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Abstract: This paper presents the design of an orientation-independent non-invasive
glucose sensor based on a meta-structured antenna. The sensor is designed for blood
glucose measurement through fingertip placement on the sensor and features a mushroom
structure to generate zeroth-order resonance (ZOR). Moreover, the mushroom structure
has a hexagonal patch for orientation-independent non-invasive sensing. The operating
frequency of the sensor is 4 GHz, and the overall size is 55 mm x 55 mm. In our study, the
range of glucose concentration is from 50 to 250 mg/dL, with a step size of 50 mg/dL. The
simulated and measured results show a linear relationship between the resonance frequency
and the glucose concentration in the solution, and the linear shift of 0.352 MHz/mg/dL has
been observed. On the other hand, the reflection coefficient level variation is a nonlinear
function of the glucose concentration for the considered concentration ranges. Mathematical
models describing the sensor response across all fingertip orientations are developed for the
designed sensor using the regression analysis (R? > 0.993) relating the glucose concentration
to the measured resonance frequency and reflection coefficient level. While the reflection
coefficient shows a nonlinear response, the resonance frequency exhibits a strong linear
correlation with glucose concentration, making it a more reliable parameter for accurate
prediction in the proposed sensing model.

Keywords: non-invasive; angular independent; blood glucose monitoring; microwave
sensor; meta-structured antenna

1. Introduction

In 2021, the number of diabetics was about 530 million people, and the number of
diabetics is projected to rise to 780 million people globally by 2045 [1]. Therefore, monitor-
ing of blood glucose concentration (BGC) is essential for the prevention of diabetes and
the effective management of diabetic patients” health. There are various methods to detect
BGC; one of the traditional methods is finger-pricking. To obtain a blood sample for blood
glucose measurement, a lancet is used to poke a person’s finger. After placing a drop of
the blood sample on a test strip, glucose is oxidized and generates a current proportional
to glucose levels. Furthermore, the generated current is transferred to a current-voltage
converter and converted into a voltage [2]. This method can provide accurate blood glucose
readings. However, it is invasive, causing discomfort and pain. Additionally, for patients
who need to monitor their BGC regularly, it can be costly. To address these limitations, there
is growing interest in non-invasive glucose monitoring technologies that aim to provide
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accurate, real-time measurements while improving user comfort. Non-invasive glucose
detection can be implemented using technologies from various fields, such as near-infrared
spectroscopy, Raman spectroscopy, acoustic/ultrasound, electromagnetic sensing, and mil-
limeter /microwave, etc. [3]. Near-infrared spectroscopy utilizes wavelengths in the range
of 750 nm to 2500 nm to measure the absorption and scattering of light due to molecular
vibrations and rotations in substances like glucose [4]. When NIR light interacts with bio-
logical tissue, a portion of the light is absorbed by glucose molecules, while the remainder
is scattered within the tissue. The amount of absorbed light is inferred from the intensity of
the scattered or transmitted light, allowing estimation of glucose concentration. Absorption
and scattering are the dominant mechanisms in this process, while reflection and diffraction
are typically negligible. Advantages of this method include low cost and minimal sample
requirements. However, disadvantages, such as inappropriateness for individuals with
low BGC and difficulty in determining glucose levels due to interference from other body
materials that can also absorb light, also exist. Raman spectroscopy enables non-invasive
glucose sensing by detecting the unique vibrational signature of glucose molecules through
the skin. While highly promising due to its molecular specificity, technical challenges
like signal weakness and biological interference must be overcome before widespread
clinical use [5]. Acoustic or ultrasound-based glucose sensing detects subtle changes in the
acoustic properties of tissues, such as the speed of sound or attenuation, that correlate with
glucose concentration. While fully non-invasive and safe, it faces challenges in sensitiv-
ity and signal interpretation and is currently under active research and development [6].
Glucose level measurement utilizing electromagnetic sensing technology is performed by
positioning human tissue between two inductors, which are wound around the core [7,8].
Then, a sensor connected to the two inductors measures current or voltage. The measured
current or voltage is proportional to the concentration of glucose. Therefore, this method
can measure BGC effectively by using a single frequency specific to glucose. However,
this technology is very sensitive to temperature changes, so efforts are needed to resolve
this problem.

Non-invasive glucose monitoring based on microwaves is considered a promising
technology due to the properties of microwaves [9]. Microwave sensing’s signal penetration
is deep enough to reach tissues with sufficient glucose. Additionally, microwave technology
is highly sensitive to changes in permittivity and conductivity, allowing it to detect BGC
based on changes in the composition of blood [10,11]. Thus, recent studies have extensively
explored non-invasive glucose sensors based on microwave technology [9-19]. Especially,
the square ring resonator (SRR) or complementary square ring resonator (CSRR) structure
is used as a representative structure in [12-17], and a specialized form designed in a
cylindrical shape for mounting is used in [18,19].

A novel non-invasive glucose sensor based on fingertip placement is proposed and
described in this paper. The sensing mechanism is based on the principle that variations
in glucose concentration cause changes in the effective permittivity of the surrounding
medium, resulting in a measurable shift in the sensor’s resonance frequency and reflec-
tion coefficient. These parameters are then analyzed using regression analysis to estimate
glucose levels. Although BGC can be measured through various resonators and antennas
based on microwaves, errors occur in predicting BGC depending on the shape or direction
of the human body due to the asymmetry of the structure. To measure the same BGC
regardless of the direction of the fingertip, a mushroom-type sensor with a hexagonal
patch was designed. This study focuses on the fundamental response of the sensor to
BGC in a simplified environment. Selectivity and specificity, though crucial for real-world
applications, will be addressed in future work. The paper is organized as follows: Section 2
describes the configuration and design principle of the proposed sensor. Mathematical
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sensing models that satisfied all fingertip directions are discussed by analyzing the mea-
sured resonance frequency and reflection coefficient level in response to varying glucose
concentration in Section 3. In the Section 4, the concluding remarks are given.

2. Design of the Proposed Non-Invasive Glucose Sensor

In this paper, the proposed measurement approach utilizes a non-invasive sensing
mechanism, where a fingertip is positioned on the sensor to evaluate BGC. We have
designed the structural configuration to enhance user convenience when positioning their
fingertip on the sensor for measurement, as shown in Figure 1a. Therefore, as illustrated
in Figure 1b, we propose a sensor capable of measuring BGC consistently, regardless of
fingertip orientation. It consists of six mushroom structures with hexagonal patches and a
hexagonal patch at the center of the sensor for coaxial feeding. The designed mushroom
structure is an artificial composite right- and left-handed transmission line, which can
generate zeroth-order resonance (ZOR) [20]. The ZOR has two distinct features. First,
unlike conventional resonators, the resonance frequency of the ZOR structure is governed
by its zero-phase propagation condition (8 = 0), rather than the physical length, which
allows the antenna to achieve a highly compact size. Second, since it has a uniform vertical
electric field toward the ground plane, the sensor using the ZOR can maintain stable and
consistent electromagnetic performance under varying conditions. Using the RT/Duroid
5880 substrate (dielectric constant = 2.2, thickness = 1.6 mm, loss tangent = 0.0009) and
setting p = 5.9 mm and g = 0.35 mm, the full-wave simulated reflection coefficient by Ansys
HFSS is presented in Figure 2. The excitation method and boundary condition are a coaxial
feeding with a wave port and a radiation boundary, respectively. The frequencies of ZOR
and first-order resonance (FOR) are 4 GHz and 8.8 GHz, respectively. Figure 3 presents the
electric field distributions according to phase at ZOR and is provided to confirm that the
resonance at 4 GHz is ZOR. As can be seen, the field vectors induced on the hexagonal patch
are in-phase and vertical, which is a typical feature of ZOR due to infinite wavelength.

Orlen—tatlon

O | independent

via

Coaxial feed
Hexagonal patch
(b)

Figure 1. Structure of the proposed orientation-independent non-invasive glucose sensor. (a) Opera-
tion mechanism. (b) Structure (top view).
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Figure 2. Full-wave simulated reflection coefficient of the designed sensor.
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Figure 3. Electric field distributions according to phase at ZOR (x-z plane). (a) 0°. (b) 90°. (c) 180°.
(d) 270°.

3. Experimental Results and Discussion

To verify the capability to measure BGC consistently, regardless of fingertip orienta-
tion, the simulation and measurement setup is shown in Figure 4. The rectangular fingertip
model used in this study simplifies a real human fingertip for the purpose of initial vali-
dation. While experimental validation using a real human finger has not been performed
in this study, the results obtained using a simplified model are considered sufficient for
verifying the fundamental feasibility of the proposed sensing approach. Rather than repli-
cating the anatomical complexity of a real finger, we intentionally employed a simplified
square phantom to provide a controlled and consistent evaluation platform, isolating the
sensor’s directional response. To fully validate the sensor’s practical applicability, addi-
tional research involving real fingertips and environmental factors such as temperature,
humidity, and skin contact pressure is necessary. Since the structure of the proposed sensor
is symmetrical, measurements were taken for the two cases that exhibit the most significant
differences. In case I and case II, the finger phantom angle is 0 degrees and 30 degrees
with respect to the vertical reference, respectively. The selection of 0° and 30° was based
on the sensor’s symmetrical hexagonal structure, which ensures periodic behavior every
60°. According to our analysis and simulation data, 0° and 30° represent the extreme cases
in terms of the sensor’s response variation. As such, they were selected as representative
orientations to validate the angular independence. Figure 5 shows the fabricated sensor
and the experimental setup. A Keysight E5080B vector network analyzer (VNA) was used
to perform the S-parameter measurements. To implement blood glucose variations, a
water—glucose solution is used with an acrylic container, as shown in Figure 5. The glucose
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concentration of the water—glucose solution ranges from 50 to 250 mg/dL, with increments
of 50 mg/dL in this paper. The relationship between BGC and the dielectric constant as
well as conductivity is crucial for non-invasive glucose sensing technologies. Changes in
BGC alter the electrical properties of blood and tissues, affecting their dielectric behavior at
different frequencies. The dielectric properties of blood plasma and interstitial fluid are
influenced by the glucose concentration due to various factors such as displacement of
water molecules, hydrogen bonding disruption, and frequency dependence of dielectric
response. The changes in dielectric permittivity and conductivity due to variations in
BGC are analyzed using the Cole—Cole model [21] for simulation. The relative permittivity
decreases from 68.7 to 60.3 as the BGC increases from 50 mg/dL to 250 mg/dL, indicating
an inverse correlation between glucose level and dielectric property. Also, the conductivity
is considered to be approximately constant with a value of 1.49 S/m over the range of
glucose concentrations. Figures 6 and 7 show the comparison of simulated and measured
reflection coefficients for various BGC in case I and case II, respectively. While there are
minor discrepancies between the simulated and measured results, the overall trend of the
reflection coefficient in response to variations in BGC remains consistent. Furthermore,
it can be observed that the results of Case I and Case II are highly similar. Mathematical
sensing models are developed for the designed sensor using regression analysis relat-
ing the BGC to the measured resonance frequency shift and reflection coefficient level.
Figures 8 and 9 show the performance of the proposed sensor versus the BGC in case I
and case II, respectively. The error bars represent the standard deviation calculated from
multiple (n = 10) repeated measurements for each glucose concentration level. The standard
deviation at 100 mg/dL was observed to be higher than at other glucose concentration
levels in both the resonance frequency and reflection coefficient. This may be attributed to
phantom placement variability, increased sensor sensitivity to permittivity transition near
this concentration, or nonlinear dielectric properties of the solution. The simulated and
measured results show a linear relationship between the resonance frequency shift and the
glucose concentration in the solution, with an R? equal to 0.9998, where R? (the coefficient
of determination) indicates the accuracy of the curve fitting between the two data sets. The
obtained mathematical sensing model based on the resonance frequency in each case is
as follows:

fr x BGC(mg/dL) +4.2017 (Casel) (1)
f+(GHz) = 3.54 x 10~* x BGC(mg/dL) +4.1995 (Casell) ()
Casel Case 11

Phantom

-
8]

Acrylic
container

(a) (b)

Figure 4. Simulation and measurement settings for the orientation-independent sensor. (a) Rotation
angle (¢) 0°. (b) Rotation angle (¢) 30°.
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Figure 5. The fabricated non-invasive glucose sensor. (a) Top view of the sensor. (b) Experimen-

tal setup.
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Figure 7. Comparison of simulated and measured reflection coefficients for various BGC in case II.
(a) Simulation. (b) Measurement.
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Figure 9. The performance of the proposed sensor versus the BGC in case II. (a) Resonance frequency.
(b) Reflection coefficient at resonance frequency.

On the other hand, the reflection coefficient level variation is a nonlinear function of
the glucose concentration for the considered concentration ranges. The obtained sensing
model based on the reflection coefficient (S;1) measured from port 1 to port 1 in each case
is as follows:

S11(Linear) = 0.07171n(1.5234 x BGC(mg/dL) — 7.5837) (Casel) 3)
with R? =0.9912.
S11(Linear) = 0.07891n(0.8854 x BGC(mg/dL) + 0.5256) (Casell) 4)

with R? = 0.9954. Finally, a mathematical sensing model that satisfied all fingertip directions
was developed for the designed sensor, relating the glucose concentration to the measured
resonance frequency and reflection coefficient level, as shown in Figure 10.

f+(GHz) =3.52 x 107 x BGC(mg/dL) + 4.2 (5)

with R? = 0.9988. For water—glucose solutions from 50 mg/dL to 250 mg/dL, a linear shift
in the resonance frequency of 0.352 MHz/mg/dL has been observed.

Sy1(Linear) = 0.07In(1.8 x BGC(mg/dL) — 16) (6)
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Additionally, while the fingertip model used in this study assumes uniform and full
coverage of the sensor area, real-world variation in fingertip placement and coverage may
affect the distribution of the electric field and the sensor’s resonance behavior.

4. Conclusions

In this paper, we proposed an orientation-independent non-invasive glucose sensor
targeting fingertip-based blood glucose measurement applications using a meta-structured
antenna with a hexagonal mushroom structure. Although measurement errors and en-
vironmental factors are not yet considered in this early-stage study, the proposed sensor
operating at 4 GHz with a compact size of 55 mm x 55 mm exhibits a linear relationship
between resonance frequency and glucose concentration (50-250 mg/dL), achieving a sen-
sitivity of 0.352 MHz/mg/dL. While the reflection coefficient variation showed nonlinear
behavior over the tested concentration range, mathematical sensing models applicable to
all fingertip orientations were developed through regression analysis, correlating glucose
concentration with resonance frequency and reflection coefficient levels. The simulation
and measurement results validate the effectiveness and reliability of the proposed sensor
for non-invasive glucose monitoring. Thus, the proposed sensor is anticipated to advance
the development of non-invasive glucose monitoring systems, offering a promising solution
for accurate and reliable blood glucose measurement. Additionally, the sensor operates on
a principle similar to dielectric-material probing, and further work is needed to evaluate
its performance on real fingertips considering environmental factors such as temperature
and humidity.
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