Journal of Electromagnetic Analysis and Applications, 2011, 3, 312-318
doi:10.4236/jemaa.2011.38050 Published Online August 2011 (http://www.SciRP.org/journal/jemaa)

3% Scientific
9,
43¢ Research

A Broadband Complex Permittivity Probe Using
Stepped Coaxial Line

Somporn Seewattanapon, Prayoot Akkaraekthalin

Faculty of Engineering, Department of Electrical Engineering, King Mongkut’s University of Technology North Bangkok, Bangkok,
Thailand.
Email: somporn_nb@rmutsb.ac.th, prayoot@kmutnb.ac.th

Received June 13", 2011; revised July 11™, 2011; accepted July 20™, 2011.

ABSTRACT

This paper proposes the stepped coaxial line sensor using the reflection coefficient in microwave range for complex
permittivity measuring. The proposed probe is adapted from the conventional SMA connector which is cheap and easy
to fabricate. The analysis model of the probe has been done by using FDTD method with the reference material such as
the distilled water. The stepped SMA probe presents the accurate result compared with the convention one. The permit-
tivity values of the concentrated alcohols of 10%, 15% and 20% as DUTs at 24°C in a frequency range of 0.1 GHz to 6
GHz have been measured using the proposed probe. Also, the measurement of salted butter permittivity has been per-

formed. The measured results are more accurate compared with the commercial probe.
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1. Introduction

In determination of properties of materials, many papers
characterized the complex permittivity values in a broad
frequency band. The dielectric properties of ordinary
materials describe how those materials interact with
electromagnetic radiation [1]. The dielectric constant of
material is associated with the energy storage capability
in the electric field in the material and the loss factor is
associated with the energy dissipation, conversion of
electric energy to heat energy in the material [2,3]. The
dielectric properties of usual interest are the dielectric
constant and the dielectric loss factor to form the real and
imaginary parts of the relative complex permittivity,
e=¢&'—-je"= |£ .7° where & is the loss angle of the di-
electric. Often, the loss tangent, tand =¢&"/¢’, will be
the important specified parameter of the materials.

In any material, the water Volume is a primary content.

Changes in moisture content and the composition of
various components alter the dielectric properties of most
materials, especially agricultural products. Therefore, a
thorough dielectric study of various common solvents is
essential for agricultural product researches [4,5].

In food research, the dielectric properties of butter
have been studied in order to control the quality of food
with butter content as a major part. Dielectric properties
of butter in the microwave frequency range could be af-
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fected by salt and temperature. It was found that at a fre-
quency band between 500 MHz and 3000 MHz, the salt
significantly affected to the dielectric property of butter.
Also, a gradual change in dielectric parameters was ob-
served for unsalted butter as temperature increased,
whereas an increasing trend was noticed for salted butter.
A decrease in moisture content significantly affected
dielectric spectra of unsalted butter [6]. Alcoholic bev-
erage properties were also very interested [7]. For dielec-
tric characterization of alcoholic beverages and solutions,
researchers have developed a model of the ethyl alcohol
content in the solution using the Debye model. This
technique was very fast and low cost. The permittivity of
various alcoholic solutions as a function of concentra-
tions at 1 GHz and 7 GHz measured by a commercial
probe were linear responses, except for some drinks con-
taining sugar and some types of beer [8].

For a broad frequency band, the reflection method is a
common microwave measurement procedure to deter-
mine the complex permittivity of materials using non-
resonant technique. By employing this method, coaxial
transmission line probes have been proposed, resulting in
accurate complex permittivity values. The electromag-
netic waves applied to a sample under study and the
properties of the material sample are deduced from the
reflection coefficient at a defined reference plane [9].
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The advantages of these proposed probes are non-des-
tructive and non-invasive testing. In general basic, prin-
ciple of the measurement is to measure the reflection
coefficient of the material under test and displayed in
complex permittivity parameters.

In previous researches, the N-type and SMA coaxial
connectors have been applied to be open-ended coaxial
probes. The probe structure is very simple and conven-
ient for complex permittivity measurement. However, the
limitation of frequency ranges up to 1 GHz for N-type
and 3 GHz for SMA has been found. It can be seen that
the error of measurement of distilled water is about 5.7%
at 1 GHz for N-type connector and 20% at 2450 MHz for
SMA connector [10]. In many applications, the complex
permittivity values of materials at higher frequencies are
required. Therefore, we propose a new probe using a
modified SMA connector with a stepped structure for
measuring complex permittivity in a wide range. Never-
theless, the proposed probe is based on a commercial
SMA connector, resulting in low cost and ease for utiliz-
ing. To analyze a stepped coaxial probe, FDTD method
will be used to calculate the important parameters of the
probe model. In order to verify the accuracy, the distilled
water and its Debye model at various temperatures have
been used to determine the parameters in the probe
model. The proposed probe will be then employed to
measure the complex permittivity of butters. Also, ethyl
alcohols diluted with various amount of water will be
used as material under test for complex permittivity
measurement. The results will be compared with the
permittivity values from the commercial dielectric probe
(Agilent 85070E).

2. Probe Structure and Analysis

An SMA connector for a printed circuit board and an
SMA coaxial cable connector for small diameter cable
are chosen as permittivity probes. Those SMA probes
with cross-section structures shown in Figure 1 will be
analyzed in this research. Figure 1(a) shows the conven-
tional SMA probe and Figure 1(b) shows the SMA co-
axial cable connector modified to be a stepped SMA
probe by cutting off the excess part. The probes have
their parameters including substrate length of L, inner pin
diameter of C, and inner connector diameter of D.

As described in [10] the error of measurement is pro-
duced from measured area, therefore how to reduce this
problem should be considered. To reduce the contact area
suitable for accurate permittivity measurement, we use
the SMA coaxial cable connector to be the proposed
probe as shown in Figure 1(b). The parameters A and B
are a diameter of inner pin and outer diameter of the
stepped section, the semi-rigid cable part. The cutting
plane in Figure 1(b) is the interconnection of the con-
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ductor of the semi-rigid cable and the SMA connector.
All dimensions of the probes are presented in Table 1,
which are based on the size of the commercial micro-
wave cable and connectors. Figure 2 shows the photo-
graphs of probes. The probes will be analyzed by FDTD
method.

The equivalent circuit of the probe including the coax-
ial line section and its discontinuity effects has been pre-
sented by a parallel capacitance model [11-13]. The ca-
pacitances of the conventional and stepped SMA probes
characterized by using FDTD method are shown in Fig-
ure 3. It is obvious that the capacitance of the proposed
probe is higher due to the effect of stepped impedance.
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VVVVVVV { Cutting plane
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Figure 1. Cross-sections (a) the conventional and (b) the
proposed probes. (a) SMA connector; (b) SMA coaxial ca-
ble connector.

—— N
T e

Table 1. Dimension of the connectors.

Parameters SMA Dimension Steppe,d SMA
(mm) Dimension (mm)

A 1.27 0.6

C 1.27 127

B 4.01 17

D 4.01 4.01

L 7.42 78

L. 0 0.8
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(b)

Figure 2. Photographs of the probes. (a) SMA probe; (b)
Stepped SMA probe.
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Figure 3. Capacitances of the SMA and the stepped SMA
probes by using FDTD method.

When the dielectric under test (epyr) is connected to
the aperture of the probe, the equivalent circuit can be
modified as shown Figure 4. The circuit model consists
of a parallel conductance Gy and a capacitive susceptance
Co. The amount of Gy is a coefficient accounting for the
radiation loss and C, consists of two parts which are the
inside of the probe capacitance and the fringing field as a
consequence of the test material [14]. For the compo-
nents calculation, a radiation model has been presented
by Radim [15].

The input admittance of the coaxial transmission line is
then

Y = jwe,Cy+&°G, (1)
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Figure 4. An equivalent circuit of the probe.

where Y is the measured admittance of the probe, Cy and
G, are constants. The admittance value of Y is related to
the measurement reflection coefficient S;;. The charac-
teristic impedance Z; of the probe is related to the Y as
Y:[—I_S“].i )
1+S,, ) Z,

In calculation, the complex admittance parameters are
computed for a measured reflection coefficient which an
aperture plane is connected to the reference material. The
distilled water is usually employed as a reference material.
The complex permittivity of distilled water, ¢, is cor-
rected by the Debye model [16]. Their real and imaginary
parts are individual of each temperature, so that the com-
plex admittance value, Cy and G, are calculated by using
(1) and (2). Table 2 shows an example of their results
calculated at 931 MHz for temperatures of 15°C, 25°C,
and 29°C, respectively.

For a frequency range between 100 MHz to 2 GHz, the
values of Cy and G, can be determined, as results shown in
Figure 5. From Figure 5(a) shown the capacitances, Cy, it
is found that the conventional SMA probe has the ca-
pacitance value of about 0.048 pF and its values are in-
creased around 30% at 1.0 GHz. For the stepped SMA
probe, the capacitance values are about 0.035 pF and
increased approximately 30% at 1.15 GHz. It is also found
that the capacitance of the stepped SMA probe has a
smaller change than the conventional SMA probe.

In the same way, Figure 5(b) shows the conductances,
Gy. It is found that the conductance values of the conven-
tional SMA and stepped SMA probes are changed to
0.003 x 10 mho at 0.7 GHz and 0.85 GHz, respectively.
It also can be seen that the conductance of stepped SMA
probe has a smaller change than the conventional SMA
probe.

The rapid changes of C; and G, are main problems,
resulting in errors in permittivity measurement as shown
in Figure 6. It can be conclude that the stepped SMA
probe provides higher accurate result compared with the
SMA probe due to the values of Cy and G, are more con-

stant for higher frequency range than the conventional
SMA probe.

3. Experiment and Results

As it is described above, the measurement process is im-
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Table 2. Calculation of the probe parameters at 931 MHz and three values of temperature.

Re[Yu] x10°  Im[Yy]x 107 Re[&] Im [&] Cox 107" Gy x 107 probe type
1.38 1.90 81.5 5.94 3.97 433 step SMA
15°C
222 2.78 81.5 5.94 5.83 9.59 SMA
1.13 1.89 78.1 3.53 4.14 5.03 step SMA
25°C
1.71 272 78.1 3.53 5.96 8.94 SMA
1.03 1.89 76.7 4.19 420 5.03 step SMA
29°C
1.54 2.70 76.7 4.19 6.01 8.53 SMA
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Figure 5. The capacitance and conductance responses of the
probes in distilled water. (a) Capacitance responses of the
probes; (b) Conductance responses of the probes.

portantly needed to prepare. It is classified into two parts,
one is a probe calibration with the calibration standard kit
85052D setup and another is using a standard material.
The calibration standard setup supported for SMA con-
nector is shown in Figure 7. Distilled water is usually
used to be the material standard because of its known
complex permittivity, &,. Then the reflection coefficient is
measured in complex form after that the characteristic of
the distilled water is calculated by using (2). Equation (1)
is then used to compute for the values of Cy and G,. Fig-
ure 6 shows the validated distilled water permittivity
measurement. It is noticed that the results of the proposed

Copyright © 2011 SciRes.
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Figure 6. Measurement of & by using distilled water at 25°C.
(a) Real part; (b) Imaginary part.
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stepped SMA probe is agreed very well when compared
with the Debye model in range of 100 MHz to 2.25 GHz.

Besides, our complex permittivity will be uncorrected
due to the changes of Cy and G, values.

In order to extract the complex permittivity of dielec-
tric-under-test (DUT), we need to de-embed the effect of
the unknown network between the measurement plane
and the aperture plane. From Figure 8, the reflection
coefficient should be measured at the DUT plane. If the
reference plane has previously been defined at the en-
trance of the probe, ['vna, then we should find the phase
difference between two planes. Figure 9 displays phase
responses of two planes.

It is noted that, the phase of I'yna is not rapidly varied.
In the contrast way, the phase of I'pyr as shown in Fig-
ure 9 is hasty changed because of probe effect. Therefore,
the phase of I'pyr must be compensated using I'pyrir by
conjugated computation. Figure 10 shows the results of
distilled water at 15°C by measuring the proposed ste-
pped SMA probe and comparing with the conventional
SMA probe and Debye theory. It is noticed that the result
of the proposed stepped SMA probe is closed to theory
comparing with the result of the conventional SMA
probe. Figure 11 shows the photograph of stepped SMA
probe in measuring setup. Its dimension is 15 cm includ-
ing a copper tube connected to the HP85053 VNA (Vec-
tor Network Analyzer).

After calibration method, using open-end, short-end,
and 50 ohm load, we then have measured the concen-
trated alcohols of 10%, 15% and 20% as DUTs at 24°C
in frequency range of 0.1 to 6 GHz. However, the phase
of I'pyr must be compensated using I'pyrein and Debye
model of alcohols must be employed to determine the
values of Cy and G, of the probe. Figure 12 shows the
complex permittivity values of concentration alcohols
compared with the theory. It is found that their measured
results are agreed very well with theory. Although, some
relative errors are produced, especially imaginary values
at low frequency as shown in Figure 13.

Additionally, we have tested the proposed probe with
the salted butter as a DUT. The butter product is made in
Thailand farm, which its content consists of butter oil of
80%, salt of 2%, and powder milk of 2%. When measur-
ing, the butter temperature at each probe position must be
the same in order to obtain the corrected results. Figure
14 shows the comparison of permittivity of salted butter
at 23°C measured by the stepped SMA probe and the
commercial probe (Agilent 85070E Dielectric Probe Kit),
which the results are agreed very well.

4. Conclusions

The stepped coaxial line probe has been developed and
compared with the conventional SMA connector probe.
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Figure 10. Real and Imaginary parts of distilled water at
15°C after phase compensation.

Figure 11. Measurement of concentration alcohols using the
stepped SMA probe.
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Figure 12. Dielectric permittivities of concentration alcohols
of 10%, 15% and 20% corresponding with the Debye model
(a) real part and (b) imaginary part.
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Figure 13. Relative errors of real and imaginary parts of
solutions of 10%, 15%, 20% ethyl alcohols in water.

The total capacitance and conductance of the probes are
analyzed. Changing the probe model parameters of Gy
and C, will affect to complex permittivity. It has been
found that the changes in Gy and C, of the proposed
stepped SMA probe are lower than the conventional
SMA probe, resulting in higher accurate results. The
proposed probe has been tested by measuring the com-
plex permittivity values of concentrated alcohols of 10%,
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Figure 14. Complex permittivity of salted butter at 23°C.

15% and 20% and the salted butter. It has been con-
firmed that the proposed probe can be operated well in a
frequency range of 100 MHz to 6 GHz. The measured
permittivity results using the proposed probe are agreed
well with the commercial probe.
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