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Abstract

This work presents a compact microwave sensor for noninvasive blood glucose monitoring
based on a substrate-integrated waveguide loaded with a complementary split-ring res-
onator on RO4350. The sensing principle uses shifts in resonance frequency and changes in
S-parameters to track the dielectric dispersion of glucose-containing tissue. The resonator
is constructed using Substrate-Integrated Waveguide (SIW) technology, which mimics
the propagation characteristics of a conventional rectangular waveguide. To validate its
versatility, the sensor implements three practical sample delivery modes: direct liquid
contact with the sensing surface, a glass tube holder mounted over the active region, and
a non-invasive fingertip interface. Electromagnetic simulations and benchtop measure-
ments confirm clear glucose-dependent frequency shifts with stable matching and insertion
levels. Across the physiological range of 20 to 200 mg-dL~!, the sensor exhibits clear
glucose-dependent resonance shifts in all configurations. In direct contact mode, the res-
onance frequency shifts from 10.83 GHz to 10.45 GHz with sensitivities up to 2.47 MHz
per mg-dL~!. The tube configuration shows a shift from 10.49 GHz to 10.38 GHz with sen-
sitivity up to 0.80 MHz per mg-dL.~!, while reducing contamination. In the non-invasive
fingertip mode, the resonance shifts from 2.56 GHz to 2.52 GHz with sensitivities up to
0.25 MHz per mg-dL~!. These results confirm the sensor’s compactness, reliability, and
suitability for portable, low-cost glucose monitoring. The results indicate that the proposed
sensor can support practical continuous or spot monitoring and offers a clear path toward
portable and low-cost glucose assessment.

Keywords: noninvasive glucose monitoring; microwave sensor; substrate-integrated
waveguide (SIW); blood glucose detection; dielectric constant variation; resonant frequency shift

1. Introduction

Finger-stick blood glucose measurement remains a widely adopted method for
glycemic assessment in both home and clinical environments. However, adherence to
this approach is often suboptimal due to its invasive nature, discomfort, and inconvenience.
Consequently, there is a clear clinical and practical impetus for alternative methodologies
that reduce user burden while maintaining diagnostic reliability [1]. Microwave-based
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sensing technologies have emerged as a compelling non-invasive alternative, offering the
potential to enhance both the sensitivity and specificity of blood glucose monitoring [2].
These sensors operate by detecting shifts in the resonator’s electromagnetic response, specif-
ically, variations in resonance frequency, which are intrinsically linked to changes in the
dielectric properties of a medium such as glucose-rich biological fluid. The detection mecha-
nism is optimized when the fingertip is introduced at a region of high electromagnetic field
concentration within the resonant structure. The whole sensing process can be summarized
in Figure 1 [2,3].

Network i Computer
Analyzer

Dielectric
Dispersion

Figure 1. The sensing process based on microwave technology, showing the Substrate-Integrated
Waveguide (SIW) sensor, the Network Analyzer detecting the signal changes that depend on the
blood glucose level of the patient, and the computer identifying the blood glucose level based on the
changes in dielectric dispersion calculated from the measured signals.

Recent research has demonstrated promising microwave-based approaches for non-
invasive glucose monitoring. For instance, a triple-pole complementary split-ring resonator
sensor has been shown to achieve high sensitivity within the clinical glucose range of
70-120 mg-dL~! [4]. Comprehensive reviews of advanced strategies, including whispering-
gallery-mode sensors and mm-wave radar, have highlighted key frequency bands suitable
for glucose detection [5]. Furthermore, the use of Substrate-Integrated Waveguide (SIW)
technology has been found to minimize the impact of finger placement while improving
frequency resolution, showing a strong correlation with glucose levels [6]. Additionally,
patch antennas incorporating dielectric matching layers have provided stable responses
despite tissue variability [7].

The dielectric properties of blood are influenced by its complex composition, including
water, electrolytes, proteins, and cells. While glucose levels affect the relative permittivity
€, Scientific evidence indicates that this change is extremely subtle. According to [8],
a realistic change in blood glucose levels results in a decrease of only about 1 unit in
relative permittivity. This variation is significantly smaller than the fluctuations caused by
other components, such as lipid (fat) content, which drastically reduces permittivity, or
ionic conductivity from salts. Furthermore, biological tissues exhibit a specific response
to D-glucose that is not seen with other enantiomers like L-glucose, but this reaction is
often masked by the Maxwell-Wagner effect and electrode polarization in the blood [9].
The challenge for non-invasive monitoring remains the low signal-to-noise ratio, as the
1-unit change from glucose is easily overshadowed by minor shifts in hydration or other
blood constituents.
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In [10], a single-pole Cole-Cole model was developed for ¢, as a function of plasma
blood glucose concentration. By confirming the correlation between the &, of the blood
plasma and its concentration, a clinical test was done with 10 subjects (adults) across a
frequency range of 500 MHz to 20 GHz.

Many existing non-invasive glucose sensors lack sufficient sensitivity and fail to accu-
rately detect glucose across the full physiological range, particularly at lower concentrations.
While some designs demonstrate reasonable performance in the design and simulation
phases of the development, they often fall short in practical tests due to instability, lim-
ited calibration, or poor tissue interaction. A reliable, highly sensitive sensor capable of
consistently detecting glucose in realistic, non-invasive conditions remains an unmet need.

This study aims to develop and compare a compact, invasive tube sample sensor, a non-
invasive, highly sensitive sensor, and a non-invasive, highly sensitive sensor for measuring
blood glucose (BG) concentration. The sensor’s frequency response can be influenced by
changes in blood glucose levels, enabling continuous monitoring, particularly for neonates
and individuals with impaired skin barrier function in the intensive care unit (ICU).

A BG sensor is designed and implemented, addressing key limitations in existing
designs. The proposed sensor achieves improved sensitivity for glucose levels across
a broad physiological range, even with critically low concentrations. Its compact and
optimized structure ensures stable performance even under variations in tissue properties
and sensor placement, making it suitable for portable use. Following theoretical modeling
and simulation, the sensor is validated by testing it under three different conditions.
Additionally, a comparative analysis against recent article designs highlights the sensor’s
superior performance in terms of detection range, stability, and sensitivity.

2. Materials and Methods

SIW technology is a transmission-line technique that combines two methods: the
spatial efficiency and planar compatibility of conventional rectangular waveguides (RWG)
with their characteristics. A typical SIW is defined by the presence of two metallic conduct-
ing surfaces, one located in the upper plane and one in the lower plane, separated by a
dielectric substrate. Furthermore, the structure includes an arrangement of metallized vias
located at regular intervals along both sides, from the upper plane to the lower plane. These
vias act in the same way as the sidewalls of a rectangular waveguide, thus successfully
imitating their electromagnetic characteristics in a planar environment [11].

Over the past few years, there has been a remarkable rise in the use of SIW structures
due to their beneficial characteristics. RWGs are valued for their ability to handle high
power levels, have low propagation loss, and show high quality (Q) factors. However,
their large size makes them less desirable for modern compact and integrated microwave
devices. On the other hand, planar transmission lines have benefits related to compactness
and ease of fabrication, but are limited by low power-handling capabilities, high insertion
loss, and low Q factors [11].

2.1. SIW Design Methodology

SIW has become a compelling option for integration into modern RF and microwave
systems. Figure 2 shows the architecture of a typical SIW resonator. A suitable substrate of
a given thickness (h) is selected, followed by the determination of the SIW line width (W),
which determines the cut-off frequency. The via diameter (d) is determined to minimize
electromagnetic leakage while ensuring manufacturability. The pitch (p) of the space
between adjacent vias is determined via empirical modeling. Finally, the overall structure
length (L) of the SIW depends on the proposed application [11].
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Figure 2. Architecture of a typical SIW resonator.

The RWG-related guidelines can be used with the SIW with minor modifications.
Notably, the field distributions as well as the characteristics of the dissipated energy in
the SIWs closely resemble those in conventional RWGs. Additionally, SIW arrangements
can support all transverse electric (TEm0) modes, with the TE10 mode being the dominant
one. However, structural discontinuities caused by the metallized vias acting as sidewalls
would, in most cases, make it impractical to use SIWs to accommodate transverse magnetic
(TM) modes. The restriction in effect relates to the electromagnetic boundary conditions
that apply to the via-based sidewall approximation. More in-depth insight into SIWs can
be gained by examining surface current distributions. Surface current occurs in waveguide-
supported structures due to the propagation of modes. From this perspective, an SIW
can be viewed as a rectangular waveguide with periodic apertures (vias) along its vertical
edges. When the apertures are aligned with the current directions, particularly for the
TEmO modes, radiation is greatly reduced. As such, these modes are efficiently contained
and propagated in the SIW structure [11].

The resonator can be viewed as a filtering system, so an in-depth understanding of the
theoretical concepts underlying the design of an SIW resonator is of utmost importance.
The design phase of an SIW resonator requires the definition of parameters such as the
pitch of the via holes (p) and the diameter of the via holes (d), as well as the effective width
(W) of the SIW. These parameters are computed based on the target cut-off frequency, in
relation to the RWG's effective width, W, while minimizing leakage losses.

Once the basic geometry is established, the effective resonator length Ly corresponding
to the desired resonant mode is calculated. The following empirical equations are commonly
used to determine the required parameters for an SIW resonator [11]:

d<p<o2d (1)
0.05 < )% <0.25 @)
% <1074 ®)
d< % 4)
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where a; represents the total loss and ky denotes the wave number in free space. The guided

wavelength A in a dielectric-filled RWG is calculated using the following expression [11]:
27

Ag = )

(2n) — (z)?

Here, c is the speed of light in a vacuum, approximately 3 x 10%. To realize the best

SIE|

possible performance of the SIW in a specified frequency band, signal integrity must be
sustained, interference avoided, and electromagnetic energy loss minimized along the
whole range of the system’s bandwidth. The periodic structure of SIW inherently causes
bandgap effects, leading to the generation of prohibited domains. The principal TE;g mode
cut-off frequency in a dielectric-loaded rectangular waveguide can be determined by using
the following equation [12,13]:

2 2
c i 7
fior = 7 Trer$ (%ff) + <leff> (6)

When the signal frequency does not match the resonant frequency, Sy; remains high,

indicating minimal interference. The resonant frequency of the SRR is given by the follow-
ing equation:

(7)

The width of an SIW is calculated using the equivalent dielectric-filled RWG equation.
The physical width w of an SIW measured from the center of one via to the center of the
adjacent via in a row is given by the following equation:

d2
w = wfff+ 709517 (8)
d2
L = lgff+ 0.95p 9)
d? d?
weff = w— 1.08? + 0.15 (10)

This equation refines the estimation of the effective width, improving the accuracy of
SIW design, particularly for high-frequency applications and varying structural dimen-
sions [12,13].

2.2. Evaluation Metrics

To evaluate the performance of the proposed sensor for non-invasive glucose monitor-
ing, the sensitivity is defined as the rate of change in the sensor’s resonant frequency with
respect to glucose concentration. This quantifies how effectively the antenna can detect
dielectric changes caused by varying glucose levels in biological tissue [14].

_ Afe

Sf = A BG (1)
_ A511

Ss = ABG (12)

where A f is the change in frequency, ASq; is the change in reflection coefficient, and A BG
is the variation in blood glucose, which is used to assess how well the sensor’s detection
range aligns with clinically relevant glucose concentrations. The coverage efficiency (CE)
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metric is used. It measures the degree to which the sensor’s responsive glucose range
overlaps with the standard physiological blood glucose range, typically 20-200 mg-dL ™.
Coverage efficiency is defined as follows:

in(B,200)— A20 o, . .
. (mm( )_max( >) x 100%,  if min(B,200) > max(A4,20)

0%, otherwise

(13)

where [A, B] defines the sensor range, and the reference width of 180 is derived from the
subtraction of the two limitations of the BG ranges. A higher CE value indicates that
the sensor is better tuned to detect true physiological glucose variations, making it more
suitable for practical and clinical use.

3. Proposed Design Analysis

The design is constructed using a printed circuit board (PCB) with a Rogers Ro4350 sub-
strate (Rogers Corporation, Chandler, AZ, USA) and a thickness of i = 0.508 mm. This
material is a ceramic-filled hydrocarbon laminate widely used in high-frequency RF applica-
tions. It was selected over standard FR-4 due to its superior dielectric properties, including
a stable dielectric constant (¢, = 3.66) and a low dissipation factor (tan 6 = 0.0037 at 10 GHz).
These characteristics minimize signal dispersion and dielectric losses, which are critical
for maintaining a high quality factor (Q) in resonant sensors. A frequency of 11 GHz
was chosen for the first two scenarios and 3 GHz for non-invasive cases. An insulating
material (substrate) is placed between the two conductive layers (top and bottom). The
essential geometry forms on the top layer, while the bottom layer acts as the ground layer.
Conductive gaps (vias) extend between the two layers, forming conductive walls that
mimic the waveguide integrity of the substrate. In Figure 3, the structure of the proposed
SIW design is shown:

L

sub

....z................
Ruia

SRR,

‘/Vinset I

MGRR M/Sub

LSRR

000000000000 00000006O00
Wsiw

Figure 3. The structure of the proposed SIW.

In SIW, the substrate material plays a key role in determining the microwave guide’s
electrical and mechanical performance. The substrate in the proposed design is the basic
layer. It is responsible for directing the signal and ensuring efficient microwave transmission
between the input and output ports. The RO4350 has a dielectric constant of (¢, = 3.66),
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which provides a mainly high stability across the frequency range, reducing dispersion and
interference in electromagnetic waves.

In the top layer, a complementary split-ring slot was designed as a resonant element
loading the proposed SIW structure, located at its center, thereby greatly affecting the
SIW’s performance. This element typically perturbs the propagated energy at the resonant
frequency. Accordingly, a high level of interaction between the solution sample and the
proposed sensor can be achieved. This can be seen in (S11), the reflected wave from port 1,
and (S1), the transmitted wave from port 1 to port 2.

The SIW was designed at 11 GHz, combining precision with mobile accessibility. The
substrate thickness is h = 0.508 mm, with metal holes of diameter d = 0.125 mm and a
spacing of p = 0.125 mm. This section presents the basic geometry of the SIW on the side
used for impedance-reduction attenuation. The sensor design dimensions are shown in
Table 1.

Table 1. Practical dimensions of the proposed SIW design.

Dimension Dimension
Parameters . Parameters .
in (mm) in (mm)

Loyp 14 WsRrR 3.5
Wsub 11.3 Wf 0.28
Lgiw 11.3 Ryia 0.125
Wiiw 11.3 D 0.125
Linset 3 SRRg 0.1
Winset 1.6 S 0.25
Lsgrr 3.5 G 0.15

3.1. Design of the Sample Direct Contact with the Sensor

The first scenario is when the sensor is designed based on Figure 3 and the design
dimensions in Table 1. A drop of blood is placed directly on the substrate surface. In
this case, the measurement of a small quantity depends on the magnitude of the change
in the value of ¢,, with an effective variable of ¢, = 60-80. By designing the sensor and
the magnitude of the change in ¢,, high sensitivity is achieved at each value of ¢,, as well
as a frequency shift at each blood sample. A cylinder-shaped blood sample was added
to the sensor design next to the substrate, with dimensions of Hggypie = 1.5 mm while
Rsampie = 1 mm. Figure 4 shows the sample above the sensor.

Hsample

Figure 4. The simulated sample of the blood drop.

3.2. Design Sample Placed in a Glass Tube

The glass tube is mounted directly above the substrate surface. It is a small vessel
specifically designed to hold a drop of blood. The tube is designed according to precise en-
gineering standards to ensure direct adhesion to the substrate surface, enabling maximum
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contact between the electromagnetic field and the sample. The tube serves as an effective
common medium between the substrate and the sample, directing the blood sample to the
region where the strongest resonance response is observed. This orientation contributes
to improved sensitivity and accuracy without the need for large quantities of samples, as
shown in Figure 5a.

|

[ ] Rtube
Ltube

(a) (b)

Figure 5. (a) The proposed structure with the tube sample contains blood. (b) The dimensions of the
simulated glass tube with blood.

The use of the tube allows for easy replication and fabrication, reducing the risk of
substrate damage during use or when samples are exchanged. The dimensions of the glass
tube were carefully engineered to match the dimensions of the substrate’s active region, as
shown in Figure 5b, with a length of (L) and a radius of (Ry,p), as illustrated in Table 2,
to ensure the sample is directed to the optimal position and achieve the highest possible
efficiency in the resonance response.

Table 2. Dimensions of the simulated tube.

Dimensions
Parameters in (mm)
Ltube 75
Rtube 05
e 0.05
Le 0.5

3.3. Design a Phantom Layer for a Non-Invasive Case

The fingertip mode will be used, which is the third test mode for the SIW. Due to the
small fingertip size, the sensor frequency was set to 3 GHz to match the sensing area to the
fingertip surface. The blood sample is not placed directly on the substrate. Through contact
between the finger and the sensor, the glucose concentration can be detected through
the interaction of the electromagnetic field penetrating the finger layers, including the
bloodstream. This method reduces substrate contamination, thus keeping the surface clean.
Table 3 below shows the filter and fingertip dimensions. These dimensions were measured
with care to accurately cover the sensitive area of the substrate surface, ensuring effective
interaction between the sample and the electromagnetic field.

https:/ /doi.org/10.3390/applbiosci5010021
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Table 3. Dimensions of the filter and phantom fingertip.
Dimension Dimension
Parameters . Parameters .
in (mm) in (mm)
Lsyup 56 G 0.15
Wsup 45.3 d 1
Wiiw 45.3 SRRg 0.4
Wsrr 14 Rskin 26
Winset 5 Hskinl 1
Lsrr 14 Rfut 2.6
Wf 3 H fat 2.5
Rvia 1 Rblood 2.6
S 0.25 Hyjo0d 0.5

The influence of introducing an additional material layer, such as a glucose solution-
adjacent to a substrate possessing markedly distinct dielectric properties, may be quantita-
tively expressed through an effective dielectric constant formulation [3]:

bstrat Blood derms layer fat
B eSUOSrate bstrate T &5 o dglucose + & dderms layer +&™ deat (14)

eff
€
Asubstrate + dglucose + dglucose + dfat

r

Here, gsubstrate gBlood | eferms layer , and &t denote the relative permittivity of the
substrate, the glucose solution, the dermis layer, and the fat layer, respectively, while
dsubstrater Afat Aglucose » ANd dderms layer Tepresent their corresponding thicknesses. Figure 6

shows the proposed artificial fingertip alongside human fingertip anatomy:.

- \ ,’/ Cross section of
fingertip
Simulated fingertip

layers

Figure 6. Artificial fingertip structure and human fingertip anatomy.
The dimensions and layer properties of the finger were taken into consideration,

including height and diameter, and applied to the structure of SIW, which is in direct
contact with the substrate, as shown in Figure 7.

Figure 7. The simulated phantom of the fingertip with its dimensions.
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4. Results

To achieve accurate blood glucose measurements with sensors based on SIW technol-
ogy, three sample delivery methods were used. Each approach aims to improve sensor
sensitivity, reduce contamination, and facilitate practical use.

4.1. Results for the Sample in Direct Contact with the Sensor

In the first scenario, the importance of blood adhesion to the surface lies in its acceler-
ating the reaction between the sample and the sensing area. Direct reaction is faster and
more efficient, which gives a better signal for determining blood glucose levels. For evalua-
tion purposes, glucose solutions were prepared at varying concentrations ranging from
20 to 200 mg-dL~!, with increments of 18 mg-dL~!. It was observed that the resonance
frequency changed with each change in glucose concentration, as shown in Figure 8, and
the results are detailed with their sensitivity calculation illustrated in Table 4.

710_

S-Parameter (dB)

—12 4

_14 -

_16 -

T T T T T T T T T T T

10.0 10.2 10.4 10.6 10.8 11.0 11.2 114
Frequency (GHz)

Figure 8. Response for S11 in (dB) for the drop sample.

Table 4. The details of the results parameter and the sensitivity calculation for the drop sample.

Dielectric Sensitivity Sensitivity
Constant BG [mg.dL—1] RL F [MHz] * RL [dB] * Based on RL Based on RL
[MHz/(mg.dL-1)] [dB/(mg.dL-1)]
60-65 20-65 10,831-10,735 —-17.5,-17.3 213 0.004
65-70 65-110 10,735-10,648 -17.3, -16.7 1.93 0.013
70-75 110-155 10,648-10,560 —16.7, —15.2 1.96 0.033
75-80 155-200 10,560-10,449 —15.2,-14.3 247 0.020

* Converged simulation results with a maximum delta-S < 0.02.

4.2. Results for the Sample Placed in the Glass Tube

A drop of blood was placed in the tube for measurement, and a change was observed:
the output signal weakened, indicating that the blood affected the transport process within
the sensor. The sensor’s operating frequency changed slightly, but not as much as in the
first case. This implies a smaller change in sensitivity when the tube is present. However,
it also indicates that the sensor detected blood even within the tube, without the blood
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droplet coming into direct contact with the sensor. This demonstrates the system’s indirect
sensing efficiency, and the results detail its sensitivity calculation, illustrated in Table 5.

Table 5. Preference parameters and sensitivity calculations for the simulated tube.

Dielectric Sensitivity Sensitivity
Constant BG [mg.dL-1] * RL F [MHz] * RL [dB] Based on RL Based on RL
[MHz/(mg.dL-1)] [dB/(mg.dL-1)]
60-65 20-65 10,489-10,460 —16.3, —15.4 0.64 0.020
65-70 65-110 10,460-10,437 —15.4, —14.7 0.51 0.015
70-75 110-155 10,437-10,401 —14.7, 138 0.80 0.020
75-80 155-200 10,401-10,376 —13.8, -12.9 0.56 0.020

* Converged simulation results with a maximum delta-S < 0.02.

The efficiency of the sensor is slightly lower in this case compared to the case of direct
blood contact, but it prevents contamination of the sensor, preserves it for longer periods,
makes it reusable, and also makes it easier to place and control the sample; as shown in
Figure 9, this is reflected in the (S11) magnitude. The second peak (at a higher frequency)
appeared because of the cavity mode of SIW, which means the transverse electric (TE101)
mode; this mode cannot be taken into account due to its insufficient resonance strength
(greater than —10 dB).

0
,2 -
_4_
Pon) _6_
=] ]
Z
g
L 4
£
£ 104
]
A €. =60
2 12 £, =65
€. =70
—14 g =175
€. =80
_16_
-18 T T T T T T T T T T T T T T
10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4

Frequency (GHz)

Figure 9. Response for Sy in (dB) for the tube container sample.

4.3. Results of Non-Invasive Case

The sensor touches the sample, providing a perturbation by the localized electromag-
netic field propagating within the C-SRR on the blood stream inside the finger, and the
results are detailed with its sensitivity calculation illustrated in Table 6.

In the noninvasive case, the sensor’s response change is less sensitive than in the
previous two cases. When ¢, varies and tries different values, there are no significant
differences in sensitivity; the amount of resonance frequency shift remains relatively small
at each value of ¢, but the 51 and signal levels are changing relatively, indicating different
glucose concentrations.
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Table 6. The details of the results parameter and the sensitivity calculation for the simulated fingertip.

Dielectric Sensitivity Sensitivity
Constant BG [mg.dL-1] RL F [MHZz] * RL [dB] * Based on RL Based on RL
[MHz/(mg.dL-1)] [dB/(mg.dL~1)]
60-65 20-65 2558.7-2547.5 —33.5,-33.9 0.2489 0.008
65-70 65-110 2547.5-2539.5 —33.9, —34.4 0.1778 0.010
70-75 110-155 2539.5-2531.5 —34.4, —34.6 0.1778 0.004
75-80 155-200 2531.5-2522.0 —34.6, —38.0 0.2111 0.070

* Converged simulation results with a maximum delta-S < 0.02.

This method is fast, safe, and painless, and is specifically used for daily monitoring of
diabetic patients. Results were demonstrated when applied to the SIW design, as shown in
Figure 10.

0
-5 4 Sr =60
——e,=65
-10 g =70
e =175
&2 -15 €. =80
=
St
£
2 20
«
ot
<
525
730 -
_35 -
—40 T T T T T T T T T T T T T T T
2.400 2.425 2.450 2475 2.500 2.525 2.550 2.575 2.600

Frequency (GHz)

Figure 10. Response for Sy in (dB) for the fingertip sample.

5. Discussion

Figure 11a shows that frequency sensitivity provides the most reliable and monotonic
metric for all configurations. Both the drop sample and the simulated fingertip exhibit high
sensitivity values, consistently ranging from 1.56 to 3.11 MHz/(mg-dL~!). These similar
profiles indicate that the fingertip loading conditions still allow strong coupling between
the resonant fields and the glucose-equivalent dielectric shifts, supporting the sensor’s
viability for non-invasive measurements.

Figure 11b further compares the amplitude-based sensitivity, revealing a clear distinc-
tion between controlled and realistic environments. This behavior is expected in layered
tissue scenarios, where absorption, scattering, and non-uniform field distribution introduce
additional loss mechanisms unrelated to glucose concentration. As a result, amplitude-
based sensing becomes less reliable for practical non-invasive measurements, reinforcing
the superiority of frequency-based metrics for vivo applications.
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Figure 11. (a) Frequency sensitivity vs. dielectric constant. (b) Amplitude sensitivity vs. dielectric

constant for drop sample, simulated tube, and simulated fingertip configurations.

A further test needs to mimic the real clinical examination; a parametric study was

applied for the phantom finger layers, starting from 22 °C (the room temperature) to 40 °C

(the upper limit for human body temperature). The results show negligible variation in the

frequency response, as shown in Figure 12. This can indicate that the sensor shows high

thermal stability and is immune to standard ambient and body temperature fluctuations.
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Figure 12. The frequency response of the sensor with two different temperatures for the phantom layers.

The pressure of the fingertip on the sensor should be taken into account, as it can

change the formation of the phantom layers. To mimic this case, a 20% reduced layer

thickness was achieved, and the simulation was rerun; the results are shown in Figure 13.

This compression resulted in a noticeable shift in the resonant frequency. However, this

shift was constant across all glucose concentrations, which means the sensitivity is stable

for all cases; only a noticeable change in the level (dB) has appeared. Therefore, ensuring

consistent contact pressure or implementing an effective calibration algorithm is essential

for accurate absolute measurements.
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Figure 13. The frequency response of the sensor with a 20% reduced layer thickness for the phantom layers.

Finally, the alignment of the fingertip on the sensor is crucial. As illustrated in
Figure 14a,b, changing the position of the phantom by £0.5 mm along the X and Y axes
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relative to the sensing element results in noticeable performance variations. This finding
underscores the necessity of a precise mechanical guide or finger mold to ensure repeatable
placement and maintain measurement integrity.
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Figure 14. The frequency response after position changes: (a) 0.5 mm in both X and Y axes; (b) —0.5 in
both X and Y axes.

Table 7 illustrates a comparison between this work and other recent works, noting that

the proposed SIW-loaded SRR design offers a superior combination of a broad detection
range, a low minimum detectable glucose level, and a significantly higher operating
frequency, which enhances dielectric contrast sensitivity. While many prior works either
require invasive sampling, operate at low frequencies, or are limited to narrow glucose
ranges, our approach reliably detects 20-200 mg-dL~!, directly covering the clinically
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critical human range. Moreover, the non-invasive fingertip configuration maintains a low
detection threshold without performance degradation, offering a practical, highly sensitive
alternative to conventional resonator-based glucose sensors.

The proposed SIW-based sensor shows superior performance in the clinically rel-
evant range (20-200 mg.dL_l), achieving a high sensitivity of 2.1 MHz/ mg~dL_1 that
outperforms most planar resonators (e.g., [15-17]). Unlike previous studies restricted to
simulations or limited samples (1 < 3), this work is validated across three configurations
(drop, tube, and non-invasive) with consistent repeatability (n = 5). Furthermore, the SIW
topology offers enhanced electromagnetic shielding compared to open-loop designs [18,19],
ensuring reliable detection limits even in the presence of environmental noise.

Table 7. Recent non-invasive blood glucose monitoring sensor designs based on various resonator
and filter methods.

. BG Range Sensitivity Sensitivity No. of
Ref. Sensor Type Design Method C.F. GHz mg-dL-1 [MHz/(mg.dL1)] [dB/(mg.dL 1)] Tests
[15] Invasive Split-ring resonator 5 300-700 0.01 0.01 5
[18] Invasive Open-loop resonator 4.05-4.45 125-1000 - 0.34 8
Tri-rectangular
[20] Invasive complementarysplit- 2.5 0-2000 1x1073 - 5
ring resonator
[16] Invasive Complementary 15 1000-5000 0.006 - 6
split-ring resonator
[21] Invasive Double spurline filters 1.5 0-150 0.2 - 5
[22] Invasive Microstrip patch 5 0-500 2 - 3
antenna
[23] Invasive Split-ring resonator 8.13 25-325 - 62 4
[19] Non-invasive Open-loop resonator 2-2.65 29-531 - 0.01 10
[24] Non-invasive Defected ground 1.88 25,016,000 - 0.003 2
structure
[25] Non-invasive Complementary 476-4.78 60-300 - 0.01 8
split-ring resonators
[26] Non-invasive Coplanar waveguide 1.5-2.5 98-188 19 - 13
[6] Non-invasive Integrated waveguide 53-5.4 105-500 0.2 - 4
Transmission line
[17] Non-invasive loaded with a 25 5-80 0.005 - 5
complementary
split-ring resonator
[27] Non-invasive Spiral-shaped 5 500-8000 - - 6
[28] Non-invasive Spiral-shaped antenna 4.7 100-350 1 -
. . 1st band 0.69
[29] Non-invasive Coupled slot-fed 55/6.5 40-400 2nd band 0.70 6
This work drop Invasive SIW loaded by SRR 10.83-10.40 20-200 21 0.01 5
sample
This work tube Invasive SIW loaded by SRR 10.49-10.37 20-200 0.62 0.018 5
This work Non-invasive ~ SIW loaded by SRR 25 20-200 0.2 - 5

non-invasive

6. Limitations and Practical Considerations

While the proposed SIW sensor demonstrates high sensitivity and wide-range detec-
tion capabilities in simulation, several practical limitations and environmental factors must
be acknowledged for translational applicability.
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6.1. Noise Sensitivity and Measurement Stability of the Proposed Sensor

Non-invasive glucose monitoring is inherently susceptible to physiological and envi-
ronmental noise. Inter-individual variability, such as differences in finger size and moisture
levels (sweat), can introduce impedance mismatches that may obscure the glucose-specific
signal. Furthermore, minor motion artifacts during the measurement process can alter
them, leading to variations in the effective permittivity seen by the sensor.

However, the proposed SIW with SRR topology offers a distinct advantage in mitigat-
ing some of these external noise sources. Unlike conventional microstrip sensors, which
suffer from high radiation losses, the metallized via arrays in the SIW structure function as
electric sidewalls. This creates a self-shielding mechanism (akin to a Faraday cage) that
confines electromagnetic fields within the substrate. This high confinement significantly re-
duces radiation leakage and susceptibility to external electromagnetic interference, thereby
improving the signal-to-noise ratio compared to open planar structures.

6.2. Simulation-Based Validation and Tissue Heterogeneity

The results presented in this study are primarily derived from high-fidelity HFSS sim-
ulations utilizing the Cole-Cole dielectric model. While this model is widely accepted for
characterizing biological tissues, it assumes a simplified, homogeneous layered structure
(skin, fat, blood, bone). In vivo biological tissues exhibit greater heterogeneity, including
vascularization depth, callous formation, and blood perfusion rates, which are not fully
captured in simplified phantom models. Consequently, the sensitivities reported here
represent an optimized theoretical performance. Future work will focus on the fabrica-
tion of the prototype and clinical trials to quantify the sensor’s accuracy under dynamic
physiological conditions.

Regarding practical implementation, the system’s performance must be evaluated
against the resolution of standard readout equipment. The proposed sensor exhibits a
sensitivity of 0.2489 [MHz/ (mg.dL’l)] in the non-invasive mode. Since commercial Vector
Network Analyzers (VNAs) and portable readout circuits typically offer a frequency resolu-
tion better than 0.01 MHz (10 kHz), the system is theoretically capable of resolving glucose
changes as small as 0.04 mg-dL 1. This high signal-to-noise capability ensures that the sen-
sor can easily meet the clinical accuracy standards required for blood glucose monitoring.

7. Conclusions

Given the growing challenges of monitoring blood glucose levels, especially for people
with diabetes, the need to develop smart technical solutions that balance accuracy, sensi-
tivity, and ease of use has increased. These solutions should be portable and of suitable
size. This research presented the SIW microwave sensor technology as one of the most
suitable solutions for providing safe, convenient, non-invasive measurement of blood
glucose levels.

The theoretical basis for this technology was determined in terms of the principle
of electromagnetic resonance, the types of resonators used, and the characteristics of
microwaves, in addition to factors affecting sensor performance, such as the S11, Sp1, and Q.
A physical sensor was also designed and implemented using AnsysEDT 2023 R1 (HFSS)
(Ansys, Inc., Canonsburg, PA, USA) at a frequency of 11 GHz and using RO4350 material,
with a dielectric constant ¢, = 3.66 and thickness of substrate h = 0.508. Three different
modes for delivering the sample to the sensor were studied: blood directly on the surface,
blood in a tube, and the fingerprint method. These methods all have their advantages and
disadvantages, but all provide relatively good performance.

Simulations showed that each method used in this project had distinct characteristics
in terms of sensitivity, accuracy, and ease of use. The first method (blood on the surface)
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had the highest possible sensitivity among the methods, due to direct adhesion between
the substrate and the sample.

The proposed sensor shows high sensitivity across three cases and several scenarios,
including varying temperature, formation, and position. It is important to note that
this is a proof-of-concept study that still needs to undergo clinical validation to address
complex physiological variables, such as perspiration, skin humidity, and subject-specific
tissue heterogeneity.
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