I/OQ‘O'OS,100,,1.5,'200'2.“'2.8,3'01,3 3'305,
53.6.3.7,3.8,3q9,3.95,9*4.0,0.0,.5.1.0.1.5,2 0,2
520893015323,305430643¢773¢8,3¢9,3495,8%4.0

630853¢79305+3035340,247,;2¢3,146,49,718%6,0,

. -4
r 3 -
148,07

-_ 2.“.‘2.8" R .
0'3.9.
*¥6e0,17%08,0/

= OWw

£3.8,3.

un
-
w
]
[=,]
-
[

«
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The fleld points along the radial displacements:

-”ﬁ]ra RS/e25,055¢752740,1¢25,1¢5,1¢75, 2 0¢2425,2.57

87

50

‘DATA 25/10%6.0/

POT(I) represents the value of potential for pulse I,
DATA POT/24%1.,0D0,65%0.0D0/

NPULT = Totah}:ou of pulses including 1interface.

NDPUL = Numbersof pulses lying on conductorse. : A
NINTI - Number of pulses beiag haeld at 1 volt. 33

NPULT=89

NDPUL®58"

NUNT=24

NIN=15

EPSH - The dielectric constant of the second layer sample.{air).
EPS3 = The dielectric constant of the first layer saeple (vater).
EPS2 - The dielectric constant 1inslde the line (teflon}.

EP54=1.0D0

EPS2=2,05D0 . i
EPS3280.0D0 7 \\

SCALE = Scale factor for all dimensicns.
SCALE=1,0D0

.If PR = 1, do not print charge denslities,

PR=)

Scaling of the dimansions:
DO 87 I=1,NPOULT
BIT{I)=EIV(I)*SCALE
RI2Z{E)}=RI2(I)*SCALE
ZIN{I)=2TI1(1)*SCALE
ZIZ2(I)=Z21I2(L)*SCALE
CONTINUE

‘Calculation of coordinates of pulse centres-.

DO 1 I=1,NPULT

R{I)={(RIT{I)+RI2(1))/2.0D0

Z(I)=(ZX1(I)+212{1))/2.0D0

CONTINOE -

Using oamerical integration to coastruct the upper systen-
Set KCODE equal to 1 for regular Green's function kernel,
R'CODE=1 : .

~

‘D0 2 I=1,KRDPUL
DO 3 J=1,NPULT )

CIF({T. EQ.J) AHD.(RI1(J)-EQ.RIZ(J)}) GOTO -50

CALL GAUSS(R{I). Z(I),FI1(J),RIZ(J),ZI1(J) ZI2{J) ,SUN KCODE)

. GOTO 51

CALL DIRZ(R(I) Z(I),R(J) ZI1(J),ZIZ(J),SUH) N
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C Calculatiou of the "IMAGEW™ alelent'
51 CALL GIUSS(R(I).Z(I).BI1(J),RIZ(J),-ZI1(J).*ZI2(J).SHP KCODE)
K(I, J)-suuosup -

3 CONTINUE

2 CONTINDER

o . , :

C Calculation of the lover systewm: ' b
NNNsNDPUL+. ’

c : . 8

4 DO 32 I=aNNN,NPULT .

c Set KCODE depending on orientation of *I'th element:

KCODE= 2’ ) :

IP{RIT(I)«EQ«RI2(I)) KCODE=3

DO 33 J=14NPOLT ' )
CALL GAUSS(B(I).Z(I).RI1(JI,RIZ(J),ZI1(JI ZI2(J) SUN KCODE)
C Calculation of the "INMAGE" alement:
CALL GAUSS{(R(I),Z{(I), RI1(J),RI2(J),-ZI1(J).-ZIZ(J) SHP,KCODE)
IP(I.GT«72) GOTO 3%
K(I,J)= (SUHtSHP)*(EPSQ-BPSB)
IF(I«EQed) K(I,J)'K(I J)=-(EPS4+EPS3) /2. ODO
GOTO 33 | '

34 R(I,J)=(SUM+SMP)*(BPS3-EPS2)

IF(I.EQeJ) K(I, J)=K(I J) (EPS3+EPS52)/2.0D0
33 CONTINDE -
32

CONTINUE
Solve the systéu for.the charge pulse heights:

_ LIHVZF = IMSL subroutine nane.
K = Input ratrix ¢f dirmension N by N contédining
the matrix to be inverted. -
IA - Rov diemenslon of the matrixe. .
AINV - Output matrix of dimension N by N containinq
. ' the inverse of K.
IDGT *'Input option. '
WKAREA - Work area of diwernsion equal to B**2+3n.
IER - Error parameter (output)e.
H=KPULT ‘ s
IA=NPOULT .
IDGT=4 .
CALL LINV2P(K,N IA,AINV IDGT KAREA,IER)
DO 554 I= 1,HPULT Co
Q{1}=0.0D0 -
554 CONTINUE
.~ DO 555 I=1,NPULT . - _
DO 556 J=%1,NPULT ‘ - -
;5356 Q(I)'Q(I}flINV(I.J)*POT(J) '
555 CONTINUE
c . o

i

N0 anonn
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66

1.1

13

'aa

332
77

77

12

119
100

107

102

108
305

351

B4

Calculate the total electric field along the radial dilpllcolont..

WRITB(6,66) ‘ y
FORMAT(2X,"THE ELECTRIC FIFLD ALONG THE RADIAL DISTLHCE')

ol e S S M S b e e = L L] -

DO 11 I=1,10
CHECK(I)=0.0D0
CONTINUE

KCODE=1

DO 12 I=1,10

DO 13 J=1,NPULT \ :

CALL GAUSS(RS(I).ZS(I).RI1(J),RI2(J) ZI1(J) zxzta),sn,xcons)
CALL GAUSS(RS(I),zst:),a11(J).R12(J),-ZI1(J).-212(J) SP,KCODE)
C(I,J)=SH+5P

cagcx(1)-c35cx(1)+c(I.J)*o(a)

CONTINUE -
IP(I+EQea OR.I EQ.10} GOTO 88
NaI~1 .

.DELP(I)aolas(cuacx(u)-caecxtx))

DELR{I)=RS(I)~RS(N)

ER(I)aDELP(I)/DELR(I)

WRITE{6,77)I,B5(1),25(I), CHECK(I),ER(I)

CONTINUE - ‘ :
FOBMAT(1X,*I= 7,12,2Y,'RS®= V,F4,2,2X,%25= ',F4,2,2X,
EYPOT= _',F7.4,21.'ER= "F7QQ), ) . .
FORMAT(8X,12,5Y,F7.4) ‘ . '
CONTINUR B . -

B

OUTPUT SECTION:

WRITE(6,100)NPULT ' .
PORMAT(1X,' TOTAL NUMBER OF PULSES: NPULT=1,I5)
WRITE(6,107) §DPUL

FORNAT(1X,"R0e OF DIRICHLET PULSES' NDPUL =',IS)
IF(PR.EQ.1)} GOTO 305

. WRITE(6,101)

FORMAT(1I,'PULSE ¥Oe R=COORD. 2=COORDe CHARGE DENSITY?)
WRITB(6,102)(I,8(IY,2(I),0Q(I),I=1,NDPUL}
PORMAT(1X,I0,2%,PB8.4,2Y, FB 4,2%, D17 7)

"WRITE(6,122)

EDIEL=NPULT=NDPUL

WRITE(6,108) NDIEL

FORH!T(1I,'N0. OF DIEL—DIEL 'BDRY PULSES: NDIEL ='.15)
WBRITE(6,102)(1, B(I),Z(I).O(I).Izuuu NPULT)

WRITE(6,122)

WRITE(6,35%) EPS2,EPS3,EPSY

FORMAT (1X, "EP52 = *,F3.,2,' EPS3 = ",F844,2Y," EPS LAYER=V,F8.8)

L s
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125
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133

130

85

CALCULATIOH OF THE TOTAL caaacz nup ClPlCITlHCE' “
cnpour-o.ono

CAPINs(.0DO

CALCULATION OF FRER CHARGE

DO 5 I=1,HUNI "
CHIRHQ(I)*B(I)*DSQRT((RIZ(I)-RI1(I))*‘2*(212(1)-211(11)‘*2)
I?P(I«GToFIN) CAPOUT=CAPOUT#CHAR®EPS3

IF(I.LEJ.NIN) cnPIH-CAPIH+CBAB*Ep52

CONTINUR

cnpourucnpouwtz 0D0*3,.13159265359D0
CAPIN=CAPIN®*2,.0D0%*3.14159265359D0
CAP=CAPIN+#CAPQUT

WRITE(6,122)

WRITE(6,123) ' o
Fouuar(1x,'capac1rnucss NORHLZD TO FREE SPACE PERM AND PI :t)
WRITE(6,%24) . .
FORMAT(8X,"INSIDE',12X,"OUTSIDE®?,12X,"TOTALY})
RRITE(6,125) CAPIN,CAPOUT,CAP . ,B =
FORKAT(1X,3D18.7) \
PORMAT(1X," )

CALCOLATION OP NET FRINGING CAPACITANCE:
CTEN=2,0D0*3,18159265359D0%2.,05D0%4 . 0D0/(DLOG(3 268D0))
CNORM=(CAP=-CTEN)/2.268D0

WRITE(6,122)

WRITE(6, 133)CTEN _

"FORMAT(1X,'C=TEN®,D20.9)

WRITE(6,122)

"WRITE(6,130) '
FORMAT(1X,"NET FRINGING CAPACITANCE NORMALIZED. ro FREE SPACE

. GPEBMITTIVITY AND (B=A):")

131

WRITE(6,131)CNORM .
PORHAT(1X, C/EPS*(B-A) = ,D17.7)

-STOP
END
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SUBROUTINE SECTION | | E

A N A okl S D A S S D . .L‘

SUBROUTINE GAUSS(RI,ZI,RJ¥,RJP,ZJN,2JP,S,KCODE)

Q.....'...........................'..............'......
SINGLE INTEGRATION SUBROUTINE: UTILIZES VARIABLE-POINT
LEGENDRE=GAUSS QUADRATURE APPLIED TO A SINGLE INTEGRAL.

...'..."...-......l............‘......................

INPLICIT REAL*8 {A~H,0-7) -
REAL*8 F(16),08(8),H8(4),06(6),H6(6), us(a),aa(ej, , e
80U10(10},H10{(10),016(16),816(16)

NIP IS THE 80. OF INTEGRATION POINTS:

- COMMON/GAUSS1/04 ,44,06,496,08,H88,016,816

COHHOH/GAUSSZ/U10 H10 -

NIP=16 : _ , N

CALCULATE THE KERNEL EUhCTION-

DO 1 I=1,NIP

RJ-((RJP+RJH)+U16(I)*(HJP RJH))/2 000
ZI=((ZJP4ZIN)+U16(I)*(ZIP=-2IN))}/2,000

CALL DERIV(RI,ZI,RJ,2J,FF,KCODE)

F(I)=FF*RJ ° .

CONTINUE .

CONSTRUCT THE INMTEGRAL
S520.0D00

DO 2 I=1,NIP .
S=S+H16(I)*F{I)
EONTINUE .
SaS*DSQRT((RIP=RIU)*#2+(ZIJP=2IM)**€2) /2,000
RETURN .

END '

£

\ LY

'SUBRQUTINE DIRZ(RI,2I,RJ,Z1,Z2,SUN)

DIRECT INTEGRATION OF THE PEGULAR GREEN'S FUNCTION
USING ‘GUASS~CHBEBYCHEF QUADFPATURE

IMPLICIT REAL*8 (A-H,0-~Z) S

P{X)zDLOG(DABS({( (21~ ZZ)+DSQRT((RI+RJ)**2-H DO*RI*RJ*I*X
GH(ZI=22)*%2))/((2I~ z1)+DsoRT((HI+RJ}**2-a DO*RI*RJ*I*!
E+(ZI~-21)**2}))) -
N-NUMBER OF INTEGRATION STEPS

N=1000 '

THsy

SUH10.000

DO 1 I=1,N ;

YIsI

I=DCOS((2. DDO*YI =1«D0)*3. 1415926535898D0/(4.DO*YN))
SUN=SOM+DABS(F(X))

CONTINUR . .
‘SUM=SUN*RI/(2. onotrn)

RETUHN

END , : K

-
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" . SUBROUTINE GREEN(R1,Z1,R2,22,G)

- A 87

@ A

This routine calculate the Green's function

IMPLICIT REAL#*8 (A-H, O-Z)
REAL*8 HHDELK,IRG G

IOPT=1
ARG IS THE ARGUMENT OF THE ELLIPTIC INTEGBIL OF 1ST KIND
ARG=4, ODO*B1*R2/((R14R2)**24(Z1~ 22)%%2) !

HsMMDELR(IOPT,ABG,IER

MMDELK = IBM=INSL elt}ptic integral snbroutine
GsH/DSQRT((R14B2 )*#24 (2172 )**2)

-G%G/ 3. 14159265358979D0 =} ’
. RETURN o _
E"D / ‘-\\\. "'-—'4"1
T 4 ' \\_, - . .
SUBROUTLHéfDBRIV(R.Z,RP;ZP.DG.DCODE)
[

...l.l.........I.Ot....t................ll‘.......
- This routine calculates the derivatinL of the - .
Graeen's function v.re.t. r-axis or z-nxia ucggrding . _*j
to the value of the DCODE.
DCODE=1 EEGULAR GREEN?'S FUNCTION \A,_
DCODE=2 DERIVATIVE W.ReTe Z-AXIS - N
DCODE=3 .‘DEBIVITIVE WeRaTe BR=AXIS
.....I...................O...QC......".'..'._.‘....
INPLICIT REAL*B (A=H,0-2)
REAL*8 DG, BP ZP,R2,22
‘INTEGER- DCODE '
DELTA - Finlte difference step size
DELrA=1 D=7
IF(DCODE EQ«1) GOTO. 5
IF{DCODE+ED.2) GOTO 2

Derivative WeCota R-axis
CALL GREEN(R,Z,RP,ZP,G1)

" R2=R-DELTA*DABS(R)

 CALL GRREN(R2,Z,BP,ZP,G52)
DGa{G1=G2)/{DELTA*DABS(R))
RETURN
Darivative veCete Z=axls

2 CALL GREEN(R,Z,REP,ZP,G1)
22=2=DELTA*DABS(2)
CALL GREEN(R,22,BP,ZP,G2)
DG=(G1=G2)/(DELTA*DABS(Z}) |
RETURE ) , ‘

Reqular Green®s function
5 CALL GRBREN(R,Z,RP,ZF,G3)

DG=G3

RETURN’

END ) ) ]
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BLOCK DATA

.l...............l.!....l.i.....l.....t.........-.

Data block gontaining Gaussian quadrature

veights and abscissae.

J,¥ - abscissae

BeM - vaolghts
.......‘..........-Q..................0......‘...0

REAL*8 04(4),Hu(4}.06(6),86(6),08(8),HB(8);U10(10),H10(10),
5016(16),316(16) ¥5(5)¢M5(5), V9(9),H9(9)

COHHON/GJUSS1/UQ,53,06,66508,HB.U16.H16
COMMON/GAUSS2/U10,H10 ' .
COMMON/GADSS3/V9,H9,V5,m05
DATA UQ/--8611363115941D0, -339981043584900,

65.3399810835684900,.8611363115941D0/

DATA Hﬁ/ 3478548851375D00,.6521451548625D0,

_ 6.652145154862590,.3u785uea5137500/
para 06/~2932869514200,

E~e6612093865D0,-.2386191861D0, '
5¢2386191661D0,+6612093865D0,49324695142D0/ . -

DATA H6/.1713244924D0,°
63607615730D0,44679139346D0,

‘ 5.46791393u600,.360761573030,.17132au92400/

DATA UB/-.183434ﬁ424957005—.5255324099163D0; :
E=~e79666684774136D0,-.9602898564975D0,.9602898564975D0, °
Ge 796666h77ﬂ13600,-525532409916390.-183@3#6424957D0/

DATA H8/ 3626837833784DO,.3137066358779D0,
6.222381034453400,.1012285362904D0, 4101 285362904D0,
Ge 222381034&53400,.3137066ﬂ5877900,.362 837633784D0/

DATA 310/-.1488743389816D0,
6=+43339539413D0,-.67940956830D0,
-+86506336668900,-.9739065285172D0,.9739065285172D0,
8.8650633666890D0,.679409568299D0,.4333953941292D0,
Ge 1488743389816D0/

DATA H10/.29552422471475D0,
§269266719310D0,+219086362516D0,

£+ 1494513891506D0,.0666713843087D0,.06667 1344308700, -
541494513491506D0,.219086362516D0,.269266719310D0,
§e29552422471475D0/




‘

DATA u16/-.989400934991690.-.94457502307szno,

6=48656312023878D0,~+755404408355D0,-46178762488026D0,

-89

§-+458016777657200,-+2816035507793D0,~+0950125098376D0,

£.0950125096376D0,.2816035507793D0,.4580167776572D0,
B+.6178762848026D0,755408808 D0,.8656312023878D0,
8.944575023073200,+9894009385916D0/

DATA H16/.0271528459417118D0,.06225352393860D0,

8.0951585116825D0,.128628971255500,.1495959888166D0,
. 5e169156519395D0,.18260341504889D0,.1894506104551D0,

6.1894506104551D0,,1826034150449D0,.16915651939500,

8.149595988816600..124628971255500..095158511682500,_

L 0622535239385D0.-0271524594118D0/

DATA VS/-.9061798459D0, .538469310100 Oe QBO,
8. 5384693101D0,.9061798QS9D0/

DATA HS/.2369268851DO,.4786286705D0,.568888888900.
5e 4786286705D0,.2369268851D0/

DATA VQ;F.9681602395076D0, .8360311073266D0,
§-+6133774327006D0,~.324253823403800,0.0D0,
.32#253423#038D0,.613371#327006..8360311073266,
5.9681602395076D0/

DATA‘H9/.081274383361690,.1806481606949D0, :
E.R606106968029D0,.37234707704D0,.3302393550013D0,
Ee 31234707704D0,.260610696402900..180643160694900,

640812743883616D0/ .

END
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'SUBROUTINE GREEN OF THE METHOD OF IMAGES

' *

ttttttttti*ttttttttt*%qttittt*ttt*tt*ttttttt*tttfttt

* PROGRAM NAME: IMAGE FORTRAN *
x . * Q
* SUBROUTINE OF THE GREEN'S FUNCTION. *

FERRKKEEERAERRER R MR EE R A RA R R R R R AR A AR R R KK &
e -]
SUBROUTINE GREEN(R1,21,R2,22,G)

——
..I....i.-..«...._...._..,'...I.....C.......l........-..

IMPLICIT REAL*8 (A=-H,0-Z)
RBAL*8 MMDELK,ARG,G,G1,62(60),ARG3(60),ARG5(60),B(60),
SC(BDI,ALPHA(GO),BE?A(60),63(60).GQ(60),GN,DH

. ]

A .= Displacesent of the air wvall froam the origine.
A=6,0D0
REFL 18 the 1mage coefficient of water mediunm
backed by air wvall.
REFL=79, 000/81 0Do
IoPT=1 ’
MMDELEK -13 the IEM~IMSL elliptic integral subroutine. N
ARG 1s the argument of the elliptic integral of first kind. {

ABG=8,0DO*B1*R2/((R14R2)**24(Z1-22 }*%2) _ N
H=NMDELK(IOPT,ARG,IER)
‘G1=B/DSQBTI(R1+R2)**2+(z1-22)*#2) v

NTERM 1is the nUnber of terms of the convergent series.
NTERN=2

DO 3 N=1,NTERHM . . ‘
DN=DFLOAT(N) ‘
ALPBA(N)=(RI#R2)#¥24(Z1-(2%DN*A)}+{ (-1.0D0) %% (H41) )*Z22)**2
BETA(N)=(R1+R2)*%24(Z1+(2*DN*a)+((~- 1 ODD ) **(N+1))*Z2 )*%2
ARG3(N)343.0DO*RTI*R2/ALPHA(N)

ARGS(H)=4.,0D0O*R1*RZ/BETA(X)

B(N)=MMDELK{IOPT ,ARG3(N),IER)

C(N)=MMNDELK({IOPT ,ARGS5(N},IER)
G2(N)=(REFL**N)*B(N)}/DSQRT(ALPHA(N))"
G3(K)=(REFL**N)*C(N)/DSQRT(BETA{N))

GA(N}=G2(N)+G3(N) ’

CONTINUE

GN=0.0D0

DO 4 N=1,NTERM
GNaGN+GR(H)

G=GT1+GN
G=G/3.14159265358979D0
RETUORN

END
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hppendix B

COMPUTER PROGRAM FOR. THE MEASUREMENTS * -

The computer program ' for the measurement system using-‘a

6.4-mm open-ended coaxial line sensor and the Automated Net-

. work Analyzer was written in HP language (HPL) and can be.

executed on the HP9B25A Desktop 6QQE?ter.
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