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Abstract
Microwave (MW) studies of biochemical liquids require the precise determination of
permittivity and a convenient sample placement in a sterile channel, which must be cleaned or
replaced after testing. These requirements can be effectively met using the proposed MW
characterization technique. This technique is based on a high-quality whispering-gallery mode
(WGM) quartz resonator. The liquid under test is filled in a capillary tube (CT), which is placed
in the resonator hole. A calibration approach based on simulations for the extraction of complex
permittivity values of biochemical liquids of sub-microliter volumes was demonstrated and
successfully verified. This was achieved through a special procedure for the analysis of the
interaction of the electromagnetic field with the liquid in a CT inside a WGM quartz resonator
and measurements of its frequency response. The reliability of the technique was validated by
simulation and the measurement of liquids with known characteristics. The approach was
successfully applied to obtain the complex permittivity of glucose in water solutions in the
Ka-band.

Supplementary material for this article is available online

Keywords: computer simulations, capillary tube, microwave measurement, permittivity,
whispering gallery mode, dielectric resonator

1. Introduction

The investigation of liquid properties in the microwave
(MW) range is vital in various fields of science and
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technology [1]. The MW dielectric permittivity characteriz-
ation technique enables fast and label-free analysis using non-
expensive equipment. Moreover, each substance is character-
ized by a unique complex permittivity value and its specific
frequency dependence. Therefore, investigation in MW fre-
quency range provide additional information for substance
identification. There are a number of permittivity determina-
tion techniques in theMW range [2, 3]. All the methods can be
categorized into resonance [4] and non-resonance [5, 6] tech-
niques. In each case, the liquid is positioned in a structure in
relation to the electromagnetic field pattern, where the liquid
under test (LUT) properties influence this pattern. Analyzing
the response of the electromagnetic field thus provides a way

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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of determining the liquid properties. The interaction between
the LUT and the electromagnetic field is determined by the
complex permittivity of the liquid, making this parameter a
key characteristic in the MW range.

Both resonant and non-resonant methods are used to meas-
ure dielectric permittivity. Resonant methods generally offer
higher accuracy and sensitivity with lower substance detec-
tion limits [4, 7–9] compared to non-resonant methods [5, 6,
10]. However, in liquids with highMW absorption, substantial
energy losses occur during interaction with the field, making
it challenging to perform accurate measurements. MW res-
onant methods make use of various resonant configurations,
such as cavity [11, 12], split-ring [13–15], metamaterial split-
ring [16], patch [17, 18], dielectric [8, 9] or transmission line
[3] resonators. MW planar split-ring, metamaterial and patch
antenna resonators are typically compact size portable sensors
allowing investigation of small amounts of liquid with relat-
ively high accuracy. The quality factor of such resonators usu-
ally ranges from tens to hundreds. However, methods utilizing
different whispering gallery mode (WGM) resonators [8, 9,
19] provide even higher quality factors due to the confinement
of the electromagnetic field near the inner wall of the reson-
ator. The quality factor of WGM sapphire or quartz resonators
with LUT is usually up to two orders ofmagnitude higher com-
pared to split-ring resonators. The resulting higher accuracy
and lower substance detection limit (higher sensitivity) make
the WGM based approach particularly suitable compared to
other resonant methods.

A crucial task, especially in the study of expensive DNA-
containing biological liquids, is the development of precise
approaches for analyzing small liquid volumes. This can be
achieved by either miniaturizing the resonator through the use
of materials with high dielectric permittivity (e.g. sapphire)
or by incorporating small liquid reservoirs into the structure
that is aligned to the resonator electromagnetic field pattern
with the further development of the calibration procedure. For
example, the measurement cell based on the sapphire WGM
resonator with a microfluidic channel, fabricated from a low-
loss plastic layer and positioned on the top flat part of the
cylindrical resonator, is described in [8]. Quartz resonators,
which provide better thermal stability, have larger dimensions.
However, they also offer other advantage [20] of being used
with the microfluidic chip (MFC) [9].

Investigating the MW properties of various biological solu-
tions/samples is important, as it can provide valuable inform-
ation on potential diseases, including cancer [21]. The MFC
typically consists of a low-loss plastic layer with a micro-
fluidic channel and metal tubes for introducing the LUT [8, 9].
However, filling, cleaning, and sterilizing the channel, as well
as replacing the entire MFC, is challenging. The planar reson-
ators based techniques are usually make use of small amount
of LUT filled in capillary tube (CT). This approach can also
be used for placing the LUT in the WGM resonator. In the
resulting structure the liquid-filled CT is inserted into a hole
in the resonator [19, 22, 23]. This design combines the advant-
ages of the MFC resonator technique—such as high-quality

factor, an enclosed and small liquid volume, and the possibil-
ity of investigating liquids with high MW losses—while over-
coming the difficulties related to filling, cleaning, sterilizing,
and replacing the MFC. Moreover, the CT is less complex and
more cost-effective compared with the MFC. Experimental
investigations of a WGM quartz resonator with a CT inser-
ted into its hole were carried out in [23]. The influence of the
properties of the LUT on the spectral and energy characterist-
ics of the resonator were observed. Investigations of glucose
in water solutions using the technique have shown the poten-
tial of the structure for determining the complex permittivity
of liquids.

COMSOL Multiphysics [24] models of a WGM reson-
ator with an MFC were used to analyze the resonant struc-
ture and determine the eigenfrequency and quality factor [8,
9]. However, these models cannot be used for analyzingWGM
resonators with a CT, as the asymmetry of the structure and the
direct introduction of the liquid into the electromagnetic field
of the resonator require consideration of the influence of the
excitation source.Moreover, as was found in [23], the response
of the resonator with the hole exhibits significant mode split-
ting in comparison with the MFC structure [8]. Therefore,
averaged values of the splitted mode characteristics cannot be
used, as was the case of resonators with an MFC [8, 9].

In this work, we address several challenges, proposing an
approach that allows us to determine the complex permittivity
of liquids based on experimental data. For the resonator with
a CT in the hole structure, a procedure to analyze the splitted
mode response was developed. To solve the inverse electro-
dynamics problem—determining the electrophysical paramet-
ers of a substance from the resonator response—we developed
an accurate model for the simulation of complex permittivity
values of biochemical liquids with the subsequent develop-
ment of the calibration procedure. The model allows for the
numerical analysis/simulation of the interaction between the
liquid and the field pattern of the resonator, which enables the
structural behavior of the resonator to be predicted with dif-
ferent liquids filled in the CT.

2. Measurement technique

2.1. Modeling results

The model was developed using the parameters of the fab-
ricated measurement cell described in [23]. The measurement
cell includes a quartz dielectric resonator with a central hole
and a hole for the CT placement, a CT itself with a liquid filling
system, and a pair of dielectric waveguides for the coupling of
the wave (schematic of the cell is shown in figure 1(a)). The
entire measurement cell is placed in an isolated enclosure with
temperature stabilization provided by the Peltier elements. The
structure, consisting of a quartz resonator with a hole into
which a plastic CT is inserted, is modeled using COMSOL
Multiphysics software (figure 1(b)) [24].
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Figure 1. The WGM resonator cell: (a) schematic of the cell consisting of a quartz dielectric resonator with a central hole and a hole for the
CT placement, a CT itself with a liquid, and a pair of dielectric waveguides for the coupling of the wave; (b) the model of the structure
composed using the COMSOL Multiphysics software.

Quartz is an anisotropic material with permittivity
in perpendicular and parallel directions to the crystal
optical axis equal to ε⊥ = 4.44

(
1− i1.1 · 10−5) and ε∥ =

4.63
(
1− i8 · 10−6), respectively. The values were taken from

[25] and refined for all WGM modes of quartz resonator in
the 30-40 GHz frequency range in [9]. The quartz anisotropic
axis is parallel to the resonator axis. Since the investigation
was performed using a single resonance mode, the frequency
dependence of quartz was not taken into account. The dia-
meter of the resonator is equal to 24.99 mm and its height is
4.95 mm. The resonator has a cylindrical hole with a 1.01 mm
diameter positioned parallel to the resonator axis and 9.75 mm
from its center. As shown in figure 1(b), the hole is not posi-
tioned in the maximum of the electromagnetic field pattern,
preventing a significant reduction in the quality factor of the
resonator. This position was optimized to ensure that the qual-
ity factor remains high enough to allow for accurate measure-
ments of liquid characteristic in the case of the CT filled with
high-loss liquids, while also ensuring that the liquid has a suf-
ficient influence on the resonator characteristics. This provides
maximum accuracy and sensitivity for the measurements. A
plastic CT with ε= 2.38(1− i · 0.0077) is used for filling
with the LUT. It is inserted into the resonator hole. The outer
diameter of the CT is 1 mm and its inner diameter is approx-
imately 0.5 mm. The inner diameter value was refined within
the measurement accuracy by comparing the experimental
data with the model calculations, resulting in a final value of
0.4918 mm, which was used in subsequent simulations.

The length of the CT is 10.5 mm. It is long enough to ensure
that the edges do not affect the field distribution of the reson-
ator. A central technological hole, used for mounting the res-
onator, is not included in the model, as it is located in a field-
free region and thus has no influence on the characteristics
of the resonator. The boundary conditions are modeled using
a combination of the scattering boundary condition and an
absorbing layer to effectively simulate open boundaries. The

resonator is excited by two Teflon waveguides with waveguide
ports located at the outer boundary of the absorbing layer.

2.2. Bare quartz resonator

To examine the impact of the waveguides on the characteristics
of the resonator, preliminary studies of a bare cylindrical res-
onator without a hole were carried out. Figure 2(a) shows
how the variation of the dw—the distance between the reson-
ator surface and the waveguide edge (figure 1(a))—affects the
spectrum of the structure. The distance dw is usually changed
to adjust the coupling of the resonator. The lager the distance
is, the weaker the coupling.

To verify the reliability of the model, the results obtained
by transient analysis on resonant frequency and the qual-
ity factor of the aforementioned system are compared with
those obtained by frequency-domain analysis, i.e. the eigen-
frequency solver. The reliability of the latter model was pre-
viously confirmed by MFC with the quartz WGM reson-
ator structure investigation [9] as well as by application of
this resonator technique for the investigation of amino acids
[20]. Since the responses of the system (figure 2(a)) are non-
symmetrical, the fitting is performed using the couplingmodes
approach [26] to obtain its resonance characteristics. This pro-
cedure was successfully confirmed previously for investiga-
tions of bioliquids usingWGM resonators [8, 9, 27]. The qual-
ity factor dependencies on the distance between the resonator
and dielectric waveguides, which were obtained by frequency-
domain analysis and transient analysis for the bare quartz res-
onator under investigation, are shown in figure 2(b). In addi-
tion to the demonstration of good data correlation obtained by
both solvers, the data in figure 2(b) can be used to estimate the
weak coupling conditions. The quality factor remains almost
unchanged for such a structure when increasing the distance,
dw, more than 7.5 mm.
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Figure 2. Modeled resonant characteristics of the bare resonator without a hole: (a) resonance responses for the different distances between
resonator and waveguides dw obtained by transient analysis; (b) quality factor dependencies on distance, dw, obtained by frequency-domain
(solid points) and transient (open points) analysis.

Figure 3. Experimental and simulated frequency responses of the
bare resonator with a hole.

2.3. Resonator with a hole

The next step in the study is the analysis of the characterist-
ics of the resonator with a hole for the case without the inser-
tion of a CT. It should be noted that the position of the hole in
the resonator was measured and further refined by comparing
experimental results with calculated results, varying its posi-
tion within the measurement error. The excitation conditions
in the model were also aligned with the experimental setup
using such a simulation. The responses of the resonator with a
hole are shown in figure 3.

The simulated curve exhibits lower losses compared to the
calculated one. This discrepancy is connected with losses in
the transmission line elements (such as cables and coaxial-
to-waveguide transitions) which are not taken into account in

simulation. The simulated resonance lines show higher reson-
ant frequency compared to experimental ones, although the
shapes of the experimental and the simulated responses are
similar to each other. The peculiarity of the response itself
obtained for the resonator with a hole is a splitting of the res-
onances, unlike the response of the resonator without a hole.
The lower frequency resonance has a higher amplitude and a
higher quality factor while the higher frequency one exhibits
the opposite behavior. This difference can be explained by the
electromagnetic field pattern in relation to the hole position
(figure 4). The lower frequency peak corresponds to a weaker
field perturbation (the hole is situated between the field max-
ima, figure 4(a)), resulting in a higher amplitude and quality
factor, as well as a stronger perturbation in the case of higher
frequency ones. In the latter case, one of the field maxima is
situated in the hole (figure 4(b)), resulting in a stronger inter-
action with the electromagnetic wave. This in turn leads to a
lower amplitude and quality factor. However, the higher fre-
quency resonance has a stronger influence on the substance in
the hole characteristics.

2.4. Resonator with a hole filled with a CT

As was mentioned above the shapes of the experimental and
the simulated responses of the resonator with a hole are sim-
ilar to each other. This indicates good agreement between the
simulated and measured absolute values of quality factor of
resonator with air-filled hole. This peculiarity can be used for
refining the inner diameter of the CT. The dependence of the
simulated average quality factor (open circles) of the reson-
ator with an air-filled CT on its inner diameter, along with the
experimental value (solid square), is shown in figure 5. The
average quality factor Qaver was determined as the mean value
of the quality factors of both splitted resonances.
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Figure 4. Electromagnetic field patterns of splitted mode resonances for: (a) a lower frequency resonance with a weak field perturbation;
(b) a higher frequency resonance with a relatively high field perturbation.

Figure 5. Dependence of the simulated average quality factor of the
resonator with an air-filled CT (open circles) on its inner diameter,
along with the experimental value (solid square).

The calculated dependence of the average quality factor on
the CT inner diameter is linear and the experimental value cor-
responds to a diameter of 0.4918 mm.

2.5. Resonator with a hole filled with a CT containing a liquid
of known properties

The CT fabricated from low-loss plastic (ε=
2.38(1− i · 0.0077)) has the following dimensions: length
of 10.5 mm and inner diameter of 0.5 mm. The total liquid
volume in the CT is equal to about 2 µl, while the volume of
the liquid interacting with the electromagnetic field is approx-
imately 1 µl. To refine the CT dimensions and ensure that
the model accurately reflects the real structure, a series of
experiments were carried out with a CT filled with liquids
of known properties. To minimize errors in determining the
permittivity, for example errors caused by CT inner diameter

variations due to manufacturing imperfections, the relative
changes in the resonance frequency and inverse quality factor
of the structure with a CT filled with the liquid under invest-
igation were analyzed in relation to those for a structure with
a CT filled with air.

The measured and simulated frequency shift and changes
in the inverse quality factor relative to the air-filled CT are
presented in table 1. The permittivity of ethanol, methanol,
and water for simulation were taken from [28]. The resonance
frequency shift and changes in the inverse quality factor were
calculated for both peaks of the split mode resonances.

As mentioned earlier, the higher frequency resonance
reflects a stronger interaction with the electromagnetic field
pattern compared to the lower frequency peak. The interac-
tion with LUT reveals broadening of both peaks and the higher
liquid absorption leading the broader peaks. The investiga-
tion of water solutions results a significant broadening of the
resonance peaks compared to the air filled CT. The lower
quality factor splitted resonance remains strong ‘overlapping’
with higher frequency resonance. It is therefore impossible to
determine the resonant parameters of higher frequency reson-
ance peak with sufficient accuracy for liquids with high MW
absorption, such as water (table 1). The lower frequency peak
has a higher quality factor as a result of a weaker interaction
with the electromagnetic field pattern (figure 4(a)) and demon-
strates good agreement between the measured and simulated
data (table 1). In this respect, the lower frequency resonance
can be used for the further permittivity determination of the
LUT filled in the CT.

3. Determination of substance permittivity

A special calibration procedure was developed to determine
the permittivity of the LUT for the sapphire and quartz WGM
resonators with anMFC [8, 9].We developed a similar proced-
ure for the WGM resonator with a CT. A nomogram chart was
plotted by simulating the structure with a discrete variation of
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Table 1. Comparison of the measured and simulated resonance frequency shift and changes in the inverse quality factor of the resonator
with a CT filled with ethanol, methanol, and water in relation to an air-filled CT.

Lower frequency resonance

Liquid under test

Resonance frequency shift (MHz) Changes in inverse quality factor

Experiment Simulation Experiment Simulation

Ethanol 2.34 2.10 3.03·10−6 5.19·10−6

Methanol 3.60 3.00 3.19·10−5 3.15·10−6

Water 6.29 5.77 1.91·10−4 1.91·10−4

Higher frequency resonance

Liquid under test

Resonance frequency shift (MHz) Changes in inverse quality factor

Experiment Simulation Experiment Simulation

Ethanol 6.93 6.70 1.22·10−4 8.39·10−5

Methanol 7.4 10.23 2.72·10−4 3.25·10−4

Water — — 1.10·10−4 —

Figure 6. Nomogram chart. (a) Calculated resonant frequency shift and changes in the inverse quality factor (open points) for a CT filled
with model substances for which the real and imaginary parts of the permittivity are varied. The solid points show the experimentally
obtained data for different glucose concentrations in water solutions. (b) Magnified view explaining graphical determination of the real
(20.71) and the imaginary (27.71) permittivity parts of the 6% glucose in water solution experimental point.

the imaginary part of a calibration liquid permittivity filling
the CT, while keeping the real part constant, and vice versa
(open points in figure 6). The real part of the permittivity was
varied from 21.97 to 16.97 in steps of 1 and imaginary part
from 22.14 to 30.14 in steps of 2. For example, the lower line
in figure 6 was obtained by simulation the structure using the
real part of calibration liquids permittivity set to 21.97, 20.97,
19.97, 18.97, 17.97 and 16.97 while keeping the imaginary
part constant at 30.14. The nomogram chart represents rela-
tion of the frequency shift and changes in inverse quality factor
with respect to real and imaginary parts of permittivity. The
measured resonant frequency shift and changes in the inverse
quality factor of the structure with a CT filled with different
glucose concentrations in water solutions (0.25%, 0.5%, 1%,
2%, 4%, 6%, 8%, 10%, 15%, and 20%) are plotted on the nom-
ogram chart (solid points) in relation to those of the structure
with a water-filled CT. For example, for a 6% glucose solution

point the real part of the permittivity was determined to be
20.71 (indicated by the green dashed line in figure 6(b)) and
the imaginary part was 27.71 (indicated by the blue dashed
line in figure 6(b)). The complex permittivity value for each
concentration of glucose can be derived from the chart using
either a graphical method (dashed lines in figure 6(b)) or by
code using linear equations from the points that are closest to
the experimental ones.

The values ε ′ = 21.97 and ε ′ ′ = 30.14 correspond to the
complex permittivity of water at the studied frequency.

The complex permittivity dependencies on the concentra-
tions of glucose in water solutions extracted from the meas-
urement data, which were obtained using a WGM resonator
with a CT, are shown in figure 7. For comparison, the depend-
encies of the real and imaginary parts of the permittivity on the
concentrations of glucose, which were obtained using a quartz
WGM resonator with an MFC [9], are depicted by the dashed
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Figure 7. Real (solid points) and imaginary (open points) parts of
permittivity dependencies on the concentration of glucose in water
solutions at a frequency of 35.89 GHz. The data, obtained in [9]
using a quartz WGM resonator with an MFC at a frequency of
35.65 GHz, are represented by the dashed line.

lines. It should be noted that there is a small systematic shift of
the results caused by the difference in measurement frequen-
cies: 35.89 GHz in the case of the CT structure and 35.65 GHz
in the case of theMFC. The data obtained using both theWGM
resonator with anMFC and theWGM resonator with CTmeth-
ods are in good agreement.

The results of figure 7 reveal prospects for the investiga-
tion of bioliquids and solutions using the new approach repres-
ented by a WGM resonator with a CT. The relative accuracy
for determining the complex permittivity values of glucose in
water solutions is about 2.0% for the real part and 1.5% for
the imaginary part. The accuracy of the quartz WGM reson-
ator using the MFC technique is 0.7% and 0.4%, respectively
[9]. However, the resonator with a CT structure offers sev-
eral advantages: easy CT replacement, cleaning, and steriliz-
ing with an almost equal amount of LUT. Another important
aspect is that the CT is inexpensive and can be easily manu-
factured compared to the MFC.

4. Conclusion

A novel approach for obtaining the complex permittivity of
bioliquids and solutions in the MW range using a WGM res-
onator with a CT in a hole of the resonator was success-
fully demonstrated using our developed calibration procedure.
The permittivity values of glucose in water solutions, which
were obtained by applying the calibration procedure, are in
good agreement with the data obtained by a WGM reson-
ator using the MFC technique. It was shown that the system
allows highly sensitive monitoring changes in the concentra-
tion of substances in water solutions at small volumes (sub-
microliter level). The approach enables the contactless determ-
ination of the permittivity of the liquids in the MW range with
several advantages. These include the simple replacement of
the CT with a LUT as well as CT cleaning and sterilizing,

which is especially important for the investigation of biolo-
gical substances.
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