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A Microstrip Resonator With Slotted Ground Plane
for Complex Permittivity Measurements of Liquids

Changjun Liu, Member, IEEE, and Yang Pu

Abstract—A novel microstrip resonator is designed to measure
complex permittivities of liquids with medium loss. The enclosed
resonator is based on a 2 open-circuit microstrip line with a
slot in the ground plane. It is immersed into the liquid under test
to measure the S-parameter from 2.2 to 2.6 GHz. The complex
permittivities of binary liquid mixtures of methanol and ethanol
are reconstructed from the resonant frequency and the unloaded
quality factor. The experimental results agree with reference
values. The maximum errors are 4.4% and 8.6% for the real and
imaginary part of the permittivity, respectively.

Index Terms—Microwave chemistry, microstrip transmission
line, permittivity measurement, planar circuit.

I. INTRODUCTION

COMPLEX permittivity measurements are important in
microwave engineering, microwave material processing,

microwave chemistry, and bioelectromagnetics [1]–[4]. Re-
cently planar circuits, such as microstrip lines, coplanar
waveguides, and strip lines have found their applications in
complex permittivity measurements. Planar structures, which
are lightweight, compact and low cost, have been successfully
applied to the determination of substrate permittivities, material
moisture, liquid properties, and so on [5]–[7]. Planar circuits
are portable, suitable to on-line monitors, and possibly non-
destructive. Those planar circuit measurements are classified
into resonant methods (with high accuracy and sensitivity) and
non-resonant methods (broadband measurements) [8]. Once
medium/high loss materials contact a planar circuit resonator
directly, the resonance condition will not hold. Therefore,
the resonant measurement methods based planar circuits are
usually limited to low loss materials.

In microwave chemistry, on the other hand, many liquids do
not belong to low loss materials. Assuming that those complex
permittivities of liquids do not vary much around the interested
microwave frequency, we have proposed a novel microstrip res-
onator to measure complex permittivities. A open-circuit
microstrip line and an interdigital capacitor constitute the res-
onator, which is inside a metal enclosure. The microstrip res-
onator is immersed in the liquid to be characterized. Its charac-
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Fig. 1. Top and cross view of the microstrip resonator (a) top view of the mi-
crostrip resonator and (b) cross view of the microstrip resonator.

teristic is influenced by liquids under test through a narrow slot
in the ground plane, which is under the resonant microstrip line.
From measured S-parameters the resonant frequencies and the
quality factors of the microstrip resonator are obtained and ap-
plied to reconstruct the complex permittivities of the liquids. Bi-
nary mixtures of methanol and ethanol were measured with the
novel microstrip resonator. The reconstructed complex permit-
tivities showed an agreement with respect to reference values.

II. STRUCTURE OF THE MICROSTRIP RESONATOR

We have designed the microstrip resonator working at
2.4 GHz, as shown in Fig. 1. The substrate is RT/Duroid 5880
with relative permittivity 2.2 and thickness 0.254 mm.
The resonant microstrip line is designed with a width of
6.0 mm, resulting in a characteristic impedance of 9.6 .
It is put into a metal enclosure with 3.0 mm. The metal
enclosure is connected to the ground plane at all four sides.
The total enclosed microstrip resonator is 60 mm 25 mm

3.5 mm. Both radiation loss and conductor loss are mini-
mized in the above configuration. The metal enclosure protect
liquids from directly contacting to the resonant microstrip line
and avoids the potential erosion as well. Epoxy adhesives are
used to keep liquids from seeping between the substrate and
the enclosure.

The microstrip resonator is connected to a SMA adapter. The
coupling between the 50 feed line and the resonant microstrip
line is performed by an interdigital capacitor, which consists
of three pairs of fingers. The finger widths and finger gaps are

0.20 mm and 0.15 mm, respectively. The length of

1531-1309/$25.00 © 2008 IEEE
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Fig. 2. Microstrip resonator and the measurement system (a) photo of the mi-
crostrip resonator (without the metal enclosure) and (b) photo of the resonator
immersed in a solution.

the resonant microstrip line is 39.8 mm. The microstrip
resonator is working at the under-coupled condition at about
2.4 GHz.

A narrow slot with width 1 mm is fabricated in the
ground plane under the resonant microstrip line. The slot is
completely immersed in the liquids to be characterized during
measurements. The SMA connector is kept away from liquid
solutions. The resonant frequency shift and the quality factor
variation reflect the complex permittivities of the liquids under
test. The microstrip resonator and the measurement system are
shown in Fig. 2.

III. RECONSTRUCTION METHOD OF

THE COMPLEX PERMITTIVITY

The unloaded quality factor of a open-circuit mi-
crostrip line is

(1)

where is the attenuation factor and is the propagation con-
stant. The resonant frequency is dependent on the phase ve-
locity

(2)

where is the effective length of the resonant microstrip line.
Here the attenuation factor , the propagation constant , and
the phase velocity are relevant to the complex permittivity of
the liquid under test. So far there are two equations with two un-
knowns (the real and imaginary part of the complex permittivity

). Thus, the complex permittivity can be obtained
from the measurements of the resonant frequency and the un-
loaded quality factor .

The forward problem is to compute the resonant frequency
and the unloaded quality factor when the permittivity of the
under test liquid is given. Both of them are obtained by a two-di-
mensional finite difference time domain (2D-FDTD) method
[9], which is efficient in electromagnetic simulation. It takes
about a few dozens of seconds in a personal computer to ob-

tain the resonant frequency and the unloaded quality factor of
the resonator. A calibration of the resonator is performed in air
in order to determine the two initial parameters, i.e., the equiva-
lent length and the loss of the microstrip resonator, required by
the 2-D-FDTD program. Based on the measured resonant fre-
quency and the unloaded quality factor at 2.4 GHz, these two
parameters are determined from the calibration.

The inverse problem is to reconstruct the complex permit-
tivity from the measured resonant frequency and unloaded
quality factor. A classical Newton-Raphson method is applied
to solve the nonlinear equations of (1) and (2). The required
Jacobian matrix is approximated by a finite difference method.
Then, the complex permittivities of liquids under test are
retrieved from measured results. The inverse problem is not
seriously ill-posed, and the convergent results are reached
usually within ten iterations in the Newton–Raphson method.

IV. MEASUREMENTS AND RESULTS

We chose binary mixtures of methanol and ethanol with dif-
ferent volume fractions as liquids under test. The binary mix-
tures at 30 C were filled into a 500 mL glass beaker, in which
the microstrip resonator was immersed for measurements. Then
the parameters of the microstrip resonator from 2.2 GHz to
2.6 GHz were measured ten times by an Agilent E8362B vector
network analyzer. Air bubbles are hard to adhere to the slot,
since the resonator is vertical to the surface of infiltrate liquids
during measurements. The photo in Fig. 2(b) shows the mea-
surement system. The resonant frequency and the unloaded
quality factor are accurately determined from the measured

parameters by a weighted least-square curve fitting proce-
dure [10], [11]. The measured resonant frequencies and calcu-
lated unloaded quality factors are shown in Fig. 3(a).

The complex permittivities of the binary mixtures, as shown
in Fig. 3(b), are obtained from the reconstruction method in Sec-
tion III. The reconstructed complex permittivities agree with the
reference values obtained from Bruggeman’s formula [12]. The
maximum relative errors of and are 4.4% and 8.6%, respec-
tively. The proposed microstrip resonator is suitable to measure
permittivities within the range 20 and 12, in which the
relative error is reduced to less than 4%. When either the real or
imaginary part of the permittivity is high, less electromagnetic
fields leak out through the slot in the ground plane of the res-
onator. The resonant frequency is not sensitive to the variation
of either the real or imaginary part of the permittivity. There-
fore, large measurement errors are obtained with high volume
fraction of methanol.

V. CONCLUSION

An enclosed microstrip resonator with a slot in the ground
plane has been designed and fabricated for complex permit-
tivity measurements. Binary mixtures of methanol and ethanol
with different volume fractions have been measured with the
novel microstrip resonator. The measured complex permittivi-
ties agree with respect to the reference values. The maximum
relative error of 8.6% appears when 13. The suitable
permittivity measurement range for the proposed resonator is
within 20 and 12, in which the relative error is less
than 4%.
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Fig. 3. Measured results of binary mixtures of methanol and ethanol. The
volume fraction of methanol to mixture varies from 0% to 100%. (a) Measured
resonant frequencies and quality factors. (b) Reconstructed complex permittiv-
ities.

Besides the advantages of planar circuits, the microstrip res-
onator is able to protect potential erosion from solutions under
test in microwave chemistry research. The calibration of the mi-
crostrip resonator is easy to perform.
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