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Exploring a universal method to enhance the performance of metamaterials by
quantifying the impact of gap capacitance is an intriguing topic for many
researchers. However, achieving this through conventional methods is
extremely challenging. In this paper, we present a microwave sensor designed
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to characterize cancerous cells based on their electrical properties. The
proposed design features a split rectangular ring resonator placed on a flame-
retardant four (FR-4) substrate. The sensor aims to achieve high sensitivity
and quality factors through the unique characteristics of the metamaterial
structure in the GHz frequency range. Through simulations and experimental
measurements, we demonstrate the sensor's effective capabilities in detecting
cancer. The high sensitivity for both simulation and measurement, is estimated
at 10 %. The simulations and validation confirm that this biosensor exhibits
significant frequency shifts and high sensitivity. Our proposed configurations
highlight the microwave sensor's potential for detecting six different breast
cancer cell types: HSS-2, HS578-T nm, MCF-2, MCF-10A_nm, T-47D, and
T-47D_nm. Based on the existing literatures, the sensitivity of the proposed
sensor is determined to be greater.
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1. INTRODUCTION

Sensors are devices that can measure the physical inputs of the surrounding environment and convert
them into data that can be measured/read by humans or machines. The five basic sensory systems in the human
body are the visual system, auditory system, olfactory (smell) system, gustatory (taste) system, and tactile
system [1]. Nowadays, the incredible progress in material science, micromachining and thin-film technologies,
and printing capabilities have brought about a broad range of possibilities for the development of sensors in
various applications. In addition, with the overwhelming advancement in mobile apps, sensors have become
an integral part of the IoT network, providing individuals with real-time monitoring capabilities in the
healthcare sector, security, and even the gaming industry [2][3]. Microwave sensors are widely used across
industrial, biological, and electronic sectors due to their numerous advantages. These benefits include high
sensitivity, versatility, low fabrication costs, and straightforward measurement procedures. The sensing
principle of microwaves is based on band-pass filter technology. Resonator-based sensors function by detecting
changes in the resonant frequency of a resonator element when the material under test (MUT) is placed on its
surface. The magnitude and resonant frequency of the frequency response shift from the original resonance
frequency of the structure, depending on the permittivity and thickness of the MUT. Planar resonator-based
structures operating over a wide frequency range from microwave to terahertz (THz) show significant promise
for various sensing applications.

In recent years, metamaterials (MTM) have become increasingly significant in sensing technology.
Metamaterials are engineered materials composed of various structures that exhibit unique properties. The
properties of these structures depend on their orientation, dimensions, shape, and the material used for the base.
The increasing interest in metamaterials stems from their size relative to the electromagnetic waves they
interact with, as the target wavelength is larger than the dimensions of the structural elements [4][5]. Various
applications of metamaterials include biosensors [6], antennas [7], energy harvesting [8], microwave sensors
[9], synthetic aperture radar (SAR) reduction [10, and microwave lenses [11]. Split-ring resonator (SRR) based
metamaterials are particularly valued for their adaptability and the practical shape of their resonators. The SRR
is the most frequently used structure among metamaterials. Depending on the geometry, it works as an LC
resonant circuit resonating at a certain frequency. Another factor that affects resonant frequency is the dielectric
material in the gap [12]-[14]. SRR structure varies from centimeters to nanometers. For microwave band
applications, structures in centimeters to millimeters are used. Micrometer structures are used for THz
frequency applications, and nanometer structures are implemented in the infrared and visible light spectrum
[15][16]. The shift in resonance frequency can effectively differentiate the tested materials [17]. The success
of this technique relies on variations in resonance frequency caused by differences in the cellular properties of
the materials. It provides precise control over the frequency range used for differentiation. According to
Kerouedan et al. [ 18], the resonance frequency technique generally exhibits higher accuracy than the reflection
coefficient-based technique. It has emerged as an interesting sensing technology that exhibits unique properties
tailored by the structure and composition of the tested material. Sensors that use metamaterials detect changes
in the electromagnetic field when interacting with the material being tested. These changes in the field lead to
shifts in resonance frequency and variations in the response signal amplitude [19]. This technique has been
used to develop a sensor for various detection applications in different areas ranging from electronics,
biological, and material science applications [20]-[28].

A microwave sensor has been developed for the dielectric characterization of biological samples [29].
This resonant configuration features two capacitively coupled printed Split Ring Resonators (SRRs) created
using inkjet printing technology. Additionally, a contactless microwave sensor based on Complementary Split
Ring Resonators (CSRRs) has been introduced for the dielectric characterization of liquids. This design
employs multiple CSRRs, with a glass capillary tube inserted into the electric field region of the CSRRs, which
acts as a container for the tested liquid [30]. A dual scale planar sensor for dielectric characterization of solid
material was presented in [31]; although it has a good sensitivity, the design is complex. [32] reported a
temperature-compensated differential microstrip sensor for microfluidic application. The sensor has a splitter
section with two symmetrical complementary split ring resonators. The major disadvantage is that a high cost
substrate was used as an aligned slot to the CSRR. A solid material permittivity characterization was reported
in [33]; the sensitivity is low compared to the one presented in this work. As detailed in [34], a high-sensitivity
microfluidic sensor based on CSRR with an interdigital structure is presented. The microwave sensor exhibits
a single frequency band with a low sensitivity. Similar research has been reported in [35], with a lower
sensitivity of 4.915% and a high-cost substrate

This research aims to categorize and distinguish different types of breast cancer cells according to their
electrical properties. This investigation will focus on six specific cancer cell lines: HSS-2, HS578-T nm, MCF-
2, MCF-10A_nm, T-47D, and T-47D_nm. The electrical properties of these cancerous cells were obtained
from prior studies conducted by researchers in the field [36]. The letter consists of four sections. Section 2
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offers a microwave sensor design process, theoretical analysis, the proposed sensor configuration, and the
Floquet model. Section 3 describes the simulation results. In section 4, the measured outcomes and the
hardware prototype are examined. Section 5 provides the concluding remarks.

2. METHODS

The proposed microwave sensor consists of a sensing patch arrangement that is activated by a single-port
microstrip, as shown in Figure 1. The conductive ring carries current when a magnetic field interacts with the
SRR, which is a rectangular metallic loop featuring a narrow gap between each ring. Due to the gap that
prevents current flow, the LC circuit becomes more resonant. The inductive and capacitive reactances must be
of equal amplitude for resonance to occur [37]. Sensors can be made with SRR because the space acts as a
capacitor. As shown in Figure 1, W, is used to excite the sensor, which produces a single-band responses of
6.7 GHz. In this sensor, the top layer of the substrate is carved from an FR4 material that measures 1.6 mm in
thickness, possesses a relative permittivity of 4.3, and has a loss tangent of 0.025. As part of the optimization
and validation of the sensor performance, computer simulation technology suite (CST) was used. According
to Table 1, The proposed sensor has the following optimal parameters.
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Figure 1. Microwave sensor structure (a) Upper layer (b) Side view (c) Bottom layer

Table 1. Optimized sensor geometry
Parameter Size (mm) Parameter Size (mm)

A 14 F 19.7
B 9.36 G 2

C 10 L 40
D 232 W 20
E 3 Wr 3.1

2.1. Theoretical analysis

A dielectric resonator's resonant frequency shifts to a lower value when a material under test (MUT) is
present, to put it another way. The MUT's complex permittivity directly affects how much of a shift this is. The
resonance frequency shift increases with the permittivity value. The following formula explains this frequency
shift [38]-[43].

Af,  [(AeEg. Eq + AuHg. Ho)dv 0
fr f(50-|E0|2 + Uo- [Ho[?)dv
In this context, f,- denotes the frequency of resonance, where € represents the permittivity and p signifies
the permeability. The variables E, and H, correspond to the electric and magnetic fields in a discharged state,
respectively, while Eg and H, indicate the fields observed in the presence of the material under test (MUT).
The proposed sensor design also, capitalizes on the SRR capacitive and inductive resonance properties.
According to equation (2) [44][45].

1

f=rFF———= 2
an/LeffCeff ( )

The terms L.sf and C,¢¢ denote the effective inductance and capacitance associated with the resonator
[38]. The basic formula for capacitance (C) is given by

Buletin Ilmiah Sarjana Teknik Elektro, Vol. 7, No. 1, March 2025, pp. 42-55



45 Buletin [lmiah Sarjana Teknik Elektro ISSN: 2685-9572

Eo&rA
C=— A3)
The relative permittivity of vacuum is denoted as ¢€,, while &, represents the relative permittivity of the
dielectric material. The parameters A and d refer to the area of the gap and the distance of the gap, respectively.
Given that gj, A, and d remain constant for a specific sample, the capacitance is influenced by the value of ¢,.
This value is contingent upon the unique &, associated with each cancer cell, which ultimately results in
alterations to the frequency of resonance of the split-ring resonator (SRR).

3. RESULT AND DISCUSSION
3.1. Evolution Steps

As shown in Figure 2(a), there are several procedures that should be followed in order to complete the
development of a microwave sensor. In terms of frequency range, the MTM MIMO antenna can operate
anywhere from 3 to 7 GHz. According to Figure 2(b), sensor I's §;; response does not meet expectations due
to the port's position. Shifting the feedline sideways in a right direction, further enhances the single band
characteristics of the S;; response. The third phase of the proposed sensor involved shifting the feeding port
position to a left direction. This revised configuration improves the sensors performance regarding impedance
matching.

The variation in design parameters, such as resonator width (w,.), gap capacitance (g), and the substrate's
permittivity value, leads to changes in the transmission coefficient (S;;) and resonance frequency (f;-). The
width of the sensor resonator has a significant impact on the total inductance, which in turn affects the
resonance frequency. Adjusting the width of the resonator is essential for modifying the inductance value,
directly influencing the resonance frequency of the metamaterial. The primary purpose of incorporating a split
gap in the metamaterial resonator is to alter the sensor's resonance frequency. This split gap introduces
capacitance, which directly affects the resonance frequency. Therefore, the capacitance resulting from the gap
is crucial for changing the capacitance value, which has a direct effect on the resonant frequency (f;.).
Additionally, the permittivity (e,) of the substrate material influences the resonant frequency since it is
associated with capacitance. Therefore, the design parameters were evaluated to enhance the proposed sensor.
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Figure 2. Evolution stages of the suggested sensor (a), Si; response of the various stages (b)

Figure 3 demonstrates the influence of resonator width on both the resonance frequency (f;.) and the return
loss (S71)- The analysis is conducted for resonator widths of 5.24, 5.28, 5.36, 5.4, and 6mm. The main impact
of introducing a resonator into a metamaterial resonator patch is the alteration of the sensor's resonance
frequency. This is one of the significant effects observed. Table 2 presents the changes in f,. and S;, associated
with the different resonator widths. According to Table 2, the 5.36mm resonator width demonstrates superior
performance compared to the others, leading to the selection of 5.36mm as the resonator width.
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Figure 3. Variation of frequency and S;; magnitude for resonator width (w;.)

Table 2. The effect of the resonator width (w,.) on the frequency (f,) and S;; amplitude
Width w, (mm) Freq range (GHz) f, (GHz) S,;(dB)

5.24 3-7 6.76 -32

5.28 6.6 -30

5.36 (proposed) 6.7 -34
5.4 6.78 -34

6 6 -12

Figure 4 shows how the gap capacitance (g) influences the resonant frequency (f,-) and return loss (S;1).
The results were calculated for split gaps of 1mm, 2mm, 2.4mm, 2.8mm, and 3.2mm, corresponding to five
different resonator configurations. Table 3 illustrates the variations in f, and S;; with the various gap
capacitance. According to Table 3, the 2mm split gap shows the best performance compared to the other
options, making it the preferred choice. Figure 5 illustrates how substrate permittivity (&,.) affects the resonant
frequency (f,-) and the reflection coefficient (S;;), with a proposed value of 4.3. The results were assessed for
permittivity values of 3.26, 3.46, 3.66, 3.77, and 4.3. Table 4 presents the variations of f,. and S;; based on
these different permittivity values. From Table 4, it is evident that a permittivity value of 4.3 outperforms the
others, making it the preferred choice for substrate permittivity.
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Figure 4. Variation of frequency and S;; magnitude for gap capacitance (G)

Table 3. The impact of gap capacitance on the resonance frequency (f,) and S;; amplitude
Gap capacitance G (mm) Freq range (GHz) F, (GHz) $4,(dB)

1 3-7 6.4 -26

2 (proposed) 6.5 -35
2.4 6.75 -30

2.8 6.8 -29

32 6.85 -27
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Table 4. Effect of substrate permittivity (&,) on the resonance frequency f, and S;; in dB.
Substrate permittivity (¢,) Freq range (GHz) F, (GHz) S, (dB)

3.26 3-7 6.9 -22
3.46 2.6 -18
3.66 7 -23
3.77 6.85 -23
4.3(proposed) 6.5 -28

3.2. Floquet Model

The floquet model presented in Figure 6(a) is composed of a simple two dimensional rectangular loop
with a gap capacitance in between the resonator. The unit cell has three coordinates that is, xyz. The z-axis will
be our negative permeability for the boundary condition while the x-axis is a two opening where the port will
be inserted which propagate waves, finally y-axis will be perfectly electric. The electric or magnetic
permittivity retrieval is set using S-parameter retrieval techniques. The unit cell metamaterial permeability real
and imaginary part is pictured in Figure 6(b) while Figure 7 is the MTM S;; and S,;. The dimensions are
presented in Table 6.
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Figure 6. Floquet model geometry (a) Permeability real and imaginary part (b)
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Figure 7. The floquet unit cell S;; and S,

Table 6. Optimized unit cell dimensions
Parameter Size (mm) Parameter Size (mm)

P 20 S 14
Q 30 T 2
R 10 \ 2.32

3.3. Simulation Results

The microwave sensor model depicted in Figure 8 simulates the sensor's response by integrating different
cell types within the sensor gap. This was accomplished by populating the resonator's gap with representations
of breast cancer cells, modeled as hemispherical entities with a diameter of 2mm. The electrical properties of
these malignant breast cells were derived from the research conducted by [46]. Figure 8 shows how the
resonance characteristics of vacuum differ from those of the Five cells (HSS-2, HS578-T nm, MCF-2, MCF-
10A_nm, T-47D, and T-47S_nm). For every cell used, the electrical conductivity and dielectric constant are
shown in Table 7. One standard is the vacuum resonance characteristics. Maximum transmission shift occurs
at resonance frequencies of 5.5GHz. The difference in resonance frequency between two adjacent cell types is
as small as 1.2 GHz.

N Vacuum
— — HSS-2

- - - HS578-T nm
-30 F— - =MCE-2

= - - MCF-10A nm
----T-47D

A s T-47D_nm

1 1 I 1

3 4 5 6 7
Frequency (GHz)

Figure 8. Simulated S;; shift in decibel

Table 7. Dielectric constant and the conductivity of the cell
Cancer cell HSS-2 HS578-T nm MCF-2 MCF-10A nm T-47D T-47D nm
& 43.8 19.8 42.2 2.83 71.9 26.6
o 1.7081 0.8123 1.5726 0.0759 2.5622 1.1084
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The shift in resonance frequency of cancerous cell compared to air's resonance frequency is shown in Table 8

Table 8. Shift in frequency in respect to vacuum resonance
Cancer cell HSS-2  HS578-T nm MCF-2 MCF-10A nm T-47D T-47D nm
Freq shift 0.62GHz 0.38GHz 0.78GHz 0.03GHz 1.14GHz  0.51GHz

Different kinds of breast cancer cells have been successfully used to test the proposed sensor. An
illustration of the measurement setup can be found in Figure 9, with a span of frequency range from 2GHz to
7GHz. A simulation will be conducted to generate and compare different cancer cell responses. FR-4 laminates,
which have a thickness of 1.6mm and a dielectric constant of 4.3, were used to build the sensor. Figure 10
shows the printed prototype that has been finished. Air surrounds the sensor because of the way it is positioned.
To deposit the cells onto the gap, a micropipette was used. The sensor was exposed to two drops, forming a
hemispherical droplet with a 2mm diameter. The sensor was cleaned with ethanol after each sample was
measured, and an air pump was used to let it dry. During the measurement, six kinds of cancer cells were
examined: HSS-2, HS578-T nm, MCF-2, MCF-10A nm, T-47D, and T-47D_nm. The S, parameters were
acquired and recorded in each instance.

(b)
Figure 10. Prototype views of the microwave sensor (a) upper plane, (b) lower plane

The results of measuring the resonance characteristics of HSS-2, HS578-T _nm, MCF-2, MCF-10A_nm,
T-47D, and T-47D_nm, in comparison to the resonance characteristics of a vacuum, are shown in Figure 11.

Dielectric Characterization of Breast Cancer Cells using Split-Rectangular Ring Resonator Sensor
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The simulation results are compared with the lab measurements. The vacuum is established as a baseline, and
the frequency change for the six distinct cancer cells is determined.

Figure 12, Figurel3, and Figure14 show the comparison. The discrepancies noted between the simulated
and measured values may result from calibration and manufacturing errors and this can be reduced by taking
at least two to three times calibration process. The highest shift achieved between the simulation and the
measurement is 0.1GHz. Table 9 presents a summary of the recorded values and the variation in frequency
response of the six cells in relation to vacuum resonance frequency.

0
-10
& Vacuum
T -20F— —HsS-2
= — - =HS578-T_nm
# gol= " MCE2
----MCF-10A nm
—-=- T-47D !
40—+ T-47D nm i
3 4 5 6 7
Frquency (GHz)
Figure 11. Measured S;; in decibel
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.% ;1 5 : 7 3 4 5 6 7
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(a) (b)
Figure 12. Simulated and measured S;; (a) HSS-2 (b) HS578-T nm
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Figure 13. Simulated and measured S;; (c) MCF-2 (d) MCF-10A_nm
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Figure 14. Simulated and measured S;; (¢) T-47D (f) T-47D_nm

Table 9. Lab measurements
Cancer cell HSS-2 HS578-T nm MCF-2 MCF-10A nm T-47D T-47D nm
F: (GHz) 6 6.2 5.9 6.6 5.5 6.1
Ar 0.7 0.5 0.8 0.1 1.2 0.6

The microwave sensor attained a peak relative sensitivity of 0.1, with the sensitivity determined through
the formula outlined below [47]-[50].

Y

= 5. @)

The sensitivity measured for the six cells using vacuum as a reference was 0.02 for HSS-2, 0.03 for
HS578-T nm, 0.02 for MCF-2, 0.1 for MCF-10A nm, 0.016 for T-47D and 0.023 for T-47D nm. The
discrepancies in the shift was due to different dielectric permittivity value of each breast cancer cell. The
performance of the sensor has been evaluated in relation to recent studies published in the literature, as
presented in Table 10. Taking into account the sensing range, based on the existing literatures, the sensitivity
of the proposed sensor is determined to be greater.

Table 10. Comparison of sensitivity with recent literatures
Reference F o ni0aded (GHZ) Sensitivity (%) Substrate used

[31] 112 9 Rogers 5880

[32] 2.23 0.737 RT Duroid 4350

[33] 5.11 3.27 RT Duroid 4350

[34] 2.65 1.23 Rogers 4350B

[35] 3.364 4.915 Taconic TLY-5
This work 6.7 10 FR-4

4. CONCLUSIONS

In this research, we developed a microwave sensor that uses metamaterial technology to analyze various
types of cancer cells based on their electrical properties. The proposed sensor incorporates a single split ring
resonator (SRR) and is designed with a rectangular microstrip-fed grounded planar configuration. We
simulated and evaluated the sensor's performance using six different types of cancer cells: HSS-2, HS578-
T nm, MCF-2, MCF-10A _nm, T-47D and T-47D nm, along with a vacuum serving as a reference. The sensor
exhibits strong sensing capabilities for both the simulations and measurements across a frequency range of
3GHz to 7GHz. In the future, this concept may be combined with supplementary elements to develop an
autonomous device that enhances both functionality and adaptability to various environments and tasks. By
integrating advanced technologies like artificial intelligence, machine learning, and sensor systems, the device
can be improve in terms of its sensitivity.
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