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Abstract

A simple but practically accurate evaluation technique is proposed for the complex dielectric constant of high permittivity materials in microwave
region using the discontinuity structure in coaxial line. The test fixture is designed using the accurate theoretical analysis, i.e., the extended spectral
domain approach and mode matching method (ESDMM). The complex permittivity is estimated by inversely fitting the measured S-parameters of
test fixture loaded with specimen to the most probable permittivity values of specimen using ESDMM simulation. The new method provides an
easy way to evaluate the high complex permittivity exceeding 10,000, which is difficult to be measured by currently used measurement techniques.
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. Introduction

The demand on the miniaturization and high performance of
obile communication equipment has increased the use of high

ermittivity materials such as BST ((Ba,Sr)TiO3). It is required
o develop the accurate evaluation methods for high permittivity

aterials at microwave frequencies. A number of measuring
ethods have been proposed for the evaluation of relatively

ower permittivity materials, including waveguide or coaxial line
ethods,1 resonant cavity and parallel plate methods.2,3 These
ethods, however, are not suitable for the measurement of high

ermittivity materials, due to the inevitable disturbance which
omes from the higher order modes caused by high permittivity
f sample. In this paper, we report a practically accurate eval-
ation method for the high permittivity materials with either
ow or high losses, free from the effect of higher order modes.
he measurement technique is based on the accurate electro-
agnetic field analysis, the extended spectral domain approach

ombined with the mode matching method (ESDMM).4,5 The
omputational procedure based on electromagnetic (EM) field
heory is numerically efficient and suitable for heavy iterative

1.1. Theory and procedure of new measurement technique

The schematic structure and coordinate system of the 1 port
test fixture is shown in Fig. 1. The cylindrical sample is inserted
at the end gap between the center conductor of the coaxial line
and the metal plate terminating this test fixture. The sample
may be lossless and/or lossy dielectric with low or high per-
mittivity. This structure is suitable for heating or cooling of the
sample, which is important for the characterization of ferroelec-
tric materials, compared to 2 port fixture.4,5 When the other side
of the coaxial line is terminated with metal plate, the structure
becomes the re-entrant cavity and it can be analyzed as an eigen-
value problem by the mode matching method.6 However, the test
fixture considered here is analyzed as a deterministic problem
with the input port, by using a novel theoretical method, i.e.,
ESDMM.

The dominant TEM wave is incident upon the sample. The
reflected wave is measured to identify the dielectric character-
istics of the sample by using the accurate electromagnetic field
analysis, i.e., the extended spectral domain approach and mode
matching method (ESDMM). In ESDMM, the aperture electric
alculation to estimate the characteristics of the high permittivity
aterials.

∗

field are introduced at the boundary between the region I: z < 0
and region II (sample): 0 < z < t as shown in Fig. 2. The whole
region to be analyzed is divided into two regions, region I and
region II. Each region is treated separately. Region I is homoge-
neous and the EM field is expressed by simple eigen functions
Corresponding author.
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Fig. 1. The schematic structure and coordinate system for coaxial line test fixture
with lossless and/or lossy dielectric sample.

Fig. 2. Introduction of aperture field.

as shown in Fig. 3 I. Region II, on the contrary, is loaded with the
sample and inhomogeneous, so that EM field is not expressed by
simple eigen functions. In ESDMM, the mode-matching proce-
dure is applied to combine two localized eigen functions series

Fig. 3. I, II(a) and II(b). Eigen functions in each region.

in regions II-a and II-b into unified expression of EM fields in
region II, Fig. 3 II(a and b).4,5 Finally, applying the continu-
ity condition at the boundary between the regions I and II, the
scattering parameters (the complex reflection constant) can be
obtained.

The numerical procedure is based on Galerkin’s method. In
this procedure, the unknown aperture electric fields, ep(ρ) is
expressed in terms of the basis functions

fk(ρ) (k = 1, 2, . . . , N).

ep(ρ) =
N∑

k=1

pkfk(ρ) (1)

where N is an integer, pk (k = 1, 2, . . . , N) are unknown constants.
When the basis functions fk(ρ) are chosen so as to express

properly the continuity condition between regions I and II, the
series of Eq. (1) converge rapidly.4,5 It should be noted that the
matrix size in this method is the order of the number of basis
functions N and far smaller than that of the conventional mode
matching methods and other numerical analyses by simulators,
in which order of matrix size is equal to the number of eigen
functions.

2. Results and discussions

i
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s

Fig. 5. Dependence of the resonance frequency on the sample height.
Preliminary calculation are carried out to confirm the valid-
ty of the present method and to design the test fixture. Fig. 4
hows the numerical results of the frequency dependence of the
cattering parameter S11 for the test fixture loaded with a disk of

Fig. 4. Comparison of S11 values simulated by ESDMM and FEM.
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Fig. 6. The test fixture.

high permittivity by using ESDMM. The results calculated by
the finite element method (FEM) are also plotted in this figure
for comparison. Excellent agreement is clear in both methods,
for which difference in S11 is less than 0.5%. The computation
time of a personal computer with a clock frequency 3.0 GHz is
1.0 s for ESDMM and 25.5 s for FEM, respectively. The effi-
cient ESDMM is suitable for heavy iterative calculation. The
resonance peaks at 4.8 and 8.9 GHz can be identified as TM0 1 0
and TM0 2 0 modes, respectively, by the visualized pattern of the
EM field distribution. The resonant frequency is insensitive to
the height t of the sample as shown in Fig. 5.

The test fixture for the measurements was designed based on
these simulations, and was manufactured as shown in Fig. 6. The

Fig. 8. Dielectric dispersion measured by three different methods.

cylindrical samples are prepared. The top and bottom faces are
metallized to give a better electrical contact to the sample. The
sample is exited with TM0 n 0 modes dominantly.

Fig. 7(a–c) show the measured scattering parameters S11 for
Ba(Sn,Ti)O3, BaTiO3 and (BaCa)TiO3, respectively. The figure
also includes the inverse fitting curve calculated by ESDMM.
As shown in Fig. 7(a), the set of parameters (εr: 970, tan δ: 0.26)
gives good fit around TM0 1 0 mode resonance and the other
set (εr: 955, tan δ: 0.18) gives good fit around TM0 2 0 mode
resonance. A little decrease of permittivity for higher frequen-
cies comes from the dielectric dispersion. Dispersion relation of
Ba(Sn,Ti)O3 for wide frequency range is shown in Fig. 8, the data
from 1 to 10 MHz were measured using the LCR-meter (YHP
4275A, Agilent), and data in the THz range were obtained using
terahertz time domain system (J-Spec2001, Akebono Corpora-
tion). Similar dielectric dispersion is also observed for BaTiO3
(Fig. 7(b)).

Fig. 9 shows the reproducibility of this measurement method.
The sample is taken out from test fixture, and then is installed
again by each measurement. This operation was repeated by five

with
Fig. 7. (a–c) Measured S11 and inverse fitting curves of S11
 most probable sets of dielectric parameters vs. frequency.
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Fig. 9. Measurement reproducibility for the frequency dependence of S11.

times for each specimen. Good reproducibility is achieved. Stan-
dard deviation of S11 at resonance frequency and that at back-
ground frequency are less than 1.07 and 0.71%, respectively.
The standard deviations of resonance frequency for TM0 1 0 and
TM0 2 0 modes are less than 0.30 and 1.02%, respectively.

3. Conclusions

A novel evaluation method for the dielectric properties of
high permittivity materials in microwave region is proposed
by using the discontinuity structure in the coaxial line. This
method is based on the accurate and efficient electromagnetic
theory (ESDMM). The test fixture is designed by the simula-
tions according to this theory. A few samples of dielectrics with
high permittivity of several hundreds or higher are measured and

the dielectric properties are evaluated in microwave region. This
evaluation method enables to estimate the dispersion character-
istics of the high permittivity materials with reasonable accuracy
with the help of rigorous ESDMM calculation in the microwave
region.
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