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Abstract
The analysis of materials plays a critical role in ensuring product quality, driving innovation,
improving cost-effectiveness, and maintaining safety standards across a wide range of indus-
tries. An effective method for material characterization involves evaluating permittivity using
sensors based on metamaterials, which are renowned for their ability to provide fast and accu-
rate results. A new sensor, the dual-band octagonal Complementary Split Ring Resonator, has
been developed using metamaterial technology to measure the dielectric properties of mate-
rials. This sensor is fabricated on an affordable FR4 substrate with a 50 Ω microstrip line
and has undergone testing with various materials to improve its quality factor and sensitivity.
Noteworthy is the sensor’s consistent performance even when analyzing materials that slightly
exceed the designated measurement threshold. The unloaded S21 response shows depths of
−25 dB for the first notch and −38 dB for the following notch. Furthermore, the research also
presents findings from various configurations of the measurement under test under different
load conditions.

Introduction

Metamaterial-based sensors are increasingly preferred for a wide range of sensing applications
in fields such as biomedical, electrical, chemical, industrial, food quality assessment, and agri-
culture [1, 2].These sensors are valued for their enhanced sensitivity, high-quality factor, simple
manufacturing process, and cost-effectiveness [2].The evaluation of materials can be effectively
carried out by analyzing their permittivity, with metamaterial-based sensors serving as a prac-
tical tool for this purpose [3]. The determination of a material’s electric permittivity can be
achieved by studying the S-parameters of the sensor [4]. A novel sensor utilizing metamaterials
has been specifically developed for this purpose.

Metamaterials were initially introduced by Veselago in 1968, and the Metamaterial-based
split ring resonator (SRR) structure was pioneered by Pendry et al. in 1999 [5]. This study uti-
lizes the Complementary Split Ring Resonator (CSRR), which is essentially the inverse of the
SRR pattern etched onto the ground plane. The preference for CSRR over SRR is attributed
to its higher sensitivity compared to SRR [6]. Previous studies have demonstrated that CSRR
outperforms SRR in terms of sensitivity when both structures have equivalent dimensions [2].
Furthermore, the broader fringing electric fields generated by CSRRs, as opposed to SRRs,
facilitate the determination of dielectric properties of larger samples [2]. Placing the material
under test (MUT) on the ground plane induces a shift in the resonance frequency, enabling the
calculation of theMUT’s permittivity based on the sensor’s resonance frequency with theMUT.

Variousmetamaterial configurations have been developed for diverse applications, with rect-
angular and circular shapes being particularly common.Through sensitivity analysis, it has been
determined that circular sensors exhibit greater responsiveness to changes in the permittivity
of the MUT [7] compared to rectangular sensors of equivalent area [8]. Additionally, circu-
lar CSRR structures are anticipated to have a higher resonant frequency than their rectangular
counterparts for the same unit cell area [9]. The depth of the notch in the S-parameter output is
a crucial factor in ensuring accurate measurements. A deeper notch and a higher Q-factor indi-
cate improved sensor precision. A comparative evaluation of sensor performance based on the
depth of the notch is presented in Table 1. In the pursuit of developing an innovative metama-
terial shape, an octagonal design has been chosen. Following numerous simulations conducted
using CST Studio Suite, the final sensor configuration is illustrated in Fig. 1(b).

This sensor is specifically engineered to function on two separate frequency bands. Utilizing
multiband sensing serves to improve the reliability of sensing by offering sensors that possess
high sensitivity and quality factors. Furthermore, variations in frequency shifts may result in
identical outcomes for different mixtures; therefore, measurements conducted at a constant fre-
quency are only capable of distinguishing chemicals based on this shift, thereby constraining the
accuracy of identification [10].
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Table 1. Different sensor patterns comparison based on depth notch

Reference Resonator topology Absorption band Resonator pattern Resonant frequency (f0) S21 notch depth without MUT

[4] Circular CSRR Single 6.01 GHz −31.157 dB

[11] Circular CSRR Multiple 2.45 GHz ≈−22 dB

3.8 GHz ≈−28 dB

5.8 GHz ≈−30 dB

[12] Rectangular SRR Single 2.1 GHz ≈−11 dB

[1] Rectangular CSRR (microfluidic) Single 2.02 GHz −24 dB

[13] S-shape resonator Single 1.8 GHz ≈−13 dB

[14] CSSRR Dual 5.35 GHz −62.08 dB

8.06 GHz −19.06 dB

[15] CSRR Single 2.461 GHz −27 dB

This work Octagonal CSRR Dual 2.37 GHz −25 dB

4.88 GHz −38 dB

Figure 1. (a) Layers of sensor. (b) Designed sensor with parameters.

Sensor design

Based on previous studies, circular CSRR sensors demonstrate
a deeper resonance notch compared to their rectangular coun-
terparts. However, structures with sharp edges exhibit stronger
localized electric fields around these regions, resulting in enhanced
sensitivity. Therefore, in this work, an octagonal CSRR sensor
is proposed to combine the advantage of the circular geometry
with the enhanced field localization associated with sharp-edged
structures [16].

The design was intentionally optimized to produce a deeper
transmission notch because a larger notch increases the fraction
of energy captured by the resonator’s near-field and improves
the measurability of the resonance. This yields more pronounced,
repeatable resonance peaks with higher frequency-shift sensitiv-
ity and better signal-to-noise for extracting the resonant frequency
used in the characteristic equation, which in turn improves the
accuracy and resolution of the dielectric-constant measurement
[17].

Figure 2. Equivalent circuit model of the CSRR sensor.

To enhance the performance of the proposed sensor, an opti-
mization process was conducted to achieve an optimal balance
among sensitivity, compactness, and fabrication feasibility. In the
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Figure 3. (a) Electric field on the ground plane at 2.37 GHz. (b) Electric field on the ground plane at 4.88 GHz.

Figure 4. Simulated transmission response of the sensor in different permittivities.

first stage, a single-resonance CSRR sensor was designed, and a
series of parametric sweeps were performed on the critical geomet-
rical parameters, including the split-gap width, number of rings,
ring spacing, and conductor line width. After determining the con-
figuration that provided the highest sensitivity and the deepest
resonance notch, a second resonant structure was incorporated
into the design. Subsequently, additional parametric sweeps were
carried out on the inter-structure spacing to finalize the optimized
sensor geometry.

To obtain optimal resonator geometry with maximum sensitiv-
ity, the design process started from a single octagonal resonator
incorporating a notch. First, the notch position along the octagonal
contour was systematically evaluated in CST Studio Suite to maxi-
mize the resonance frequency shift induced by the dielectric under
test, whilemaintaining awell-defined transmission notch in the S21
response. After selecting the best notch location, two additional
parameters—the octagon linewidth and the notch width—were
swept to determine the primary sensor geometry. These parame-
ters directly influence the effective inductance and capacitance of
the resonator and therefore control the resonance frequency, notch
bandwidth, and quality factor.

To further enhance field confinement and increase the interac-
tion region between the resonator and the MUT, a second octag-
onal structure, similar to the first but scaled in size, was added
to the design. A parametric sweep was then performed to deter-
mine the optimum scaling factor and spacing between the two
octagonal elements. To further improve sensitivity, a third scaled
octagonal element was introduced and optimized using the same
procedure.

In addition to linewidth, notch dimensions, and spacing
between the octagonal elements, the relative rotation angle
between the octagonal structures was found to significantly affect
the coupling strength and the resulting S21 notch characteristics.

The best response was obtained when the second octagon was
rotated by 180° relative to the other elements, as shown in Fig. 1(b).
The same optimization procedure was then applied to the third
octagonal element. During the entire optimization procedure, the
quality factor was evaluated in order to ensure high sensitivity and
is defined as:

Q =
fr

BW−3dB
(1)

where fr is the resonance frequency, and BW−3dB is the −3 dB
bandwidth around the resonance.

After obtaining the final resonator geometry, a second resonator
was added on the ground plane. The distance between the two
resonators was then swept to achieve high sensitivity while pre-
serving a clear and measurable transmission notch. This step is
critical because coupling between the two resonators modifies the
resonance behavior and can significantly affect both the resonance
frequency shift and the overall sensor performance.

The frequency range of 2–10 GHz was selected for this sen-
sor, as it offers good sensitivity while being less susceptible to
electromagnetic noise. Moreover, since the inner octagonal sec-
tion of the smaller resonator is relatively thin, reducing its dimen-
sions excessively would increase fabrication complexity and cost.
Therefore, the chosen frequency band represents a suitable com-
promise between performance, manufacturability, and measure-
ment stability.

The sensor is implemented on a microstrip, as depicted in Fig.
1(a): a trace line on the top, a substrate layer, and a ground plane
with metamaterial-inspired shapes etched onto it. The substrate is
constructed from low-cost FR4 with a thickness of 0.8 mm, while
the two additional layers are made of 0.035 mm copper. The sub-
strate has a length of 70 mm and a width of 30 mm. Additionally,
the dimensions are specified as follows: a = 12 mm, b = 6 mm,
c = d = f = 3 mm, e = 1.6 mm, g = 0.9 mm, i = j = 4 mm,
and k = 1.9 mm, and the smaller resonator shape has dimensions
exactly half of the larger one.The resonant frequencies of the sensor
are 4.88 GHz and 2.37 GHz.

An equivalent circuit model was developed to provide physical
insight into the resonance mechanism of the proposed sensor and
to support the design and optimization procedure. In the proposed
circuit, the two transmission notches observed in the S21response
are represented by two resistor-inductor-capacitor (RLC) resonant
branches, where each RLC branch corresponds to one resonant
element (or resonance mode) of the sensor structure. The induc-
tance and capacitance values model the effective current path and
electric-field concentration of the resonators, while the resistive
terms account for conductor and dielectric losses. The coupling
between themicrostrip line and the resonators is modeled through
coupling capacitances, which mainly determine the notch depth
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Figure 5. (a) Fitted curve to larger resonator’s simulation data. (b) Fitted curve to smaller resonator’s simulation data.

and bandwidth. This circuit model provides a compact representa-
tion that enables interpretation of themain geometrical parameters
(notch width, linewidth, spacing, and rotation angle) in terms of
effective circuit parameters and allows direct validation against
full-wave CST results.

Figure 2 illustrates the equivalent circuit of the proposed sensor
[18].

Simulation

At the resonance of the CSRR, significant fringing electric fields are
generated in the ground plane, providing an additional method to
determine dielectric properties [19]. The electromagnetic energy,
concentrated in a confined area near the substrate at the resonant
frequency, is used to determine dielectric properties [20].Themost
intense electric field is established between the microstrip line and
the ground plane. As shown in Fig. 3, the concentration of the elec-
tric field near each resonator results in the formation of notches
in the transmission coefficient plot at the resonant frequency. The
positioning of the MUT can be more accurately determined by
pinpointing the location of the strong electric field. Placing the
MUT on the sensor causes a shift in these notches. The trans-
mission coefficient is depicted in Fig. 4 for various MUTs with
differing permittivity. The shift of the notch from εr = 1 to εr = 3
is 640 MHz for the smaller resonator with a resonant frequency
of 4.88 GHz, demonstrating the high sensitivity of the sensor.
Additionally, the quality factor for the 4.88 GHz band is 81.3, sig-
nifying a remarkable quality factor for a sensor employing an FR4
substrate. Furthermore, the frequency shift for the larger resonator
with the same values of εr is 277 MHz, and the Q-factor is equal to
41.5 dB.

As illustrated in Fig. 4, an increase in ε causes a reduction
in notch depth. Moreover, to prevent band interference, a spe-
cific range of permittivity should be selected for measurement.
Therefore, an εr of less than 10 should be chosen.

Temperature is another parameter that can influence this obser-
vation and cause variations in the results. Temperature rise results
in an increase in the permittivity of FR4 [21, 22], which causes vari-
ations in the resonance frequency and decreases the accuracy of the
sensor. Therefore, all measurements should be obtained at a con-
stant temperature. With additional simulations involving different
MUTs, a relationship between permittivity and frequency can be
derived. A polynomial function is considered to fit the simulation
data:

𝜀r = A1f 2 + A2f + A3 (2)

Figure 6. Comparison of the transmission coefficient |S21| obtained from full-wave
CST simulation and the proposed equivalent circuit model simulated in ADS.

Table 2. Equivalent circuit parameters of the sensor

Parameter Value Unit

L 4.2 nH

C1 0.5989 pF

Lc1 3.0 nH

Cc1 0.9042 pF

Rc1 7.0 kΩ

C2 0.43822 pF

Lc2 0.8 nH

Cc2 0.890 pF

Rc2 7.0 kΩ

Simulation data are processed inMATLAB, yielding a quadratic
equation for each resonator.

The resonance frequency decreases as the dielectric constant
increases. This behavior is expected, since the MUT increases the
effective capacitance of the CSRR structure, thereby reducing the
resonance frequency according to the inductance-capacitance (LC)
resonance principle.

In Fig. 5, the quadratic equation fitted to the simulation data
is illustrated. For the larger resonator with 2.37 GHz resonant
frequency, the coefficients are A1 = 9.404, A2 = −48.2, and
A3 = 62.57, while for the smaller resonator, the coefficients are
A1 = 2.001, A2 = −21.05, and A3 = 56.21.
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Figure 7. Calculated sensitivity of each band versus relative permittivity variation
(𝜀r).

To validate the proposed equivalent circuitmodel, the transmis-
sion coefficient obtained from the circuit simulation in Advanced
Design System (ADS) is compared with the full-wave electro-
magnetic simulation performed in CST Studio Suite, as shown
in Fig. 6. The equivalent circuit successfully reproduces the two
resonance notches and accurately predicts the resonance frequen-
cies at 2.37 GHz and 4.88 GHz, in excellent agreement with
the CST results. The extracted lumped-element values used in
the circuit model are summarized in Table 2 and were obtained
by fitting the ADS response to the CST |S21| curve, where
the RLC parameters were adjusted to match the resonance fre-
quencies and bandwidth, while the coupling capacitances were
tuned to reproduce the notch depth. Minor differences in notch
depth and out-of-resonance behavior can be attributed to higher-
order parasitic effects, radiation, and distributed coupling mech-
anisms that are inherently captured in the full-wave simula-
tion but are not fully represented in the lumped-element cir-
cuit model. Overall, the comparison confirms that the proposed
circuit model provides an accurate representation of the sen-
sor resonance behavior and can be used to support the design
analysis.

To evaluate the sensing performance, a sensitivity analysis was
carried out by investigating the resonance frequency variation of
the proposed CSRR sensor when different dielectric materials were
placed on the sensitive region. The sensitivity is defined as the
change in resonance frequency with respect to the variation in the
relative permittivity of the MUT, and it is expressed as:

Sensitivity =
Δf
Δ𝜀r

(3)

where Δfr = fr0 − fr is the resonance frequency shift, fr0 is the
resonance frequency corresponding to the reference condition (no
load), and fr is the resonance frequency in the presence of the
MUT. Δ𝜀r represents the relative permittivity change between two
consecutive MUT cases. A higher sensitivity indicates that smaller
variations in dielectric properties can be detected.

The sensitivity corresponding to selected permittivity values
within the investigated range was computed using (3), and the
results are reported in Fig. 7.

Fabrication and measurement

The sensor was constructed according to the specifications pro-
vided in the sensor design section, with the impedance of the
microstrip line standardized at 50 Ω. Figure 8(a) depicts the exper-
imental setup, illustrating the sensor’s connection to a network
analyzer. Furthermore, Fig. 8(b) displays the ground plane of the
manufactured sensor.

The dimensions of the MUT play a crucial role in ensuring
the accuracy of measurements. When the MUT sufficiently cov-
ers the area surrounding the resonators, the outcomes are relatively
consistent. However, for enhanced precision, it is recommended
to maintain uniform measurements. These measurements were
obtained through simulations involving various MUT sizes, which
were reflected in both the simulation outcomes and the prac-
tical measurements. In this particular measurement, the MUT
dimensions were set at 60 × 20 × 3 mm. Consistent environmen-
tal conditions are essential to ensure accurate results and prevent
interference with the field distribution around the test probe dur-
ing measurements [3]. Figure 9 illustrates the output from the
network analyzer, highlighting the alignment between simula-
tion and measurement results. The frequencies obtained from the
measurements were incorporated into the formula derived from
simulations, and the results are outlined in Table 3.

The imaginary part of permittivity can also be derived from the
loss tangent. To calculate the loss tangent, the quality factor must
first be determined, as given by:

1
QL

+ 1
Q0

= tan 𝛿 (4)

Where Q0 and QL signify the quality factors of the sensor without
and with the sample. ε′′ is calculated using the following equation:

Figure 8. (a) Fabricated sensor connected to network analyzer. (b) Fabricated sensor top view.
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Figure 9. Measurement results of the fabricated sensor with different MUTs.

Table 3. Measured relative permittivity values

MUT εr, R εr, M1 ErrorM1(%) εr, M2 ErrorM2

Teflon 2.10 [23, 24] 2.073 0.01 2.221 0.05

Plexi 2.60 [23, 24] 2.524 0.03 2.577 0.01

Epoxy 3 [25, 26] 3.288 0.09 3.397 0.13

Glass 6.07 [3] 5.819 0.04 6.525 0.07

*εr, R is reference value of dielectric constant; εr, M1 and εr, M2 represent measured permit-
tivity of smaller and larger resonator; ErrorM1 and ErrorM2 represent error of measurements

Table 4. Measured loss tangent and imaginary part of permittivity values*

MUT tan δ, M1 ε′′, M1 tan δ, M2 ε′′, M2

Teflon 0.00033 0.000684 0.00039 0.000866

Plexi 0.0088 0.0222 0.0096 0.0247

Epoxy 0.00787 0.0258 0.01152 0.0267

Glass 0.00560 0.0325 0.00546 0.0356

The ε′ can be used for materials with similar permittivity constants. For similar permittivity
constants, ε′ can be used for more accurate material identification.

𝜀″ = 𝜀r ⋅ tan 𝛿 (5)

Where εr is derived from the measured data of the sensor. The ε′′

values for both resonators are shown in Table 4.

Conclusion

An effectivemicrowave sensor was developed, modeled, produced,
and evaluated for material analysis purposes. Following an exam-
ination of various sensor configurations, a dual-band octagonal
CSRR was devised. The experimental findings closely matched
the results obtained through simulation. The sensor demonstrated
high sensitivity and a notable notch depth of −38 dB for the smaller
resonator and −25 dB for the larger resonator, which is considered
impressive considering the utilization of an FR4 substrate. A poly-
nomial function was derived to describe the correlation between
the sensor’s permittivity and frequency. The results demonstrate
that the proposed CSRR sensor provides a consistent and measur-
able frequency shift for different dielectricmaterials.The frequency
shift exhibits a monotonic dependence on the permittivity, con-
firming that the sensor can distinguish materials with different
dielectric constants.
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