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Abstract

In this study, a hybrid sensor based on a defective square-truncated patch antenna (STPA)
and a frequency-selective surface (FSS) was analyzed numerically and experimentally for
different glucose—distilled water solutions. Here, an FSS was employed to enhance the
sensitivity of the hybrid sensor. The sensing principle relies on monitoring variations in the
loss tangent (tand) and relative permittivity (¢,) caused by different glucose concentrations
applied to the sample under test (SUT). An open-ended coaxial probe was used to measure
the complex permittivity of the solutions, which was then fitted to the Debye relaxation
model. The simulated and experimental results of the novel sensor showed good agreement
in a glucose concentration monitoring application. The sensor spanned the glucose range
from 0 mg/dL to 5000 mg/dL, exhibiting a sensitivity of 55.44 kHz/ mgdL*1 and a figure
of merit (FOM) of 6.23 x 10~* (1/mgdL~!) in the experiments and 53.60 kHz/mgdL~! and
1.71 x 107* (1/mgdL~!) FOM in the simulations. When solutions with different con-
centrations were tested in the SUT, the resonance frequency of the antenna (fy, in GHz)
changed. To further characterize the sensor response, the relationship between the glucose
concentration (C, in mg/dL) and fy was examined. A regression-based prediction model
was constructed to map the measured scattering parameters to the glucose concentration,
yielding a coefficient of determination (R?) of 0.976. The high sensitivity, compact size,
and compatibility with planar fabrication suggest that the proposed hybrid sensor has the
potential to contribute to the development of non-invasive glucose-monitoring systems.

Keywords: hybrid biosensor; non-invasive sensor; microstrip antenna; frequency-selective
surface (FSS); glucose level monitoring

1. Introduction

Detecting, measuring, and analyzing things or situations using microwave signals
is known as microwave sensing. While some advantages of microwave sensing include
all-weather operation, non-contact measurements, and a high resolution, some challenges
include interference, a limited penetration in conductive materials, and complex data
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interpretation. Microwave sensing is a versatile and powerful technology for measuring
critical parameters, including the concentration [1], flow rate [2], temperature [3,4], rota-
tion [5], displacement [6], and humidity [1]. For example, metamaterial-based double-sided
resonators were used to sense the humidity of chickpea powders and the concentration
of methanol-deionized water solutions [1]. Usually, these measurements are made by
tracking variations in the transmission, reflection, and absorption of microwave signals,
which are affected by the sample of dielectric characteristics. The sensing method typically
relies on detecting changes in the target environmental parameter, such as the pressure,
temperature, humidity, or solution concentration, which in turn affects the dielectric con-
stant of the sample under test (SUT). The resonance frequency and/or magnitude of the
sensor structure vary with changes in the ambient parameter because it alters the relative
permittivity and/or tangent loss [1].

The relationship between working at home and diabetes is a new research topic due
to the adverse physiological effects brought about by remote working systems, accelerated
globally by the COVID-19 pandemic. Although home office setups provide convenience
and flexibility, they may also lead to lifestyle modifications that could impact the manage-
ment of pre-existing diabetes or increase the risk of type 2 diabetes mellitus. Elevated blood
glucose levels brought on by insufficient insulin synthesis, compromised insulin action,
or both are hallmarks of diabetes mellitus [7,8]. Obesity, a decline in physical activity, and
changing lifestyles are all prevalent variables that can lead to the development of this
illness. If a diabetic patient’s blood glucose levels change abruptly, appropriate treatment
should be initiated immediately.

Glucose measurement methods used in devices that measure blood glucose levels
are divided into three categories: invasive, minimally invasive, and non-invasive. In
invasive glucose measurement, patients use a lancet to puncture their fingertips to obtain
the necessary blood sample [7-12]. This procedure is complicated for patients with diabetes,
particularly children, who must continuously check their blood glucose levels throughout
the day. This approach is also financially infeasible due to the cost of disposable lancets
and fixation tape. Furthermore, recurrent skin punctures can leave scars, even in small
regions, increasing the risk of infection [7-12]. The drawbacks of intrusive techniques
have made the development of novel detection techniques a popular area of study. In
this context, non-invasive and minimally invasive techniques have received considerable
attention recently. To measure blood glucose using an enzymatic approach, the minimally
invasive method requires the collection of bodily fluids, such as perspiration, saliva, tears,
etc. [7,8,11]. No bodily fluids are required for the non-invasive technique, which is based
only on electromagnetic wave-material interaction [8,10,11,13-17].

Many glucose sensor types have been reported using various techniques, such as
gas chromatography [18], high-performance liquid chromatography [19], spectrophotome-
try [20], optics [21], electrochemistry [22], and microwaves [23]. Electrochemical biosensors
are the most extensively used due to their incredible accuracy and low cost. However,
due to surface effects, these sensors exhibit significant response times. Similar to this,
optical sensors respond very well to glucose, showing sharper peaks, less overlap, and
resistance to fluorescence and luminescence interference [24]. However, this spectroscopy
technique is more sensitive to changes in tissue thickness and density and requires longer
stabilization times. Researchers have recently focused considerable attention on microwave
biosensors due to their high readout speed, sensitivity, and reliability [25-27]. Because
electromagnetic waves can penetrate the body, are highly sensitive, and are inexpensive
to generate, microwave detection technologies are considered suitable for non-invasive
measurement procedures [7,8,12]. Microwave sensing, widely applied across various
fields, enables the detection of the glucose concentration in the body by leveraging tissue
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and blood properties, such as reflection, transmission, and absorption, at these frequen-
cies [7,8,12]. Components such as coplanar waveguides [28-30], resonators [9,11,25,31],
and antennas [7-10,13,17,23,32,33], which are commonly used in the microwave region, are
frequently employed in non-invasive glucose sensor applications.

Because of their low cost, passive operation, multimodal sensing, low design com-
plexity, ease of integration with other devices, and ease of use, antenna-based sen-
sors have become a promising alternative for non-invasive glucose detection in recent
years [7,8,10,13,14,34]. Depending on changes in the detected material, the operating prin-
ciples of antenna-based sensors often rely on variations in the resonance frequency of the
antenna or amplitude at the resonance frequency [7,10,34]. In particular, by examining
changes in the resonant frequency and amplitude of an antenna, one can identify the
unique permittivity and conductivity properties of glucose molecules in the microwave
and radio-frequency (RF) bands. This method provides a quick and painless way to moni-
tor blood sugar levels without requiring blood extraction. Advances in materials science
and microwave engineering have facilitated the development of antenna-based glucose
sensors. For example, owing to their small size, affordability, and ease of integration
into wearable technology, patch antennas and planar resonators have been extensively
studied. Furthermore, the development of sensors that can adapt to the human body,
thereby improving comfort and usability, has been enabled by biocompatible materials
and flexible substrates. The potential uses of these sensors have been further expanded
by recent research demonstrating that they can detect glucose levels in various biological
fluids, including perspiration, saliva, and interstitial fluid. Despite these developments,
several obstacles remain before antenna-based glucose sensors can be widely used. The
accuracy of glucose measurements can be significantly impacted by interference from other
biological components, including proteins and electrolytes [9]. Furthermore, environmental
variables such as humidity and temperature might affect the sensor performance, requiring
reliable calibration algorithms [9]. To mitigate these challenges, significant scholarly atten-
tion has been devoted to optimizing the sensing selectivity and operational reliability of
these devices.

Metal arrays with a particular shape, regularly organized on a dielectric substrate,
and designed to reflect, transmit, or absorb electromagnetic waves at specific frequencies
are known as frequency-selective surfaces (FSSs) [8,35,36]. Applications of FSSs span
several regions of the electromagnetic spectrum, including reflectors, absorbers, filters, lens
antennas, antenna radomes, and sensors [8,35,36]. Researchers have typically employed
FSSs as reflecting elements to increase the efficiency, gain, and bandwidth of antennas, as
reported in the literature on combining antennas and FSSs into a hybrid [37]. In addition to
these investigations, FSSs have recently been applied to enhance sensor sensitivity [7,8]
and to match antenna impedance [35].

In this paper, we propose and experimentally validate a hybrid microwave sen-
sor that integrates a frequency-selective surface (FSS) with a square-truncated patch an-
tenna (STPA). The ground plane of the STPA was defected using an FSS comprising a
6 x 3 ring resonator (RR) unit cell. A properly defected ground plane allows for a reduction
in the physical size of the antenna for its operating frequency and enables the creation of a
more compact antenna structure. The FSS, another element of the sensor, consisted of a
6 x 3 RR unit cell. The SUT was located between the FSS and the antenna ground plane and
was used to test samples with varying concentrations. Our motivation for the proposed sen-
sor design was to enhance the sensitivity by increasing the coupling between the deformed
ground plane and the FSS. This hybrid sensor structure was designed, fabricated, and tested
for physical concentration sensing in glucose—distilled water solutions. Glucose—distilled
water solutions prepared at different concentrations have different dielectric constant (e;)
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and loss tangent (tand) values. The sensing mechanism in this study was based on changes
in the resonant frequency of the antenna due to variations in the solution concentration in
the SUT region. The primary contributions of this study are summarized below:

*  This work proposes a novel, low-cost, and simple technique for microwave region
identification using a traditional antenna and an FSS.

¢ In this study, the FSS structure in the hybrid sensor structure was designed to increase
the sensitivity rather than the antenna performance, as is customary.

¢ The relatively high sensitivity of the hybrid sensor structure compared to that reported
in the literature, its compact size, and the thin and flexible nature of the base material
used makes this sensor structure a strong alternative for wearable sensor applications.

The remainder of this paper is structured as follows: Section 2 provides a detailed
description of the proposed hybrid sensor design, including the patch antenna and FSS
geometry, as well as the numerical simulation setup. Section 3 presents the experimental
methodology, detailing the preparation of glucose solutions and the measurement setup.
In Section 4, the simulation and measurement results are presented and discussed, fo-
cusing on the sensor sensitivity, linearity, and performance metrics. Finally, Section 5
concludes the paper by summarizing the key findings and suggesting potential directions
for future research.

2. Materials and Methods
2.1. Dielectric Properties of Glucose-Distilled Water Solution

In dielectric spectroscopy and materials science, the Cole-Cole and Debye models
are frequently employed to explain the frequency-dependent behavior of dielectric ma-
terials [16,29,38,39]. The Cole—Cole model is used for more complex systems that exhibit
relaxation-time dispersion, such as polymers, biological tissues, and glasses, whereas the
Debye model is used for ideal systems with a single relaxation time, such as simple polar
liquids. Although both models are used to describe relaxation processes in materials, their
mathematical formulations and underlying assumptions differ. The complex permittivity
of materials is frequently modeled using the Cole—Cole relaxation model (1).

JAY: + J;
14 (jwt,)1=%  jweg

e (w) = ¢ —js// =t t Y, 1)
n

In this equation, € is the frequency-dependent permittivity, ¢ is the frequency-
dependent dielectric loss, w is the angular frequency, e« is the high-frequency permittivity,
n is the order of the Cole—Cole model, Ag; is the magnitude of the dispersion, 7, is the
relaxation time constant, «;, is the variable that permits the dispersion to be widened, o; is
the static ionic conductivity, and g is the permittivity of free space. The Debye model is the
most widely used and straightforward model for describing dielectric relaxation. When
a = 0 and o; = 0, the Cole—Cole model reduces to the Debye model. For materials with
a low conductivity, the section on static ionic conductance can be omitted [16,29,39]. It is
also possible to model a glucose—distilled water solution in this manner. With the Debye
parameters provided in (2)—(4) and the coefficients shown in Table 1, the permittivity can
be computed in this range for any concentration value using (1). The coefficients used
in (2)-(4), as given in Table 1, were appropriately determined to be consistent with the
measurement results of the electrical properties of the solutions.

€oo(X) = tla X X* +uz x x> 4+ up x x> +ug x x + g ()

Ne(x) = uz x x> +up x x> +uy x x + o 3)
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T(X) =tz X x° + 1z X x* 411 X x + g 4

Herein, x represents the glucose concentration in mg/dL. The sensing approach
employed in this study is based on measuring changes in the relative permittivity and loss
tangent induced by various ratios of glucose-distilled water solutions placed in the SUT
region. The eleven glucose—distilled water solutions that were tested in the SUT region were
0 mg/dL, 72 mg/dL, 216 mg/dL, 300 mg/dL, 500 mg/dL, 600 mg/dL, 1000 mg/dL,
1500 mg/dL, 3000 mg/dL, 4000 mg/dL, and 5000 mg/dL.

Table 1. Coefficients for the proposed Debye model parameters.

Uy us uz ui uo

eo(x) 20542 x 1071 —1.8774 x 10710 5.0497 x 1077 6.1540 x 10~° 5.4444
Ae(x) - —3.3059 x 10711 3.0253 x 1077 —1.4017 x 1073 74.0419
(x) — 7.7826 x 10713 —1.0155 x 1077 1.5363 x 10~4 8.7785

2.2. Design and Fabrication of Hybrid Sensors

This study proposes a hybrid sensor with a square-truncated patch antenna (HSSTPA).
Perspective schematic views of the HSSTPA and a photograph of the HSSTPA are shown in
Figure 1a and Figure 1b, respectively. In Figure 1a, the interlayer is set to be transparent
to better show both the antenna and the FSS layer. The interlayer was formed by placing
a 144 mm x 2.4 mm X 29.7 mm sample under test (SUT) in a 15 mm x 3 mm x 30 mm
sample holder. The sample holder was created on a 3D printer, a recently popular technol-
ogy, using a polylactic acid (PLA) filament with a relative permittivity of 2.94 and a loss of
0.026 [40].

() (b)

Figure 1. (a) Perspective schematic view of the HSSTPA. (b) A photograph of the perspective view
of the HSSTPA.
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A schematic top view and the design parameters of the antenna section of the HSSTPA
are shown in Figure 2a. Using the properties of the dielectric material, a 50 ) microstrip
transmission line fed the antenna in this instance. Since the main focus of the study was
glucose level detection, no impedance-matching approaches were performed on the anten-
nas; instead, only sensitivity augmentation was examined. Figure 2b shows a schematic
bottom view and the design parameters of the antenna section of the HSSTPA. Herein,
the ground plane of the STPA was defected using an FSS consisting of a 6 x 3 RR unit
cell. The main purpose was to improve the sensitivity of the specified sensor by increasing
the mutual coupling between the defected ground plane and the FSS. Figure 2c displays
the design parameters and a schematic view of the FSS, another component of the hybrid
sensor. Here, the FSS consisted of a 6 x 3 RR unit cell. Photographs of the top and bottom
views of the antenna section of the manufactured sensor are shown in Figure 2d,e, while a
photograph of the FSS section is shown in Figure 2f.

@) (b) (c)

(d) (e) )

Figure 2. Schematic view and design parameters of the antenna section of the HSSTPA: (a) top and
(b) bottom. (c) Schematic top view and design parameters of the FSS section of the HSSTPA. Photos
of the antenna section of the HSSTPA: (d) top and (e) bottom. (f) A photo of the FSS section of
the HSSTPA.

Table 2 lists the HSSTPA design characteristics and values in millimeters. An RT-5880
substrate with a relative permittivity of e,,; = 2.2, a loss tangent tand,;, = 0.0009, a substrate
thickness d,,;, = 0.127 mm, and a metal (0 = 5.8 x 10 $m) thickness t,;, = 0.035 mm were
used for all the sensor structures.
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Table 2. The design parameters of the HSSTPA.
Parts of Defected
Hybrid Antenna Ground of FSS

Sensor Antenna

Px, 15.00 rg 2.00 Px¢ 15.00

Pya 30.00 Wg 0.50 Py; 30.00

Lxa 12.00 Sgx 0.75 i 2.00

Design Lya 10.00 sgy 1.125 Wi 0.50

Parameters Wie 0.355 ugx 0.75 sfy 0.75

u 4.50 ugy 0.75 sty 1.125

— — — — ufy 0.75

— — — — ufy 0.75

3. Simulation and Experiment Setup

The method followed in this study consisted of the following steps: preparing different
glucose—distilled water solutions, experimentally measuring the dielectric properties of
these samples, using the obtained dielectric data in simulations within the CST Studio
Suite® [41] under the frequency domain solver, and finally, performing the experimen-
tal characterization of the sensor using the PicoVNA 108 vector network analyzer. To
prepare a series of glucose—water solutions with different concentrations, we mixed D-
glucose monohydrate powder with distilled water. We prepared eleven sets of glucose
solutions, with concentrations of 0 mg/dL, 72 mg/dL, 216 mg/dL, 300 mg/dL, 500 mg/dL,
600 mg/dL, 1000 mg/dL, 1500 mg/dL, 3000 mg/dL, 4000 mg/dL, and 5000 mg/dL, re-
spectively. The complete dissolution of each solution was achieved using a magnetic stirrer,
and all the samples were stored in sealed containers before the measurement. To minimize
temperature-dependent changes in the dielectric properties, the ambient temperature was
maintained at approximately 22.6 °C. Complex permittivity measurements of the prepared
glucose—distilled water solutions used in the experiments were performed by using the
Keysight (Agilent) N5230A PNA Series Network Analyzer and a commercial Speag DAK
3.5 mm diameter open-ended coaxial probe, as shown in Figure 3a. Open, short, and
water calibration standards were used to calibrate the setup. The liquid to be measured
was put in a glass beaker for the experiments, and the probe was submerged straight
into the liquid. Isopropyl alcohol and a microfiber towel were used to clean the probe
before measuring each liquid. The experimentally determined dielectric constant values
were used directly as the material parameters in full-wave simulations performed on the
three-dimensional electromagnetic model of the hybrid sensor. The 3D model of the sensor
in the CST Studio Suite® [41] environment includes the illuminating antenna element, the
dielectric substrate, the FSS structure, and the sensitive region containing the liquid sample.
A waveguide port was used to excite the antennas during hybrid sensor simulations, and
the computational domain was constrained by open-add walls. The SUT of the HSSTPA
was defined separately for each glucose-water solution using the experimentally mea-
sured complex dielectric constant of the relevant sample; thus, a realistic prediction of
the sensor’s reflection coefficient (|S11]) and shifts in the resonance frequency for different
concentration levels was achieved. In the final stage, the experimental characterization of
the produced hybrid sensor prototype was performed using a PicoVNA 108 vector network
analyzer. The sensor was connected to the analyzer via a coaxial cable, and a single-port
SOL (short-open-load) calibration was performed before starting the measurements to
transfer the reference plane to the sensor input connector. For each glucose-water solution,
a fixed volume (450 pL) of the sample was carefully loaded into a small-volume reservoir
placed on the sensor’s active region under a high electric field, with care taken to avoid

https:/ /doi.org/10.3390/electronics15020427


https://doi.org/10.3390/electronics15020427

Electronics 2026, 15, 427

8 of 16

air bubbles. For each concentration, the |S11| was scanned to match the frequency range
used in the simulations, and the average was evaluated based on multiple measurements.
Resonance frequency values were extracted from the obtained reflection curves, and the
frequency shifts calculated relative to pure water (0 mg/dL) were both compared with
the simulation results and used as the input in the regression model for estimating the
glucose concentration.

@) (b)

Figure 3. Photos of experimental setup for (a) complex permittivity and (b) |S11| measurement.

4. Results
4.1. Dielectric Properties

Eleven different glucose—distilled water solutions were used to detect the glucose
concentration. The frequency-dependent dielectric properties of the solutions, measured
experimentally and calculated using the Debye model mentioned in Section 2, are shown
in Table 3. For the 216 mg/dL solution, the real part of the complex permittivity is given in
Figure 4a and the imaginary part of the complex permittivity is given in Figure 4b. For the
detection performance analysis, the real and imaginary parts of each solution were treated
as frequency distributions in the SUT region within the CST MWS environment.

Table 3. Electrical properties of glucose—distilled water solutions, measured and calculated using the

Debye model.
Sample Freq. Debye Model Measurement
(mg/dL) (GHz) e p e P
0 6.010 72.156 22.114 72.074 22.092
72 6.050 71.964 22.225 71.864 22.303
216 6.060 71.758 22212 71.829 22.339
300 6.090 71.597 22.323 71.687 22.461
500 6.140 71.292 22.458 71.388 22517
600 6.150 71.188 22.484 71.226 22.778
1000 6.170 70.892 22.543 70.815 22.575
1500 6.200 70.617 22.657 70.616 22.801
3000 6.260 69.890 23.029 69.495 23.136
4000 6.270 69.327 23.224 69.200 23.373
5000 6.290 69.038 23.404 68.606 23.565

4.2. Simulation Results and Experimental Verification

In this study, an FSS was used to increase the sensitivity of the hybrid sensor. To
demonstrate that the FSS increased the sensitivity in the proposed hybrid sensor structure,
the FSS structure was removed from the hybrid sensor. This new sensor structure had the
same dimensional parameters as the HSSTPA and is referred to as a sensor with a square-
truncated patch antenna (SSTPA). The simulation and measurement results for the SSTPA
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and HSSTPA are shown in Figure 5, using glucose—distilled water solutions prepared
at different concentrations. As the solution concentration increased (from 0 mg/dL to
5000 mg/dL), a linear increase in the resonance frequency of the HSSTPA was observed.
According to the simulation results in Figure 5, when the solution concentration increased
from 0 mg/dL to 5000 mg/dL, an 84 MHz shift was observed in the SSTPA resonance
frequency, while a 268 MHz shift was observed in the HSSTPA. As a result of the findings,
a good agreement between the simulation and experimental results was observed.

(@) (b)

Figure 4. Measurement and calculation using the Debye model for a 216 mg/dL solution: (a) real
part of complex permittivity (¢) and (b) imaginary part of complex permittivity (¢").

(@) (b)

(0

Figure 5. Frequency-dependent |S11| for different glucose—distilled water solutions. (a) SSTPA
simulation, (b) HSSTPA simulation, and (c) HSSTPA experiment results.

The sensitivity (S) and figure of merit (FOM) are measures of success in sensor appli-
cations. The average sensitivity is the ratio of the absolute frequency shift (Af) due to a
change in the glucose—distilled water solutions (Ac) to the change in the glucose—distilled
water solutions as given in (5) [7,8,10,18,31,32,42].

S=Af/Ac ()
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The resonance frequency (fp) and |Sj;| at the resonant frequency are broken
down in detail in Table 4. By successively adding the ¢, and tand values of several
glucose—distilled water solutions in Table 3 to the SUT for the SSTPA and HSSTPA,
the simulation and experiment produced these results. Table 4 shows a shift in the
sensor’s resonant frequency of 268 MHz and 277 MHZ in the simulation and ex-
periments, respectively, for the suggested sensor construction (i.e., HSSTPA). On the
other hand, the SSTPA simulation results showed a shift of 84 MHz in the reso-
nant frequency. The sensitivity values calculated using (5) were determined to be
16.800 kHz/mgdL ™! for the simulation results of the SSTPA, 53.600 kHz/mgdL ™! for the
simulation results of the HSSTPA, and 55.436 kHz/mgdL ! for the measurement results
of the HSSTPA.

Table 4. Simulation and experimental results obtained for HSSTPA and SSTPA tested using different
solutions.

Sample SSTPA Sim. HSSTPA Sim. HSSTPA Meas.
(mg/dL) fo(GHz) |S11| (dB) fo (GHz) |S11|(dB) fo (GHz) |Sy1| (dB)
0 5.664 —11.540 6.008 —18.624 6.013 —7.997
72 5.664 —11.499 6.048 —19.564 6.050 —16.852
216 5.660 —11.546 6.052 —20.775 6.058 ~20.544
300 5.672 —11.484 6.096 —19.818 6.091 —24.343
500 5.676 —11.489 6.136 —~19.539 6.145 —13.382
600 5.688 —11.454 6.144 ~20.181 6.155 —14.053
1000 5.700 —11.534 6.156 —19.552 6.170 —14.028
1500 5.700 —~11.491 6.188 —21.517 6.205 —27.541
3000 5.724 ~11.570 6.252 —22.403 6.262 —14.384
4000 5.732 —11.545 6.264 —22312 6.273 —16.394
5000 5.748 —11.555 6.276 22615 6.290 —17.245
Afo, A|S1| 0.084 0.015 0.268 3.991 0.277 9.248
S
(kHz/mgdL~1),  16.800 0.030 53.600 7.981 55.436 18.497

(dB/mgdL 1)

To evaluate the overall performance of the proposed structures, an FOM was cal-
culated by integrating the quality factor (Q) values, excluding the sensitivity. Here, the
FOM was calculated as the ratio of the sensitivity to the full width at half maximum
(FWHM) [43]. The experimental results yielded a quality factor of 70.69, resulting in an
FOM of 6.23 x 10~% (1/mgdL~1!), while the simulation-based performance reached an
FOM of 1.71 x 10~* (1/mgdL~!), with a quality factor of 20.06. In contrast, the SSTPA
exhibited a quality factor of 3.153, yielding an FOM of 0.09 x 10~% (1/mgdL~'). This
marked improvement in the FOM indicates that the HSSTPA structure provides a more
robust balance between the sensing capability and the resonance sharpness, making it a
more effective candidate for high-performance electronic sensing applications.

The numerically calculated electric-field distributions for the proposed sensors are
illustrated in Figure 6 to evaluate the interaction between the resonator structures and
the SUT. All subfigures use the same color scale (V/m) to enable direct and consistent
comparisons. Figure 6a shows the SSTPA sensor with an empty SUT, representing the
baseline field distribution. When a glucose—distilled water solution (216 mg/dL) was
introduced into the SUT, a noticeable reduction in the overall field intensity was observed
(Figure 6b), which can be attributed to the high permittivity and loss tangent of the aqueous
solution absorbing a portion of the electromagnetic energy. A significant enhancement in
the field concentration was achieved with the HSSTPA sensor, as shown in Figure 6¢. The
integration of the FSS layer effectively increased the electromagnetic coupling between the
patch antenna and the FSS elements. This enhanced coupling led to a much denser and
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more intense electric-field distribution within the SUT compared to the SSTPA design. The
side-view profiles further confirmed that the HSSTPA sensor provided more uniform and
deeper field penetration into the material, a critical factor for improving the sensitivity and
detection accuracy in glucose-monitoring applications.

(a) (b)

(0)

Figure 6. Numerically calculated electric-field distribution for the proposed sensors and the SUT:
(a) SSTPA sensor with an empty SUT (no material inside); (b) SSTPA sensor with the SUT filled with
a glucose-distilled water solution at 216 mg/dL; and (c) HSSTPA sensor with the SUT filled with a
glucose—distilled water solution at 216 mg/dL. In each subfigure, the side view of the SUT and the
corresponding electric-field distribution along the SUT are also shown.

Finally, a comparison table of sensor structures reported in the literature for the
detection of glucose—distilled water solutions in the microwave region is presented
in Table 5. The sensitivity of the proposed sensor was relatively higher than that of
the sensor structures given in the articles referenced in [23,28-31], and it was lower
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than or comparable to that of the sensor structures provided in the articles refer-
enced in [17,25,32,33,42]. The HSSTPA had a more compact structure than all the ar-
ticles presented in Table 5. In addition, the HSSTPA detected a wider concentration
range (i.e., 0-5000 mg/dL), demonstrating that the sensor also works at high concen-
tration values. Owing to its compact design and high sensitivity, the proposed sensor
structure offers a promising approach to developing wearable, non-invasive glucose-
monitoring systems.

Table 5. Cutting-edge methods for employing microwave sensors to measure glucose levels.

Area Freq. Range Concentration Sensing Sensitivity (S)
Ref. (mm?) (GHz) Sensor (mg/dL) Parameters Substrate (kHz/(mg/dL))
[30] 22 x 12 4.46-4.48 coplanar waveguide 0-1800 [S11] RT-5880 3.88
[23] N.A. 2426 complementary 5-80 1St RO-4350 5
split-ring resonator
[29] 34 % 16 34-3.6 _ microwave resonator 0-2000 1St RO-3006 11
integrated coplanar waveguide
interdigitated capacitor N
(28] NA. 06-0.8 resonator-etched coplanar waveguide 0-8000 ISl PET polyester 20
[31] 50 x 20 1.25-1.50 improved split-ring resonator 0-5000 [Sa1] RT-6006 26
- differential microwave resonator
(251 42x.40 1.8-25 with defected ground structure 0-360 ISl N.A. 56.3
reconfigurable multi-mode sensing
[42]  100x35 147-343 integrated with spoof surface 0-800 1S21] RO-4003 98.6
plasmon polariton and
spoof-localized surface plasmon
triple-ring microstrip
[33] 25 x 25 3.6-4.0 patch antenna with 50-500 |S11] Teflon 245
defective ground structures
[17] 55 x 55 4.04.5 hexagonal patch 50-250 [S11] RT-5880 352
[32] 35 x 35 2.25-25 monopole antenna 0-190 [S11] Textile 350
this work 30 x 15 6-6.4 HSSTPA 0-5000 [S11] RT-5880 55.4

4.3. Regression Model Performance

This section evaluates the performance of various regression models for describing
the relationship between glucose—distilled water solutions (C, in mg/dL) and the corre-
sponding resonance frequency (fy, in GHz) of the proposed hybrid sensor. The objective
was to obtain an accurate calibration curve that captures the observed nonlinearity across
the entire solution range (0-5000 mg/dL). Initially, a linear regression model was applied
to the experimental data. The resulting coefficient of determination was R? = 0.813. This
indicates that a purely linear relationship is insufficient to fully represent the variation in
the resonance frequency with glucose concentration, particularly at higher concentrations
where a slight curvature was observed. To improve the fit, higher-order polynomial models
were investigated. The second-order model equation is given in (6) and yielded R? = 0.940.

f(C) = —1.66 x 1078C? +1.27 x 10~*C + 6.0498 6)

This represents a substantial improvement over the linear model, indicating that
a modest non-linearity in the relationship between the concentration and the resonance
frequency is present and can be effectively captured by a second-order term. The third-order
model equation is given in (7) and yielded R? = 0.976.

f(C) =615 x 107 12C% — 6.15 x 1078C? +2.07 x 107*C + 6.0304 )

The third-order polynomial provided the best agreement with the experimental data,
accounting for approximately 97.6 % of the variance in the resonance frequency. This model
accurately fit the measured points across the entire concentration range and significantly
reduced the residual error compared to both the linear and quadratic models. The measured
data and the fitted third-order polynomial curve are shown in Figure 7a, where the close
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agreement between the experimental and fitted values visually confirms the high quality
of the regression model. Furthermore, to evaluate the performance over a more clinically
relevant range, a detailed regression analysis was conducted for glucose concentrations
between 0 mg/dL and 1000 mg/dL. This range encompasses the critical physiological and
pathological glucose levels encountered in clinical diagnostics. As shown in Figure 7b, the
third-degree polynomial model for this narrower range was calculated using (8), yielding
an even higher coefficient of determination, R? = 0.979. This refined analysis enabled the
clearer observation of intermediate values and demonstrates that the proposed hybrid
sensor maintained an exceptional linearity and sensitivity in the most critical detection
range, providing more precise calibration for practical healthcare applications.

F(C) = —2.6544 x 10710C3 4 2.2532 x 1077C% + 1.9020 x 10~4C + 6.0203 (8)

(a) (b)

Figure 7. Resonance frequency (fp) versus glucose—distilled water solutions (C) graph for hybrid
sensor: (a) 0-5000 mg/dL and (b) 0-1000 mg/dL.

5. Conclusions

This study presents a hybrid sensor that combines an STPA and an FSS for concentra-
tion sensing in glucose—distilled water solutions. Herein, an FSS was used to increase the
sensitivity in a hybrid sensor structure, rather than for applications commonly used in the
literature, such as increasing the efficiency, gain, and bandwidth of antennas and matching
antenna impedance. Different glucose—distilled water solutions ranging from 0 mg/dL to
5000 mg/dL were tested in the SUT of the hybrid sensor. The resonance frequency of the
hybrid sensor was analyzed as a function of the ¢, and tand values of the SUT, which offer
a viable path toward reliable non-invasive glucose-monitoring systems. These values were
then fitted to the Debye relaxation model. The simulated and experimental results correlate
well in a glucose concentration monitoring application. According to experimental results,
a sensitivity of 55.436 kHz/mgdL ! was achieved for the tested concentration levels range.
Measured scattering parameters were mapped to glucose concentration using a regression-
based prediction model, which produced an R? of 0.976. The proposed hybrid sensor offers
a viable path toward reliable non-invasive glucose-monitoring systems due to its high
sensitivity, small size, and compatibility with planar manufacturing. The clinical implemen-
tation of the suggested hybrid sensor for continuous, non-invasive glucose monitoring will
be the main focus of future research. The incorporation of biocompatible, flexible substrate
materials will be investigated to achieve improved conformal contact with human skin,
thereby improving the device’s practical utility. To facilitate real-time data collection, a
mobile application interface and a specialized signal-processing unit are also envisaged. To
improve the overall robustness and dependability of the sensing platform, future research
will also include extensive in vivo testing to assess the sensor’s performance under various
physiological conditions, including changes in body temperature, sweat composition, and
multi-analyte interference.
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STPA Square-Truncated Patch Antenna

FSS Frequency-Selective Surface

tand Loss Tangent

& Relative Permittivity

SUT Sample Under Test
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fo Resonance Frequency of the Antenna

C Glucose Concentration

R? Coefficient of Determination

RF Radio-Frequency

RR Ring Resonator

HSSTPA  Hybrid Sensor with a Square-Truncated Patch Antenna
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|S11] Reflection Coefficient

¢ Real Part of Complex Permittivity

¢ Imaginary Part of Complex Permittivity
SSTPA Sensor with a Square-Truncated Patch Antenna
S Sensitivity

Af Absolute Frequency Shift

Ac Change in Glucose-Distilled Water Solutions
Q Quality Factor

FWHM Full Width at Half Maximum
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