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INHOMOGENEOUSOPEN-ENDED RESONATORS AS MICROWAVE SENSOR ELEMENTS
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SUMMARY

Inhomogeneous open-ended coaxial line resonators

terminated by multilayer media have been investi-
gated with regard to their application for the de-
termination of the (local) permit.tivity of dielec-

tric materials. A multisectional transmission-
line model is presented which characterizes the
experimental arrangement. The fringing capacitan-
ce at the open aperture is computed for the elec-

trostatic case. Experimental and theoretical re-
sults for the attainable frequency shift due to
the variation of the permittivity of the termina-
tion structure, compared with the respective case

of the homogeneous resonator, will be presented.

INTRODUCTION

By using open-ended coaxial lines the permittiui-

ty of biological substances and dielectric mate-

rials - especially its local or spatial distribu-

tion -- is determined by reflection-coefficient

measurement techniques or by open cavity measure-

ment methods. Measurements can be made over a
wide frequency range and with small aperture di-

mensions if the geometrical dimensions and the
dielectric material, filling the coaxial line,
are selected appropriately so that only the TEM-
wave can propagate. Under these conditions higher
order modes decay rapidly and radiation losses
can be neglected.

Several authors hawe been engaged in the problem

of permittivity determination using open-ended

coaxial lines (e.g. /1-6/). A survey is giuen in

/7/. Solutions of the scattering at the aperture
of a coaxial line in contact with a dielectric sa-
mple which is infinitely extended are presentad

for the dynamic case in /2/ and for the static ca-

se in /1,5,6/. Additionally in /5/ the open-ended
coaxial line is terminated by a two-layer medium.

Inhomogeneous coaxial lines are well known. For
example they are applicated as transmission-line

transformers and recently as closed cavity ele-
ments (/8,9/). Additionally in /9/ the Q-factor

of a stepped resonant cavity is computed.

THE THEORETICAL BACKGROUND

In this paper a coaxial probe is described, con-

sisting of an open-ended coaxial line tuned to re-

sonance, geometrically and dielectrically inhomo-
geneous in the direction of the mode propagation

(Fig.1), i.e. in general with different inner
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Fig.1: The inhomogeneous coaxial line resonator.

conductor diameters d. (v =1,2,3, . . ..N).
different ‘Yinner diametera of he outer conductor
do and different geometrical lengths lV,, fil;ed
w~~h dielectric materials of permitt~v~ty&
terminated by a layered medium consisting ‘X;
dielectric sheet materials of thickness
~ (1-L=1,2,3, . . ..M) and
T~e dielectric materia~er~~~t’~~~~~d ~~wb~
nonmagnetic, homogeneous, isotropic, linear and
lossless. The conductivity of the metallic
materials is assumed to be infinite.

In the lossless case the resulting equivalent cir-

cuit forms a multisectional Lecher-system tuned
to resonance at zero input admittance or zero in-

put impedance respectively /11/. In Fig.2

~ represents the imaginary input admittance. If
tle input is loaded by an inductive or a
capacitive coupled line, the resonant condition
has to be modified. Fig.3 shows the circuit
arrangement of the v –th single line section. It
is characterized by a transmission line of the
length lV ~ the characteristic impedance
z ,., and the phase coefficient 0.. . The
c&acitance Cv is introduced to
influence of’ the coaxial
between the v -th and the v

/10/.
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Fig.2: Equivalent circuit of the resonator.
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Fig.3: Equivalent circuit of one single section.

The input admittance ~ of the total system

including the fringing capacitance at the end of
the line can be determined by means of the pro-

duct of the ABCD-matrices of the single elements

/11/. Alternatively it can be calculated by means
of the repeated transformation of the terminating
admittance Jt=jw Ct over the line sections.

With respect to the determination of the local

permittivit.y by open cavity measurement methods

it is important to note that the capacitance C

is determined by the aperture dimensions d. an !l

d and the dielectric mai+rial

(~~rmittivity E~l) filling the front part of the
coaxial line. It 1s assumed that the length 1
has been choosen so that the additional fiel A

disturbances due to the step discontinuities have
been decayed at the aperture plane.

It is necessary to obtain a compromise between
the requirements of small measured material volu-

mes and the attainable sensitivity of the measure-

ment set up. The sensitivity is defined by the

ratio Af/A E where Af is the frequency shift

yielded by a v~riation of the permittivity c
while all the other parameters are kept constan f?

If the requirement of a local measurement shall

not be changed, i.e. that the effective measured

material volume shall kept constant, an increaaed

sensitivity can be realized using inhomogeneous

probes. On the other hand the effective measured

volume can be reduced if the sensitivity remains

constant.

In Fig.4 this procedure of sensitivity increasing

using inhomogeneous coaxial probes is illustrated
for a two sectional line with an impedance step
in plane A (see insert of Fig.4). Line section 1
is terminated by an open end. Line section 2 is

assumed to be infinitely extended. The open cir-

cUlt at section 1 is transformed into plane A.
The result of this transformation may be interpre-

ted as a lengthening of line section 2 according
to the following equation:
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Fig.4: Impedance transformation procedure.
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ZL2phase coefficient and cha-

racteristic impedance of the line sec-

tions,

11 electrical length of line 1,
/

12
hypothetical prolongation of line 2 j.n

the step plane.

In Fig.4 the procedure according to equ.(1) is
illustrated for two values of the impedance ratio

Z /Z .3 and 0.5. The phase shift 0 has been

vb$ie!32 (corresponding to a variationl of the

capacitance C ) and the resulting variation
of e has beentevaluated graphically. For both
imped~nce ratios the result is: e > e if the
line length 1 is choosen approprlatel~; this
means that t~e phase shift which is caused by

varying the length of line section 1 (or adequate-

ly by a capacitive loading of the open line) has
increased compared to the case of the homogeneous

line with the parameters ZL1, 1

impedance ratios, the position of ~hean!m~~;a;~~

steps and the value of the phase coefficients of

the different line sections are decisive for
these properties.

EXPERIMENTAL RESULTS

Several possible configurations of stepped and ta-

pered capacitively and inductively coupled resona-
tors will be presented in the forum session.

In order to obtain experimental as well as the-

oretical results several multisectional stepped

and tapered coaxial line resonators filled with
air have been built. They are coupled to a 50 ohm

feed line of inner diameter 1.6 mm, outer diame-
ter 5 mm, a permittivity of the dielectric fil-

ling 2.1 (teflon). The sensitivity of the resona-
tors has been tested with dielectric sheet materi-

als of thicknesses t,=l.27 mm and .6 mm (Fig. 1)
and of the

k~Jhile
‘2

infinite.

layer 2

material).
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peI’FIIlttiVlt$ in the range 6< E ~<30

was taken very large and assumed to be

The permittivity of the dielectric

was approximately equal 1 (polyfoam



In Fig.5 theoretical and experimental results of

the resonant frequency as a function of the nomi-
nal permittivity (as given by the manufacturer)
are presented. Two different 7-sectional inhomoge-
neous resonators (see Fig.1) with constant impe-

dance ratios at each step are compared with the

respective case of a homogeneous resonator. In

each case the electrical lengths of the resona-

tors were equal to lambda. The inner conductors

were supported by teflon disks and the inner dia-

meters of the outer conductors were constant

do=dov =5.Omm (v=l, ..., 7). The diameters of the

5.3: ~
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Fig.5: Frequency shift as a function of the per-

ratio: 1.14), whereas for the second resonator
the impedance of section 7 is 7.67 ohms (impedan-

ce ratio: 1.44).

According to equ.(1) the positions of the steps

are about k /4 and 31 /4 distant from the open
aperture; here~y the sena$!tivity as defined above

can be increased compared to the case of the

homogeneous resonators with the parameters
‘L1

and 131 and the same resonance mode.

The theoretical results documented in Fig.5 have

been calculated by means of an equivalent circuit

for the terminating structure considering the to-

tal capacitance C

“b”
(Fig.2) and additional ca-

pacitances descrl lng the influence of an possib-

le air gap between the inner conductor face and

the dielectric material and of the surface rough-

ness of the dielectric material respectively. The
capacitance

Ct
has been calculated /5/ for the

different values of the permittivity E,.l under

the assumption that the dielectric material is in

close contact to the conductor faces. The

influence of the coupling to the feed line has

been taken into account by a variation of the

electrical line length 17. The additional line

sections built by the teflon disks supporting the

inner conductor have not yet been considered in

the computation.

The results shown in Fig.5 demonstrate that the

sensitivity - i.e. the negative slope of the cur-

ves shown - can be increased considerably using

stepped resonators. Such an increase can be achie-
ved without varying the aperture range, that is

without changing the local character of the measu-

rement results. However it is more difficult to
position the resonators properly on the dielec-

mittivity -,. tric material in this case.

Hnmnneneous ~&sonator=---
Experimental results: Theoretical results:

o tl.1.27 mm tl=l.27 mm U
● t.=0.6 mm

Inhomo~eneous resonator No.1

Experimental results: Theoretical resu

❑ tl=l.27 mm tl.1.27 mm ~

A tl=0.6 mm

Inhomogeneous resonator No.2

Experimental results:

+ tl.1.27 mm

x tl=0.6 mm

ts:

inner conductors were d.=d. = 1.6 mm for the

homogeneous resonator aid ‘?he first section of

the ‘inhomogeneous resonators. The total elec-
trical length of all resonators used was 41 mm.

The geometrical lengths of each section of the
stepped resonators were ( v given in brackets):

7.75 mm (l), 1.0 mm (2), 1-0 mm (3), 19.5 mm (4),

I.O mm (5), 1.0 mm (6), and 9.75 mm (7). The two

stepped resonators differ from each other by

their impedance ratios ZLV /ZLv+l. The line

impedance of section 1 is Z .68.37 ohms in all
&

cases. The characteristic impe antes of the first

stepped resonators decrease from 68.37 ohms in

section 1 to 30.65 ohms in section 7 (impedance
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