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Abstract—This article presents a novel method for broad-
band dielectric spectroscopy of liquids utilizing a noncontact
microwave split ring resonator (SRR). The proposed approach
leverages the multiharmonic property of the microwave resonator
to extract the permittivity of the liquid-under-test (LUT) at
resonance frequencies. By fitting these extracted values using
the Debye model, both the real and imaginary dielectric spectra
of the LUT can be determined across a wide frequency range.
The proposed method requires a one-time calibration process to
ensure high accuracy. An experiment employing five calibration
samples and five test samples was performed to validate the
effectiveness of the proposed method. The results of the extracted
permittivity spectrum using the proposed method are compared
with those from a commercial dielectric probe. The proposed
method exhibits high accuracy with a root mean square error of
0.59 for €’ values at the resonance frequencies. For the extracted
Debye model parameters, the proposed method achieves reason-
able precision with percentage errors of 1.40% for e;, 12.68%
for €., and 7.86% for v and is a cost-effective and accurate
solution for dielectric spectroscopy. Due to its planar structure,
the microwave SRR can be seamlessly integrated into various
systems, holding potential for applying this method in microwave
sensing, noninvasive biological sensing, oil and gas industries, and
other fields requiring dielectric spectroscopy.
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I. INTRODUCTION

IELECTRIC spectroscopy is an essential technique for
investigating the dielectric properties of materials, play-
ing a crucial role in diverse applications such as biosensing,
real-time analysis of chemical reactions, oil and gas industries,
power engineering, contamination analysis, and much more.
Many methods have been suggested by scientists and utilized
by industries for dielectric spectroscopy, covering various
frequency ranges from low frequencies to microwaves and
optical frequencies [1], [2], [3].
The transmission and reflection line method has been
extensively studied in [4], [5], [6], and [7]. This method
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usually involves direct contact with the sample and typi-
cally requires the sample to be in a specific form, such
as a slab with a constant thickness [5]. Consequently, this
method suffers from limitations in being unable to perform
noninvasive and nondestructive testing. Due to its capability
of performing semi-invasive spectroscopy, the open-ended
coaxial cable probe method achieved a great deal of interest
in industries with many commercialized products available in
the market [8], [9], [10], [11]. However, the accuracy of this
method is limited by the potential presence of air gaps. It also
exhibits limited accuracy at lower frequencies, especially
below 200 MHz, and tends to be less precise for materials
with low dielectric constants and loss factors [12]. Free-space
dielectric spectroscopy techniques offer great opportunities
for measuring the dielectric properties of materials in diverse
environments [13], [14], [15]. Using this method, noninvasive
high-frequency spectroscopy is possible but at the cost of
requiring a large and flat material under test (MUT) as well
as extreme sensitivity to the placement of the transmitting and
receiving antennas and the MUT. On the other hand, resonant
methods can achieve high accuracy with the capability of
performing dielectric spectroscopy over a small volume of
MUT [16], [17], [18], [19], [20], [21]. The utilization of
microfluidic channels with the resonant method has achieved
an ultrahigh sensitivity requiring only a microliter volume of
samples. This approach has found applications across diverse
fields, including the detection of glucose, equol, or other com-
pounds in energy and biomedical applications [23], [24], [25].

Planar microwave sensors have been utilized widely in the
past decades for sensing applications. Due to their moder-
ate quality factor, decent sensitivity, and ability to perform
noncontact sensing at extremely low cost, many biomedical
and industrial sensors have been developed based on this
technology [26], [27]. When an MUT is introduced to the
sensor, the sensing principle of planar microwave sensors can
be based on its variations in resonant frequency [28], [29], O
factor [30], amplitude [31], or phase [32], [33]. There are many
types of planar microwave sensors, including frequency shift
sensors, Q-based resonant sensors, phase variation sensors,
and differential sensors, each leveraging one or more of the
aforementioned sensing principles [28], [29], [30], [31], [32],
[33]. Frequency shift sensors are usually implemented with
resonators and are one of the most common types [19],
[20]. The sensing information can be extracted based on the
variation of their resonance frequency in response to changes
in their surrounding environment. Another valuable property
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of resonators is their capability for Q-based measurements,
allowing the extraction of sensing information based on the
Q-factor of the sensor [34]. Phase variation sensors, often
implemented with a long and typically meandered trans-
mission line, allow the sensing information to be extracted
through the phase measurements at a single frequency [35].
Differential sensors usually consist of two sensing elements,
which typically have a symmetrical layout and can be inde-
pendent or coupled to each other [36], [37], [38]. One main
advantage of differential sensors is the mitigated impact of
environmental factors, such as temperature, as these factors do
not disrupt the inherent symmetry of the sensor design [39],
[40]. Various techniques are utilized to improve the perfor-
mance of planar microwave sensors, such as employing active
feedback circuitry to offset losses for enhancing quality factors
and improving the sensor resolution [41]. Innovations like
chipless RFID tags have been developed to enable wireless
sensing [42], [43]. Machine learning techniques have been
utilized for temperature compensation [44], [45]. Moreover,
multiresonance structures have been explored to enhance
selectivity and enable multivariable analysis [46].

While numerous studies have proposed the use of
microwave planar resonators for extracting permittivity values
at a single frequency [47], [48], [49], a method for determining
the dielectric spectrum for both the real and imaginary parts
covering a wide frequency band remains missing. In this
work, we propose a method to perform wideband dielectric
spectroscopy using a traditional planar microwave split ring
resonator (SRR). Multiple harmonics of the microwave SRR
are utilized for sampling the dielectric spectrum of the MUT.
By analyzing the frequency shifts of the resonator’s harmonics,
it is possible to extract the permittivity of the target MUT
at the resonance frequencies. According to the Debye model,
the dielectric spectrum of most materials in the microwave
frequency range is changing smoothly. Consequently, by using
a few sample points, we can reconstruct the entire dielectric
spectrum of the target MUT using the Debye model. A one-
time experimental calibration with known materials is required
in this method to enhance the precision of the measurements.
After calibration, the permittivity spectrum of various MUTs
may be extracted with reasonable accuracy. The proposed
method in this work offers a low-cost, noninvasive, wideband
dielectric spectroscopy solution that can be employed in
various applications such as chemical analysis, oil and gas
industries, and biosensing.

The rest of this article is structured as follows. Section II
outlines the proposed method for conducting wideband dielec-
tric spectroscopy using microwave SRRs. Section III offers a
comprehensive validation of the proposed method and provides
a detailed discussion of the experimental results, followed by
a conclusion in Section IV.

II. DIELECTRIC SPECTROSCOPY USING MICROWAVE SRR

This work utilized the multiharmonic mechanism of a
microwave SRR for sampling the dielectric permittivity of
the MUTs at various frequencies to extract their dielectric
spectra. A simple microwave SRR is developed with microstrip
technology as shown in Fig. 1(a), which presents multiple
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Fig. 1. (a) Dimensions of the microwave SRR utilized in this work.

(b) S11 response from HFSS simulation, which shows a multiharmonic
response with decent quality factor.

resonance frequencies as shown in the simulation result in
Fig. 1(b). The SRR is designed on a Rogers RO3003 substrate
(e, = 3) with a substrate thickness of 1.52 mm. The resonator
has a radius of 35 mm and a splitting gap of 3 mm, where the
3-mm splitting gap forms a sensitive region suitable for placing
the MUT for sensing applications. The resonator is excited
through a 50 Q transmission line with a width of 3.82 mm
that is capacitively coupled to the SRR with a coupling gap of
0.35 mm. This coupling allows for the transfer of energy from
the transmission line to the SRR, exciting its resonant modes,
resulting in notches in the return loss response. At resonances,
the incident energy is effectively transferred and retained by
the resonator and eventually dissipated as ohmic loss, dielec-
tric loss, and radiation [53]. To investigate power dissipation
at the resonances, we conducted an HFSS simulation on the
bare sensor, which shows that the majority of the incident
power 1is dissipated as ohmic and dielectric losses, with a
smaller portion dissipated as radiation loss. For instance, at the
first resonance, 72.67% of the incident power is dissipated as
ohmic and dielectric losses, 11.74% as radiation, and 15.59%
is reflected.
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The resonance frequencies of a microwave SRR can be
calculated as follows [53]:
f - (1)
" Loy ST
where n is the harmonic number, ¢ is the speed of light
in the free space, f,, is the nth resonance frequency of
the resonator, I is the effective length of the resonator,
and e s, is the effective permittivity due to the ambient
dielectric environment, including the substrate, of the sensor
at the nth resonance frequency. The introduction of a new
MUT to the resonator leads to a change in €., resulting in
different resonance frequencies. The shifts in the nth resonance
frequency can be calculated as follows:

nc

Afr,n = fr,n|air - )

Lefr (Eefﬂfr,n)MUT

where f ,air 1S the nth resonance frequency of the structure
with air as the MUT. The change in resonance frequency,
denoted as Af,,, serves as an indicator of how the dielectric
properties of the MUT impact the sensor’s response. With
Sr.njair available from measurements, Af., can be calculated
as a function of the effective permittivity in the presence
of the MUT. Therefore, by measuring Af, ,, it is possible
to determine the permittivity of the MUT at the resonance
frequencies.

A. Debye Relaxation Model for Dielectric Materials

Before delving into the details of the proposed method for
dielectric spectroscopy, it is essential to provide an overview
of the Debye relaxation model for dielectric materials [50],
[51]

€5 — €00

E(f):€oo+m 3

where €(f) is the complex dielectric permittivity as a function
of frequency, €., is the permittivity at the high-frequency limit,
€, is the permittivity at static or low frequency, and t is the
characteristic relaxation time constant. From (3), the real and
imaginary parts of the dielectric permittivity can be calculated
as follows:
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Since there are three unknown parameters (€;, €, and T)
in (3), a minimum of three independent equations is necessary
to uniquely determine these parameters when analyzing a
material. Consequently, at least three harmonics and their
corresponding frequency shifts from the resonator are required
to reconstruct the dielectric spectrum of the MUT based on the
Debye model. As the proposed method utilizes more than three
harmonics, the Debye model parameters can be determined
through a curve-fitting process, leveraging the abundance of
data points to minimize the impact of noise.

In this study, a frequency band of interest ranging from
0.5 to 6 GHz is chosen to demonstrate the proof of concept
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Fig. 2. (a) Real and (b) imaginary parts of dielectric permittivity of various
liquids over the frequency of interest, which exhibits a smooth variation,
allowing the permittivity spectrum to be reconstructed using only a few
sampling points.

for our proposed dielectric spectrum extraction method. This
decision is guided by two key considerations. First, we need
a frequency band for the dielectric permittivity of the MUTs
to change over, and the chosen frequency band of interest
provides sufficient bandwidth to exhibit large variations in the
dielectric permittivity of the MUTs. Second, we utilized the
Copper Mountain R60 1-Port vector network analyzer (VNA)
to measure the frequency response of our SRR sensor, which
can read frequencies up to 6 GHz, aligning with the chosen
frequency band of interest.

It is informative to revisit the Debye model for various
materials in the frequency band of interest. As an example,
the Debye models for water, methanol, ethanol, and propanol
are illustrated in Fig. 2. Table I presents the Debye model
parameters for these samples reported in [52]. As shown
in Fig. 2, these samples exhibit a smooth variation in their
permittivity spectra, enabling the reconstruction of the entire
permittivity spectrum using only a few sample points.

B. Proposed Method for Dielectric Spectroscopy

Fig. 3 presents the flowchart of the proposed method for
dielectric spectroscopy. The process starts with designing a
multiharmonic microwave SRR with a proper fundamental
resonance frequency. Since the frequency band of interest
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4
TABLE I
DEBYE MODEL PARAMETERS FOR VARIOUS LIQUIDS AT 20 °C [52]
Material €s €so | T(pS)
Water 804 | 5.2 9.4
Methanol | 33.6 | 5.7 53.1
Ethanol 25.1 | 43 143.3
Propanol | 19.0 | 3.2 | 2919
. Extraction of the
Design of a . . e
. . dielectric permittivity
multi-harmonic
at the resonance
planar resonator .
frequencies
. Calcplate the Map the extracted
dielectric spectrum
. values to the
using the extracted
Debye model
model
Fig. 3. Flowchart of the proposed method for dielectric spectroscopy.

in this work is between 0.5 and 6 GHz, a fundamental
resonance frequency that is slightly below 1 GHz would be
appropriate to provide six harmonics within this frequency
range. The second step focuses on the extraction of the
dielectric permittivity at the resonance frequencies, which is
a crucial step in defining the accuracy of the method. Due
to the complex geometry of the measurement setups, it is
very challenging to determine the dielectric permittivity of
the MUT from the frequency shifts analytically. However,
using some calibration materials with commercial dielectric
spectroscopy equipment, it is possible to calibrate the setup for
determining the dielectric permittivity values experimentally.
Section III-C provides the details of this calibration process.
The third step in the proposed method involves mapping
the extracted dielectric permittivity values at the resonance
frequencies to the Debye model based on (4).

In this work, we choose to extract the real part of the
permittivity instead of the imaginary part to fit the Debye
model. This decision is based on the straightforward nature
of the real part extraction, as the shift in the resonance
frequency of a passive resonator primarily depends on the real
part of the dielectric permittivity [22], [53]. To illustrate this,
we performed an HFSS simulation where an ideal cylindrical
MUT was placed on top of our SRR, with the MUT e,
varying from 1 to 50 and the loss tangent varying from O to 1.
The resulting fundamental resonance frequency of our SRR is
provided in Fig. 4.

Fig. 4 shows that changes in €, significantly impact the
resonance frequency of our SRR, yielding a 26.84% shift as
MUT e, changes from 1 to 50. In contrast, changes in the loss
tangent do not have much impact on the resonance frequency,
producing a maximum of 2.4% shift as tan§ changes from 0 to
1 with MUT ¢, = 50. Therefore, the resonance frequency
shift of our SRR is predominantly determined by the real
part of the permittivity, with the effect of the imaginary part
considered negligible in comparison. An alternative method
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Fig. 4. Fundamental resonance frequency f, of our SRR versus different
MUT permittivity €, and loss tangent tand, which shows that f, primarily
depends on ¢,, with the effect of tand considered negligible in comparison.

involves extracting the imaginary part of the permittivity using
the Q-factor. It is important to note, however, that the Q-
factor is dependent on both the real and imaginary parts of the
dielectric permittivity [21]. Therefore, the choice for real part
extraction is considered more straightforward as the resonance
frequency shift of our SRR mainly depends on the real part
of the permittivity, with the impact of the imaginary part
considered negligible in comparison.

After establishing the Debye model parameters through a
fitting process applied to the extracted data, the real and
imaginary parts of the dielectric permittivity spectrum can be
calculated using (4) and (5). Using this method, it becomes
possible to calculate the complex dielectric permittivity of
the MUT across a wide frequency range that extends beyond
the measured frequency. The Section III covers the practical
aspects of the proposed method, providing a detailed discus-
sion of experimental results.

III. EXPERIMENTS AND DISCUSSIONS

This section provides the experimental results and discusses
the required steps to compute the dielectric spectrum of
liquids using the proposed method. The experiment utilized
ten samples, which were classified into two separate groups:
a “calibration” group and a “test” group, each consisting of
five samples. The descriptions of these samples are provided
in Table II. The calibration liquids were chosen to provide a
sufficiently wide range of permittivity values, spanning from
the higher limit represented by water to the lower limit rep-
resented by propanol. The remaining three calibration liquids
were selected randomly to cover permittivity values between
these limits. The selection of calibration liquids ensures that
the permittivity of the test liquids falls within the permittivity
range covered by the calibration liquids.

Fig. 5 outlines the experiment steps in this study. The
experiment begins with extracting the dielectric spectrum
of calibration liquids using a commercial dielectric probe
shown in Fig. 6: an open mode probe method dielectric
constant and dielectric loss tangent measurement system,
DPS16, from KEYCOM Characteristic Technologies through
a ZVA 67 VNA from Rohde&Schwarz© from 0.5 to 6 GHz.
By introducing the calibration liquids to the resonator and
analyzing the resonance frequency shifts, the calibration equa-
tions can be extracted to describe the relationship between €,
and Af,, at the resonance frequencies. After the calibration
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TABLE I
SAMPLES FOR THE EXPERIMENT
Sample Description Group
Water Pure water Calibration
PR Pure Propanol Calibration
EG Ethylene Glycol Calibration
ET Pure Ethanol Test
M1P9 10% Methanol + 90% Propanol Calibration
M2P8 20% Methanol + 80% Propanol Test
M3P7 30% Methanol + 70% Propanol Test
M4P6 40% Methanol + 60% Propanol Calibration
M2E1P7 | 20% Methanol + 10% Ethanol + 70% Propanol Test
M3EI1P6 | 30% Methanol + 10% Ethanol + 60% Propanol Test

©)
Extract the calibration equations
that describes the relationship
between €, and Af;,, at each
harmonics for the resonator

@

Measure Af,., for the
test liquids

W

Extract the dielectric
permittivity of the
calibration liquids

()

Extract €. for the test
liquids at the resonance
frequencies using the
measured Af,.,, and the
calibration equations

® |

Extract the Debye model
based on the calculated €,. at
the resonance frequencies

(o)

Compare the extracted model
with the dielectric probe
measurement

Fig. 5.
method.

Experiment steps for dielectric spectroscopy using the proposed

phase, we proceed to measure the resonance frequency shifts
Af,, for the test liquids. This allows us to extract the €,
at the resonance frequencies using the calibration equations.
Subsequently, by performing curve fitting on the extracted
values, the Debye model parameters for the test liquids can be
determined, which allows us to calculate the entire dielectric
spectrum covering up to the frequency beyond our measure-
ment range. To validate the accuracy of the proposed method,
the extracted Debye model parameters are compared with the
measurements from the commercial dielectric probe. Detailed
information on the experimental setup and a comprehensive
description of the experiment using the proposed method for
dielectric spectroscopy are provided in the following sections.

A. Experimental Setup

The utilized sensor in this work is a simple microwave
SRR with a ring radius of 35 mm and a splitting gap of
3 mm, illustrated in Fig. 1(a). The sensor is fabricated on
an RO3003 substrate from Rogers Corporation with €, = 3,
tand = 0.0013, substrate thickness of 1.52 mm, and a copper
metalization thickness of 35 um. A low-loss polymer container
with a bottom diameter of 47 mm and a wall thickness of
0.45 mm is placed on top of the sensor to hold the liquids
for measurements. The liquid container is placed to cover the
splitting gap of the SRR, an area known for its high sensitivity.
Since the liquid container is quite large, precise centering
onto the splitting gap is unnecessary. Full coverage of the

Fig. 6. Extracting dielectric spectrum of the calibration liquids using a com-
mercial dielectric probe: an open mode probe method dielectric constant and
dielectric loss tangent measurement system, DPS16, from KEYCOM Char-
acteristic Technologies through a ZVA 67 VNA from Rohde&Schwarz©from
0.5 to 6 GHz.

resonator including the coupling gap is avoided since it may
increase the unwanted sensitivity of the response of the sensor
to small movements or dislocation of the container over the
sensor for each measurement. The material of the container
does not affect the results of the experiments while being low
loss. However, the wall thickness of the container can impact
the sensitivity of the system [54], [55]. A thicker wall would
position the liquid-under-test (LUT) farther from the sensor,
resulting in a reduced frequency shift in the sensor’s resonance
frequency for a specific dielectric permittivity variation in the
LUT. Therefore, a relatively thin container is selected for this
work to maintain the sensitivity of the proposed dielectric
spectroscopy system. To prevent unwanted movement of the
container, a 3-D printed polylactic acid (PLA) holder structure
is employed to fix the location of the container. The effect of
the alignment between the sensor and the liquid container,
along with other setup factors, can be effectively addressed
through a calibration process outlined in Section III-C.

Fig. 7 presents the experimental setup and the measured
reflection response of the fabricated sensor loaded with an
empty container. In the frequency range of interest from
0.5 to 6 GHz, the sensor presents resonance frequencies
at 0.873, 1.734, 2.596, 3.464, 4.328, and 5.217 GHz. The
measurements are performed using a Copper Mountain R60
1-Port 6 GHz VNA with a frequency range from 1 MHz
to 6 GHz. A total of 100 000 measurement points are employed
with an IFBW of 30 kHz. These configurations ensure a
frequency interval of approximately 60 kHz between each
pair of adjacent measurements, capturing sufficient frequency
variation for subsequent data analysis.

B. Stability Analysis for the Experimental Setup

The experiment was conducted in a controlled laboratory
environment with a constant temperature of 20 °C. To assess
the stability of the experimental setup, a time-based mea-



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6
5t
o
RS
=10t
o
15|
-20 : : : : '
0 1 2 3 4 5 6

Frequency (GHz)
(b)

Fig. 7. (a) Experimental setup including the zoomed version of the microwave
SRR. (b) Reflection response of the sensor loaded with the empty container.
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Fig. 8.  First resonance frequency of the sensor versus time when loaded
with an empty container, which shows almost no variation over time.
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surement was conducted using a custom LabVIEW interface
to monitor the first resonance frequency of the sensor when
loaded with an empty container. As illustrated in Fig. 8, it is
evident that the sensing system exhibits almost no variation
over time, confirming the stability of the experimental setup.
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Fig. 9. S11 response of the sensor around the first resonance when unloaded
after each liquid, showing high repeatability of the measurement.

To investigate the repeatability of the measurements, the
S11 responses of the sensor around the first resonance are
measured after unloading each of the liquids used in this
experiment. As shown in Fig. 9, the S11 measurements exhibit
a high level of repeatability for the sensor unloaded after each
liquid.

Another common concern that frequently arises with liquid
testing is the potential for inaccurate volume measurement
of the LUT. This issue can severely impact the experiment
results since the microwave sensor is highly sensitive to
environmental changes, encompassing both variations in the
volume and dielectric permittivity of the LUT. To overcome
this challenge, a robust mechanism is developed in this work
to mitigate the need for a highly precise volume measure-
ment. Since the impact of dielectric permittivity variation in
the sensor’s ambient environment decreases with increasing
distance from the resonator, it can be predicted that beyond a
certain volume threshold, any additional volume would have a
negligible effect on the resonance frequencies. Consequently,
small volume variations beyond that point would not introduce
detectable errors in the measurement, making the experiment
volume-insensitive. To address this practical concept, the first
resonance frequency of the resonator loaded with various
volumes of ethanol is measured, and the results are presented
in Fig. 10. It can be seen that the first resonance frequency
of the sensor remains relatively constant when the volume
of ethanol exceeds 30 mL. In the subsequent experiments,
a volume of 45 mL is chosen for the LUT, which is well
beyond the threshold determined in this experiment. This
choice improves the overall stability of the experiments by
ensuring that small volume variations during the experiments
have negligible impacts.

C. Calibration

The proposed method involves a one-time calibration pro-
cess to account for the effects of the setup, encompassing
aspects such as microwave sensor design, liquid container
dimensions, holder structure, manufacturing material, temper-
ature, sensor location, and alignment between the sensor and
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Fig. 10. First resonance frequency of the sensor versus the volume of ethanol
in the container.

the liquid container. This calibration is only required to be
performed once and does not need to be repeated as long as
all the mentioned parameters remain the same. It is important
to note that there is no need to recalibrate the sensing system
when changing the LUT.

The calibration process consists of the first two steps in
Fig. 5. It starts with extracting the dielectric spectra of the cal-
ibration liquids using the commercial dielectric probe shown
in Fig. 6. The measured dielectric spectra for the calibration
liquids are shown in Fig. 11.

Subsequently, the calibration liquids are introduced to the
proposed system, and the resulting frequency shifts Af, , for
all the resonance frequencies can be calculated as follows:

Afr,n - fr,nlair - fr,nlMUT (6)

where f ,ir and f;.,mur are the nth resonance frequencies
of the sensor loaded with air and MUT, respectively. Table III
shows the Af,, and the corresponding permittivity values
€115, extracted from the calibration liquids. As expected,
a larger Af,, corresponds to a higher €', for a given
harmonic.

Using the data in Table III, we can determine the calibra-
tion equations that describe the relationship between Af, ,
and €,y at the resonance frequencies. Since Af,,
1/((eetrif,,)mur)"/* as shown in (2) and (€cfrif;, ) mur X € v,
we have €7, o (1/Af.,)? To model this relationship,
we propose the following form for the calibration equations:

. ky :
€rifn = (—k2 Y ) + ks (7)

where ¢’ rif. 18 the predicted real relative permittivity of the
LUT at f,, based on Af., in MHz. k;, k, and k3 are
the fitting parameters that can be extracted based on the
experimental data shown in Table III. In this experiment, six
calibration equations are determined for the six resonance
frequencies. Fig. 12 shows the calibration curves fit to the
experimental data, and the fitting parameters for the calibration
curves are summarized in Table IV. These calibration curves
allow us to predict the permittivity of an unknown LUT using
the resonance frequency shifts.
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Fig. 11. (a) Real and (b) imaginary parts of the dielectric spectra of the
calibration liquids measured by the commercial dielectric probe.

D. Dielectric Spectroscopy Extraction of the Unknown
Liquids

Following the extraction of the calibration equations,
it becomes possible to compute the entire dielectric spectrum
of an unknown liquid, encompassing both the real and imag-
inary parts across the entire frequency range. The procedure
starts by measuring all the resonance frequency shifts when
introducing the test liquids to the microwave SRR shown in
Fig. 7 (a). Using these frequency shifts, the permittivity of
the LUT at the resonance frequencies can be calculated based
on the calibration equations. Table V shows the predicted
permittivity values for the test liquids at the resonance fre-
quencies and compares them with the values obtained from the
commercial dielectric probe. The predicted permittivity values
closely match the dielectric probe values, with a root mean
square error of 0.59.

Using the predicted permittivity values at the resonance
frequencies, we can establish the Debye model for the LUT.
The Debye model contains three unknown parameters: €, €qo,
and 7, which can be treated as the fitting parameters. These
unknown parameters can be determined by fitting the real part
of the Debye model in (4) to the predicted data. Subsequently,
both the real and imaginary permittivity values at any desired
frequency can be calculated using (4) and (5). This process
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TABLE III
RESONANCE FREQUENCY SHIFTS AND THE CORRESPONDING PERMITTIVITY VALUES EXTRACTED FROM THE CALIBRATION LIQUIDS

Sample Parameter 15t Harmonic | 27< Harmonic | 3"¢ Harmonic | 4% Harmonic | 5% Harmonic | 6% Harmonic
Water A fr.n (MHz) 58.67 48.35 47.33 110.44 175.47 161.55
< ol o 79.80 79.21 78.19 76.82 75.33 7343
PR A fr.n (MHz) 26.76 19.62 14.82 31.32 53.33 58.49
elr\fr n 6.34 432 3.84 3.66 3.55 3.46
EG A fr.n (MHz) 48.35 39.35 30.66 72.35 120.28 120.76
e’rm, " 29.80 18.31 12.87 10.27 8.84 7.86
MI1P9 A fr.n (MHz) 30.48 22.32 16.98 35.33 59.57 64.55
& im 8.02 5.08 434 305 3.89 379
M4P6 A fr.n (MHz) 40.07 31.38 24.24 52.49 85.49 89.15
elr\fr N 16.54 9.80 7.22 6.12 5.55 5.21
80 80 80
— Fitted calibration curve — Fitted calibration curve — Fitted calibration curve
60 60 60
2 L[ 16409 ? 2 . L 76.61 \' 2 L (1649 \?
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Fig. 12. Calibration curves and experimental data for (a) first resonance, (b) second resonance, (c) third resonance, (d) fourth resonance, (e) fifth resonance,

and (f) sixth resonance.

TABLE IV
CALIBRATION EQUATION PARAMETERS FOR EACH RESONANCE

Resonance Number k1 ko ks
15 Resonance 164.09 76.58 -4.09
274 Resonance 76.61 | 56.96 | -0.05
37d Resonance 116.49 60.27 -2.84
4?7 Resonance 208.02 | 134.06 | -0.74
5t" Resonance 250.21 | 204.39 | 0.47
6" Resonance 155.33 | 179.87 | 1.46

allows us to extract the complete dielectric spectrum of the
LUT. Figs. 13 and 14 present the real and imaginary dielectric
spectra of the test liquids predicted using the proposed method,
with a comparison to the values obtained from the commercial
dielectric probe.

In Fig. 13, the predicted real permittivity closely aligns with
the dielectric probe data within the frequency range of interest.
In Fig. 14, the predicted imaginary permittivity spectrum
matches the dielectric probe data at the upper frequency end
in the frequency range of interest, and variations emerge at
lower frequencies, particularly for certain liquids like M2E1P7

and M2P8, where the dielectric probe data diverges from
the Debye model. This discrepancy can be caused by a
major limitation of the commercial dielectric probe using the
open probe method, which is a reduced accuracy at lower
frequencies [12]. Consequently, the dielectric probe data,
particularly for the imaginary part of the dielectric spectrum,
is considered unreliable at lower frequencies. By disregarding
data at lower frequencies and focusing on the higher frequency
range, particularly above 1 GHz, the dielectric probe data
for the imaginary part adheres to the Debye model, and the
predicted spectrum aligns with the dielectric probe data. The
Debye model parameters are summarized in Table VI.

To evaluate the performance of the proposed method, we can
calculate the percentage error for each Debye model parameter
using the following formula:

Xpredict — Xprobe

Joerror = x 100%

()

Xprobe
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TABLE V
PERMITTIVITY VALUES FOR THE TEST LIQUIDS AT THE RESONANCE FREQUENCIES (PREDICTION VERSUS PROBE)
Sample Parameter 1% Resonance | 27< Resonance | 377 Resonance | 4" Resonance | 5" Resonance | 6" Resonance
ET Predicted €. 15.34 8.05 6.83 5.34 4.64 4.13
Probe €], 16.51 9.52 6.95 5.87 5.32 4.99
M2E1P7 Predicted €. 10.73 5.83 5.25 4.22 3.78 3.53
Probe €. 10.26 6.13 4.99 4.55 4.32 4.16
M2P8 Predicted €. 11.07 5.94 5.30 4.23 3.81 3.54
Probe €], 10.65 6.32 5.09 4.60 4.38 4.21
M3EIP6 Predicted €. 13.54 7.28 6.46 4.92 4.29 3.92
Probe €. 13.36 7.76 5.98 5.25 4.88 4.65
M3P7 Predicted €], 13.59 7.25 6.38 4.89 4.28 3.90
Probe €. 13.48 7.86 6.02 5.27 4.89 4.66
30 20 204
e Probe data fore 'at fr‘n ‘\ e Probe data for ¢ ' at fr‘n { e Probe data fore 'at fr‘n
25 >~‘ e Predicted data for er' at fr‘n \\ e Predicted data for er' at fr‘n *‘ e Predicted data for er' at fr‘n
Ay Probe data for ¢ ' spectrum 15 w Probe data for £ ' spectrum 15 \ Probe data for ¢ ' spectrum
20 \\ — — -Debye model er' with probe data “ — — -Debye model er' with probe data ‘ — — .Debye model er' with probe data
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Fig. 13. Comparison of the predicted real permittivity spectrum using the proposed method with the data obtained from the commercial dielectric probe for

the test liquids. (a) ET. (b) M2E1P7. (c) M2P8. (d) M3E1P6. (e) M3P7.

TABLE VI

DEBYE MODEL PARAMETERS FOR THE TEST LIQUIDS (PROPOSED
METHOD VERSUS PROBE)

Sample Parameter €s [ T (ps)
ET Proposed method | 25.28 | 3.83 | 178.04
Probe 2524 | 425 | 161.12

Proposed method | 19.06 | 3.38 | 202.48

M2EIP7 Probe 19.18 | 3.90 | 224.72
M2P8 Proposed method | 19.93 | 3.38 | 204.28
Probe 19.48 | 3.92 | 217.49

Proposed method | 21.37 | 3.62 | 170.23

M3EIP6 Probe 2222 [ 4.19 [ 18732
M3P7 Proposed method | 21.98 | 3.62 | 175.54
- Probe 22.01 | 4.17 | 182.30

where Xpreqgice denotes the value obtained from our proposed
method, and x,0pe denotes the value obtained from the com-
mercial dielectric probe in Fig. 6.

The €, parameter obtained from the proposed method
closely matches those obtained from the commercial dielectric

probe, with a negligible percentage error of 1.40%. This
indicates that the proposed method is very accurate in deter-
mining the permittivity of the LUT at low frequencies. On the
other hand, the percentage error for the €., parameter is
12.68%, which implies that the proposed method may exhibit
relatively higher errors at very high frequencies. This is
because the permittivity of the LUTs tends to be very low
at high frequencies, making it more sensitive to variations and
resulting in a higher percentage error. The percentage error
for the t parameter is 7.86%. Overall, the proposed method
for dielectric spectroscopy demonstrates accurate performance,
particularly when predicting values within the frequency band
of interest.

One interesting aspect of the analysis involves exploring
how errors in determining the Debye model parameters change
with different numbers of resonance harmonics used in our
proposed method for determining the permittivity spectrum
of liquids. We conducted this analysis by applying the same
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Fig. 14. Comparison of the predicted imaginary permittivity spectrum using the proposed method with the data obtained from the commercial dielectric

probe for the test liquids. (a) ET. (b) M2E1P7. (c) M2P8. (d) M3E1P6. (e) M3P7.

procedures for determining the permittivity spectrum while
using 4 to 6 harmonics of the ring resonator. Fig. 15 shows
the average percentage error in the Debye model parameters
in relation to the number of resonance harmonics, ranging
from 4 to 6. The percentage error for €; decreases as we
employ more resonance harmonics in our method. The per-
centage error for t initially decreases when the number of
resonance harmonics increases from 4 to 5 but then remains
relatively constant after the increases from 5 to 6. The per-
centage error for €., gradually increases as the number of
resonance harmonics increases from 4 to 6.
In this study, we utilized all six resonance harmonics within
the frequency range of interest. This choice allows for better
performance because the variation in €, has a more significant
impact than the variation in €5, on the predicted permittivity
spectrum. To illustrate this, we conducted a sensitivity analysis
using the Debye model of ethanol as an example, showcasing
the permittivity spectrum’s variation based on variations in the
Debye model parameters. Fig. 16 shows the sensitivity analysis
by considering the average percentage error arising from dif-
ferent numbers of resonance harmonics, ranging from 4 to 6.
In each plot, two of the Debye model parameters were held
constant, while the third parameter was varied with positive
average percentage errors based on the different numbers
of resonance harmonics. The sensitivity analysis indicates
that the percentage error for €, has a more pronounced
impact on performance than €., within the frequency range
of interest. Therefore, although employing all six resonance
harmonics results in a higher percentage error in €, the
overall performance is better due to the lower percentage error

for €.

50
—e— % Error fore_
40 —e— % Error for €,
=X % Error fort
<]
E 301
[0}
=}
o]
€20
[}
o
a
10+ /
.,_/_.’\'
0 | | |

4 4.5 5 5.5 6
Number of Resonance Harmonics
Fig. 15. Percentage error for Debye model parameters versus number of
resonance harmonics.

Our proposed method for extracting the dielectric spectrum
of liquids comes with certain limitations. One major constraint
is the requirement to use the same setup for both calibration
and testing. Any changes to the setup require recalibration to
maintain prediction accuracy, emphasizing the importance of
maintaining a standardized setup for reliable and consistent
results. Another limitation is related to the assumption of
neglected cross sensitivities of the resonance frequencies with
the imaginary permittivity of the MUT. This assumption is
based on the understanding that the resonance frequency shift
of our SRR is determined mainly by the real part of the
permittivity, with the effect of the imaginary part considered
negligible in comparison as shown in Fig. 4. While we
recognize that the resonance frequency shift of our SRR
mainly depends on the real part of the permittivity, we also
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Fig. 16.

Sensitivity analysis using ethanol as an example, with two Debye model parameters held constant while the third parameter is varied with positive

average percentage error based on the number of resonance harmonics. (a) Real permittivity spectrum with varying €. (b) Real permittivity spectrum with
varying €. (¢) Real permittivity spectrum with varying t. (d) Imaginary permittivity spectrum with varying €;. (¢) Imaginary permittivity spectrum with
varying €s. (f) Imaginary permittivity spectrum with varying t. The results show that the percentage error for €; has a higher impact on performance than

€0 Within the frequency range of interest.

acknowledge the minor impact on the frequency shift due to
the cross sensitivity to the imaginary part of the permittivity,
which might introduce some errors to the proposed system.
Another limitation is associated with the assumption that the
permittivity spectrum of the MUT adheres to the Debye model.
While this assumption holds for many liquids, it may not
be universally applicable. Liquids with complex dielectric
behavior, such as specific ionic liquids and ferrofluids with
intricate relaxation processes, might deviate from the Debye
model [56], [57]. Future investigations could explore strategies
to enhance the applicability of the proposed method, which
may involve incorporating alternative permittivity models such
as the Cole—Cole model, Havriliak—-Negami model, or others,
to accommodate a broader range of materials [50], [58].

One major drawback of the commercial dielectric probe
with the open probe method is its low accuracy at lower
frequencies, especially below 200 MHz and, in general, for
materials which have low dielectric constants and loss fac-
tors [12]. On the other hand, our proposed method enables
the calculation of permittivity using the Debye model at any
frequency, including lower frequencies and frequencies beyond
our originally targeted band. The proposed method offers
a cost-effective alternative to commercial dielectric probe
devices. Furthermore, it can complement other dielectric probe
methods such as the open probe method to enhance overall
accuracy in the permittivity measurement.

IV. CONCLUSION

An innovative method is presented for wideband dielectric
spectroscopy using a simple microwave SRR. The proposed

method utilizes the multiresonance property of the SRR to
extract the entire dielectric spectrum of a liquid with the
Debye model. For demonstration, an experiment with five
calibration samples and five test samples is conducted, and
the extracted data from the proposed method is compared with
those obtained from a commercial dielectric probe. Following
a one-time calibration process, the proposed method demon-
strated high precision in predicting real permittivity values at
the resonance frequencies, achieving a low root mean square
error of 0.59. By fitting these data points to a Debye model, the
entire dielectric spectrum of the LUT can be calculated. The
proposed method achieved high accuracy with a percentage
error of 1.40% for the €; parameter and 7.86% for the t
parameter. While the performance of the proposed method
showed a slight decrease at higher frequencies, with a 12.68%
error in the €., parameter, it is noteworthy that within the target
frequency range, the data from the proposed method closely
aligns with the data obtained from the commercial dielectric
probe.

The proposed method for wideband dielectric spectroscopy
using a microwave SRR achieves accurate results while being
low-cost, simple to use, and easy to fabricate. Its potential
application extends across various fields including oil and gas
industries, chemical analysis, and biosensing.
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