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ABSTRACT: This paper proposes a single-port microwave sensor for solid material characterization, based on defected ground structures
(DGSs) with complementary split-ring resonators (CSRRs). Fabricated on an RO5880 substrate, the sensor was analyzed through both
simulation and experimental measurement. Electromagnetic simulation and optimization were conducted using CST Studio Suite within
the 1.5–3.0GHz frequency range. The sensor’s performancewas evaluatedwith threematerials of known permittivity: RO5880, RO4350,
and FR-4. Results show that the two proposed configurations, one with a DGS CSRR (Design A) and the other with an added slot on the
DGS CSRR (Design B) yielding Q-factors of 332 and 357, respectively. The higher Q-factor in Design B indicates increased sensitivity
across all tested materials compared to Design A. For example, Design B achieved the highest sensitivity of 4.71% for RO5880 material
compared to Design A. Thus, the added slot enhanced field coupling, improving measurement sensitivity and confirming the sensor’s
suitability for microwave-based solid material characterization.

1. INTRODUCTION

Recent advancements in planar microwave sensor technol-
ogy have broadened their application in material character-

ization. These sensors are now used in areas such as food qual-
ity monitoring, pharmaceutical analysis, and non-destructive
testing [1]. They enable accurate extraction of electromagnetic
properties like permittivity and permeability. Such properties
are crucial for developing high-frequency circuits and conduct-
ing material research [2, 3]. Conventional methods like waveg-
uides offer high precision but are often bulky, costly, and re-
quire large sample volumes [4, 5]. To address these limitations,
planar resonator-based sensors have emerged as promising al-
ternatives due to their compactness, low cost, and ease of inte-
gration. However, their limited Q-factor and sensitivity restrict
their applicability in demanding measurement scenarios [6].
Defected ground structure (DGS) has been widely applied

in both active and passive microwave devices, including fil-
ters [7–9], antennas [10–12], switches [13, 14], and ampli-
fiers [15] to improve parameters such as spurious or harmon-
ics suppression, isolation, mutual coupling, improve impedance
matching, and size reduction. In recent years, the integration of
DGS into planar microwave sensors has attracted growing in-
terest in the field of microwave sensor design [16–20]. The
use of DGS in microwave sensor enhances electric field con-
finement around the sensing region, increasing sensitivity to

* Corresponding author: Noor Azwan Shairi (noorazwan@utem.edu.my).

changes in the dielectric properties of nearby materials [21].
Variations in the permittivity of the material under test result
in measurable shifts in the resonator’s frequency response, en-
ablingDGS-basedmicrowave sensors to detect physical param-
eters such as solid and liquid contents [22].
On the other hand, split ring resonator (SRR) is a compact

resonant structure designed to confine electromagnetic fields
effectively [23–25]. This confinement makes SRRs suitable
for high-sensitivity dielectric sensing. Comprising concentric
metallic rings with splits, SRRs resonate when being exposed
to electromagnetic waves, and any variation in the surround-
ing material’s permittivity causes measurable shifts in resonant
frequency [26–28]. Their performance can be tuned through
geometric parameters such as ring spacing and split position,
while enhancements like complementary SRRs (CSRRs) [29–
31] and spur lines [32] can improve field interaction and sensi-
tivity. SRRs have been widely applied in applications ranging
from biosensing and fluid detection to solid material character-
ization and analysis.
Recent work has combined structures like DGS with SRR

or CSRR to improve resonance behavior and field confine-
ment [20–22]. This integration aims to enhance material
characterization by increasing sensitivity to permittivity
changes [33–35]. However, these microwave sensors are
predominantly configured in a two-port design, rather than a
single-port structure. The potential advantages of single-port
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FIGURE 1. DGS CSRR (Design A). (a) top and (b) bottom.

(a) (b)

FIGURE 2. DGS CSRR with added slot (Design B). (a) top and (b) bot-
tom.

design are simplifying circuit design by reducing connections
and components, thus potentially enhancing efficiency and
reliabilities. Its compact nature enables seamless integration
into miniaturized and embedded applications, optimizing space
and power use in constrained environments.
Several recent studies have explored the use of DGS and

CSRR structures in microwave sensors. For instance, [36] pre-
sented a sensor with a double-ring CSRR andDGS for detecting
ammoniacal nitrogen in water, achieving a Q-factor of 120. The
use of DGS helped improve electric field concentration and sen-
sor response. In another study [37], a dual-band sensor based on
CSRRs etched into the ground plane showed strong field con-
finement and a high Q-factor of 267.5, useful for measuring di-
electric substrates. A third design [38] used a dumbbell-shaped
DGS with a microstrip line and series gap to measure humidity.
This sensor achieved a Q-factor of 138 and demonstrated im-
proved sensitivity by combining resonance and antiresonance
behavior. These examples show how different ground plane
modifications affect performance. However, most of these sen-
sors are two-port and focused on liquids or gases. In compar-
ison, the current work uses a single-port DGS-CSRR structure
designed for solidmaterials. This design helps reduce complex-
ity and shows higher Q-factors and good sensitivity, making it
suitable for compact and efficient solid material sensing.
Therefore, this paper proposes a single-port DGS CSRR sen-

sor, a simple microwave sensor optimized for high-Q opera-
tion and enhanced sensitivity in solid material characterization
within the permittivity (dielectric constant) ranging from 1 to
10. The study examines two single-port microwave sensor con-
figurations: one based on DGS CSRR (Design A) and the other
incorporating a DGSCSRRwith an added slot (Design B), both
operating in the 1.5–3GHz frequency range.

2. METHODOLOGY

2.1. Sensor Design and Equivalent Circuit
The proposed single-port microwave sensor is developed us-
ing planar microstrip technology integrated with a DGS and
CSRR for solid material characterization. The sensor designs
are based on a Rogers RT/duroid 5880 substrate with a dielec-

tric constant of 2.2 and a thickness of 0.787mm. It was de-
signed to operate within the 1.5–3.0GHz frequency range, with
a target resonance frequency of 2.4GHz, which lies within the
Industrial Scientific and Medical (ISM) band [39], making it
suitable for industrial and scientific applications. The sensor
dimensions are compact, measuring 40mm × 56mm, allow-
ing ease of fabrication and integration into measurement se-
tups. Two configurations of the sensor are studied. The first
incorporates a DGS with CSSR structure (Design A) beneath
the ground plane to enhance field confinement and produces
a high Q-factor. The second configuration builds upon it by
introducing an additional slot in the ground plane (Design B),
further strengthening the electromagnetic coupling and sharp-
ening the resonance characteristics. These design variations are
intended to evaluate the effect of ground plane modification on
the sensor’s Q-factor and sensitivity.
The physical layout and structural details of the proposed mi-

crowave sensor designs are shown in Figure 1 and Figure 2,
illustrating the top and bottom views of the sensor configura-
tions. These designs are based on microstrip technology (on
the top layer) with integrated DGS CSRR (on the bottom layer)
to enhance electromagnetic field interaction. The correspond-
ing design parameters, including dimensions of the resonator
and ground plane structures, are listed in Table 1. These di-
mensions were finalized in simulation and selected to ensure
compact size, effective resonance behavior, and sensitivity at
the targeted frequency range for material characterizations.

TABLE 1. Design dimensions.

Parameter Value Parameter Value
(LS) 56mm (W ) 11mm
(WS) 40mm (gDGS) 1.4mm
(h) 0.787mm (gRing) 5.4mm
(c) 17.5µm (LSlot) 18mm

(LM ) 40.45mm (WSlot) 0.5mm
(WM ) 2.44mm (g) 2.45mm
(L) 18mm (Iw) 1.3mm
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2.2. Equivalent Circuit
The equivalent circuit model of the proposed sensor design is
shown in Figure 3, representing the electrical behavior of the
microstrip transmission line integrated with a defected ground
structure in LC circuit representation. The model includes a se-
ries inductance LTLine

and a shunt capacitance CTLine
, which

reflect the characteristics of the transmission path and the sub-
strate. The DGS is modeled using a parallel combination of in-
ductance LDGS and capacitance CDGS , connected beneath the
signal line. A coupling capacitance CS is also included to rep-
resent the interaction between the signal line and ground plane.
Figure 4 compares the simulatedS-parameters of the equivalent
circuit with those of the electromagnetic (EM) simulation, with
the equivalent circuit simulation showing a poor Q-factor that
has been optimized in the EM simulation for Designs A and B.
The extracted component values used in the circuit model are
listed in Table 2. This configuration captures the sensor’s res-
onant response, highlighting how the DGS enhances field con-
centration and improves sensitivity [31, 33]. The model serves
as a useful reference for predicting shifts in resonance caused
by variations in the dielectric properties of the material under
test, supporting both simulation and experimental validation.

  
FIGURE 3. Equivalent circuit of the DGS CSRR sensor designs [31].
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FIGURE 4. Simulated equivalent circuit versus sensor designs.

2.3. Q-Factor and Sensitivity
Quality factor (Q-factor) is a key parameter in the evaluation
of resonant structures, as it directly affects the accuracy and
resolution of sensing applications, particularly when comparing
simulated and measured data. A higher Q-factor enhances the
sensor’s capability to detect subtle variations in the properties

TABLE 2. Equivalent circuit parameters.

Parameter Value
LTLine 9.24 nH
CS 0.43 nF

LDGS 4.2 nH
CDGS 0.61 nF

of the material under test. For the sensor described in this study,
the Q-factor is determined using the following relationship:

Qf =
2fo

BW−3dB
(1)

where fo is the resonant frequency of the unloaded sensor, and
BW−3 dB is the bandwidth measured at the −3 dB return loss
level.
Sensor sensitivity is also essential and is directly influenced

by the dielectric constant of the material under test. When the
material under test (MUT) is placed in the region of maximum
electric field strength, particularly in the enhanced field zones
created by the defected ground structure, the sensor experiences
a shift in resonant frequency [21]. This shift provides the basis
for evaluating how sensitively the sensor responds to changes in
permittivity. The sensitivity (S) is calculated as the relative fre-
quency shift, normalized to the dielectric constant of the MUT.
According to [21, 40], the sensitivity of the proposed sensor can
be expressed as:

S =
|fMUT − fo|

fo
×

(
1

εMUT − 1

)
× 100% (2)

Here, fMUT denotes the resonant frequency when the MUT is
present, and εMUT is the dielectric constant of the MUT. This
formulation helps quantify how sensitively the sensor responds
tomaterial changes, supporting its use in precise dielectric char-
acterization.

2.4. Fabrication and Measurement Procedures
The sensor prototypes were fabricated using UV lithography
and chemical etching. The design was exported as a 2D DXF
file, printed on matte film, and laminated onto a substrate. UV
exposure imprinted the layout, followed by washing and ferric
chloride etching to remove unwanted copper. Finally, the sub-
strates were cleaned, dried, and fitted with SMA connectors.
The sensor measurement setup is shown in Figure 5. This

setup uses a Vector Network Analyzer (VNA) to measure di-
electric properties by analyzing the return loss (S11) shifts with
different materials placed on the sensors. Meanwhile, Figure 6
displays the fabricated sensors’ top and ground plane layouts
(Designs A and B).
For performance evaluation, measurements were performed

using a calibrated VNA. The initial step involved capturing the
unloaded S11 response to determine the baseline resonant fre-
quency. Subsequently, material under test (MUT) was posi-
tioned in the area of maximum electric field strength as identi-
fied in the simulation process. The VNA recorded the resulting
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FIGURE 5. Measurements setup.

(a) (b)

FIGURE 6. Fabricated sensors. (a) Top view of and (b) bottom view.

frequency shifts, which were used to assess the sensor’s sensi-
tivity.

3. RESULTS AND DISCUSSION

3.1. Design Performance and Analysis
The electric field (E-field) distribution is first simulated to
identify the optimal sensing region of the proposed sensor. As
shown in Figure 7, the highest E-field intensity is found on the
DGS SRR structure for both designs, indicating the most re-
sponsive area for placing the MUT. This region was used in
both simulations and measurements to ensure accurate detec-
tion of dielectric changes. The difference in field magnitude
between the two designs is due to the slot in Design B, which
spreads the field over a wider area. Design A, without the slot,
has a higher field concentration at a single point, resulting in
a peak value of 1.63 × 105 V/m. In contrast, Design B has a
lower peak of 1.28× 105 V/m because the slot redistributes the
field. Although the peak is lower, this spreading improves the
interaction with the MUT and contributes to better sensing per-
formance.

(a) (b)
Design A Design B 

FIGURE 7. E-field distribution of the proposed sensors. (a) Design A
and (b) Design B.

The resonance responses of Designs A and B are illustrated
in Figure 8 and Figure 9, respectively. The DGS CSRR sen-
sor without a slot (Design A) demonstrated a simulated res-
onant frequency of 2.406GHz and a measured frequency of
2.476GHz, corresponding to a frequency shift of 70MHz. It
achieved a return loss of−17.36 dB in simulation and−7.09 dB
in measurement, resulting in a return loss drop rate of 59 per-
cent. The Q-factor was calculated to be 332, indicating stable
resonance and effective coupling performance.
In contrast, the DGS CSRR sensor with a slot (Design B)

showed enhanced Q-factor performance. The simulated and
measured resonant frequencies were 2.408 and 2.487GHz, re-

FIGURE 8. Simulation verses measurement of Design A.

FIGURE 9. Simulation versus measurement of Design B.

spectively, with a slightly larger frequency shift of 79MHz. Re-
turn loss values were−17.54 dB in simulation and−6.65 dB in
measurement, with a return loss drop rate of 62 percent. This
design achieved a higher Q-factor of 357, reflecting improved
resonance sharpness and expected for better sensitivity.
Summary performance metrics, including resonant fre-

quency, return loss, frequency shift, and Q-factor, are provided
in Table 3 for direct comparison. The results confirm that
introducing a slot into the DGS CSRR improved the sensor’s
Q-factor. The slot contributes to stronger electromagnetic
coupling and better impedance control, leading to higher
Q-factor.
The differences observed between the simulated and mea-

sured return loss values can be attributed to several practical
factors. They include copper surface roughness, imperfect sol-
dering of the SMA connectors, and minor dimensional devi-
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TABLE 3. Comparison of the proposed sensors (simulation and measurement).

Parameter DGS CSRR
(Design A)

DGS CSRR with Slot
(Design B)

Resonant Frequency
(simulation)

2.406GHz 2.408GHz

Resonant Frequency
(measurement)

2.476GHz 2.487GHz

Return Loss
(simulation)

−17.36 dB −17.54 dB

Return Loss
(measurement)

−7.09 dB −6.65 dB

Q-factor
(simulation)

332 357

ations during fabrication. For example, dimensional devia-
tions of ±0.1mm in the resonator gap or trace width, which
are common during chemical etching, can influence the reso-
nance characteristics. Additionally, the dielectric constant of
the RO5880 substrate has a specified tolerance of 2.20± 0.02,
and such variation can cause measurable shifts in resonant fre-
quency and contribute to return loss discrepancies between sim-
ulation and measurement. Although the simulated return losses
are higher than the measured ones, the resonance frequencies
remain closely aligned. The slight deviation between the sim-
ulated and measured results can be attributed to fabrication tol-
erances, material imperfections, and measurement setup incon-
sistencies. Despite these variations, the sensor demonstrates
strong resonance characteristics and adequate sensitivity, con-
firming the reliability of the design and its suitability for dielec-
tric characterization applications.
Then, based on the simulated design performance, the well-

known polynomial fitting curve is plotted to show the relation-
ship between permittivity and resonance frequency. A second-
order polynomial equation is derived based on the tested reso-
nance point used because it provides a simple and accurate way
to represent this relationship by [21, 41, 42]. This method is im-
plemented to measure the dielectric constant of materials based
on their resonance frequency. The equation is expressed as:

εr = af2
o + bfo + c (3)

where f0 represents the shifted resonant frequency, while a, b,
and c are coefficients.
Figures 10(a) and (b) show the simulated polynomial fitting

curve for resonant frequency versus permittivity for Design A
andDesign B, respectively. A significant frequency shift can be
observed in the resonance point for different permittivity values
of any material between 1 to 10. This affirms that the capability
of high sensitivity on the proposed DGSCSRR sensors for solid
material characterizations.
The regression equations extracted from the plots can be ex-

pressed for Design A and Design B, respectively, as follows:

εr = 18.813f2
o − 101.32fo + 135.71 (4)

εr = 20.535f2
o − 105.35fo + 135.49 (5)

3.2. Analysis of the Proposed DGS-CSRR Sensors with Solid
Materials

Design A was tested with multiple materials under test (MUT),
including air, RTDuroid 5880, RO4350, and FR-4, correspond-
ing to dielectric constants of 1.0, 2.2, 3.48, and 4.4, respec-
tively. The sensor’s response, shown in Figure 11 for simula-
tion and Figure 12 for measurement, demonstrates clear shifts
in resonant frequency and return loss as the permittivity (dielec-
tric constant) of the MUT increases. The results would confirm
the sensor’s sensitivity to dielectric variations.
In the simulated results, the resonant frequency decreased

from 2.409GHz for air to 2.124GHz for FR-4, while return
loss ranged from −18.2 dB to −20.26 dB. The Q-factor im-
proved from 311 to 365, indicating sharper resonance at higher
permittivity levels. Measured data showed similar trends, with
frequencies shifting from 2.476 to 2.32GHz across the same
materials. Return loss values ranged between −7.11 dB and
−4.3 dB, with Q-factors increasing from 275 to 329. These dif-
ferences between simulated and measured results are likely due
to fabrication tolerances and environmental conditions during
measurement. A summary of all parameters is provided in Ta-
ble 4.
Meanwhile, Design B was evaluated using the same MUTs.

As shown in Figure 13 (simulation) and Figure 14 (measure-
ment), the sensor demonstrated consistent shifts in resonant fre-
quency and return loss in response to changes in material per-
mittivity, confirming its effectiveness in dielectric characteri-
zation. Table 5 shows the comparison between simulation and
measurement with MUT for Design B.

3.3. Sensor's Sensitivity Analysis

The sensor’s sensitivity to variations in dielectric constant was
evaluated using RO5880, RO4350, and FR-4. As shown
in Table 6, higher permittivity values produced larger reso-
nant frequency shifts, confirming the sensor’s effectiveness in
solid material characterization. Design B consistently showed
greater sensitivity than Design A. For example, sensitivity for
RO5880 increased from 2.13 to 4.71with the addition of the slot
(Design B). Similar sensitivity improvements were observed
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(a)
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FIGURE 10. Simulated polynomial fitting curve for resonant frequency versus permittivity for (a) Design A and (b) Design B.
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FIGURE 11. Simulation of the S11 of Design A with MUT.

for RO4350 and FR-4. This enhancement is attributed to im-
proved field concentration and stronger interaction between the
DGS CSRR sensor and the material under test (MUT), making

the slotted configuration (Design B) more suitable for applica-
tions requiring high detection accuracy.
The results show that the proposed DGS CSRR sensors are

responsive to changes in the dielectric properties of solid mate-
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Frequency GHz
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FIGURE 12. Measurement of the S11 of Design A with MUT.

TABLE 4. Comparison of simulation and measurement with MUT for Design A.

Parameter
MUT Air RO5880 RO4350 FR4

Resonant Frequency
(simulation) 2.409GHz 2.345GHz 2.295GHz 2.124GHz

Resonant Frequency
(measurement) 2.476GHz 2.419GHz 2.403GHz 2.32GHz

Return Loss (S11)
(simulation) −18.2 dB −17.51 dB −16.35 dB −14.11 dB

Return Loss (S11)
(measurement) −7.11 dB −5.34 dB −5.33 dB −4.3 dB

Q-factor
(simulation) 311 322 334 365

Q-factor
(measurement) 275 285 283 329

TABLE 5. Comparison of simulation and measurement with MUT for Design B.

Parameter
MUT Air RO5880 RO4350 FR4

Resonant Frequency
(simulation) 2.342GHz 2.273GHz 2.231GHz 2.081GHz

Resonant Frequency
(measurement) 2.487GHz 2.431GHz 2.416GHz 2.309GHz

Return Loss (S11)
(simulation) −19.79 dB −17.78 dB −16.61 dB −15.36 dB

Return Loss
(S11)

(measurement)
−6.65 dB −5.69 dB −5.19 dB −4.6 dB

Q-factor
(simulation) 324 335 342 370

Q-factor
(measurement) 293 286 302 289
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Frequency GHz
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FIGURE 13. Simulation of the S11 of Design B with MUT.

Frequency GHz
2.0 2.2 2.4 2.6 2.8 3.0

Bd 1,1S

-6

-4

-2

0

AIR
RO5880
RO4350
FR-4

FIGURE 14. Measurement of the S11 of Design B with MUT.

TABLE 6. Sensitivity comparison between Design A and Design B.

MUT RO5880 RO4350 FR-4
εMUT 2.2 3.48 4.4

fo (GHz)
Design A 2.406
Design B 2.408

fMUT (GHz)
Design A 2.345 2.295 2.124
Design B 2.272 2.231 2.081

Sensitivity Design A 2.11% 1.86% 3.45%
Design B 4.71% 2.96% 3.99%

rials. Both the Design A and Design B configurations produced
consistent resonant frequency shifts, with measurable differ-
ences in sensitivity and Q-factor. Design B achieved a higher
Q-factor of 357 and greater sensitivity across all tested mate-
rials. Simulated and measured trends were generally aligned.
However, measured return loss values were lower than simu-
lated results, which is attributed to fabrication-related factors

such as surface roughness, etching variations, and imperfect
SMA connector soldering. In addition, inconsistencies in po-
sitioning the material under test may have reduced coupling
efficiency. Despite these limitations, the resonance remained
clearly observable, and Q-factor values remained stable, indi-
cating that the sensors perform reliably under practical testing
conditions.

3.4. Comparison
Table 7 compares DGS SRR or DGS CSRR configurations
based on frequency, Q-factor, and port type (DSRR = dou-
ble split ring resonator, CDSRR = complementary double split
ring resonator, DCSRR = double complementary split ring res-
onator). Prior research used 2-port designs, but our work in-
troduces a 1-port approach, reducing size and simplifying con-
nections. Both designs operate around 2.4GHz, with Design B
achieving a higher Q-factor (357) due to an added slot. While
the highest Q-factor (520) appears in a 2-port DGS SRR at
2.5GHz, the 1-port system offers simplicity and compactness.
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TABLE 7. Comparison with other research works.

References
Items

Structure fo (GHz) Q-Factor Port

[22] DGS DSRR 2.3 398 2-Port
[33] DGS Triple Ring SRR 2.5 520 2-Port
[34] DGS DSRR 1.72 97.6 2-Port
[35] DGS CDSRR 3.46 127 2-Port
[36] DCSRR 1.150 120 2-Port
[43] DCSRR 2.4 120 2-Port
[44] DCSRR 3.56 345 2-Port

This work
(Design A)

DGS CSRR 2.406 332 1-Port

This work
(Design B)

DGS CSRR with
added slot

2.408 357 1-Port

This study demonstrates that a 1-port DGS CSRR design en-
hances performance while optimizing integration in simplified
systems.

4. CONCLUSION
Two single-port microwave sensors were designed and fabri-
cated based on DGS CSRR (Design A) and DGS CSRRwith an
added slot (Design B) for the characterization of solid materi-
als. The proposed sensors were tested using RO5880, RO4350,
and FR-4 as the materials under test. Results from both sim-
ulation and measurement showed that the sensor with a slot
on the DGS CSRR (Design B) exhibited a higher Q-factor of
357 and greater sensitivity than Design A. A clear relationship
was observed between the permittivity (dielectric constant) of
the tested materials and the corresponding shift in resonant fre-
quency.
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