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in simulation model. This could be helpful in designing to see how the
gap distance affects the resonant frequency shift of the antenna, return
loss, and sensitivity. The 2.0 mm gap configuration in this study has
the highest sensitivity of -0.0072 GHz/¢ with the linear measurement
rate of 0.9979, which is more sensitive to the changes of dielectric.
Therefore, these results verify the capability of the microstrip patch
antenna sensor for precise and dependable permittivity detection in
agriculture applications.

1. Introduction

The microstrip patch antenna (MPA) sensor has emerged as a promising choice for advanced sensing systems
because of its small size, low cost, and its high sensitivity concerning dielectric changes [1]. These advantages
include compact size, low fabrication cost, ease of integration with wireless systems, high sensitivity, and the
ability to operate at microwave frequencies, making them suitable for various industrial and scientific application
[2]. Researchers have explored different microstrip antenna configurations for sensing applications, such as
resonant frequency-based sensors [3, 4] , slot-loaded antennas [5, 6] and metamaterial-inspired designs [7, 8],
which have demonstrated excellent performance in detecting variations in dielectric properties of materials.
Dielectric property measurement plays a crucial role in many fields, including material characterization,
biomedical applications, agriculture, and industrial quality control [1, 9, 10]. In particular, the permittivity
detection of natural rubber (NR) is essential for quality assessment in the rubber industry, as variations in
dielectric properties can indicate changes in composition, moisture content, or contamination levels [11]. Several
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dielectric measurement techniques, including resonant cavity perturbation, waveguide-based sensors, and open-
ended coaxial probes, have been explored [12]. However, these methods often involve complex fabrication
processes, expensive measurement equipment, and limited adaptability to industrial settings [13].

Additionally, other research has explored the use of microstrip patch antennas integrated with Defected
Ground Structures (DGS) for sensing applications in rubber-based materials. For example, a study in [14]
investigated a triple-frequency rectangular patch antenna designed for moisture content detection in Hevea latex
rubber. The antenna operated at 2.8 GHz, 7.8 GHz, and 8.8 GHz and showed excellent return loss characteristics,
demonstrating sensitivity to changes in moisture through shifts in dielectric properties. The integration of DGS
helped minimize spurious feed radiation and enabled better coupling between the sensor and the material under
test (MUT). These findings reinforce the versatility of microstrip patch antenna configurations in rubber
characterization applications, and support the approach adopted in this paper to explore dielectric sensing of
natural rubber using electromagnetic field interactions. Prior research has also emphasized the use of microwave-
based sensing techniques to detect moisture content in rubber latex. In [15] demonstrated an optimized
microstrip sensor design for measuring moisture in natural rubber latex, achieving accurate results using
microwave characterization methods. Similarly, a study conducted in [16] conducted a comparative analysis of
different methods for detecting resonant frequency shifts in microstrip patch antennas loaded with Hevea latex,
further validating the suitability of this technique for dielectric sensing in rubber materials. Recent developments
have further improved sensing accuracy and sensitivity in latex-based applications. The approach in [17]
proposed calibration equations based on complex permittivity measurements of Hevea latex at 5 GHz, yielding
minimal mean error for dry rubber content estimation. Moreover, a modified SMA-connector sensor presented in
[18] enabled accurate measurement of real and imaginary dielectric constants in natural latex across a 0.5-4 GHz
frequency range, highlighting strong correlation with moisture content.

Building upon these prior advancements, this study presents a simplified rectangular microstrip patch
antenna sensor specifically designed to detect changes in the permittivity of natural rubber (NR). Sensing is based
on the interaction between the NR, or material under test, and the radiated waves of the antenna. The resonant
frequency, return loss, and impedance matching of the antenna are affected by changes in the dielectric constant
of the material under test (MUT). In this paper the permittivity change sensor of the NR as the microstrip antenna
was simulated and modeled by CST Microwave Studio, which is an electromagnetic simulator commonly adopted
in the industry and based on the finite integration technique [19].

In this study, we analyze the impact of changing the gap between the patch and ground plane of a rectangular
microstrip antenna to 1.0 mm, 1.5 mm, and 2.0 mm to assess the wave propagation behaviour of the antenna,
resonant frequency shift, and return loss of the antenna. These values of gaps were chosen to match the real
spacing of the sensor along the conveyor, between 1 mm and 3 mm. These were chosen to analyze the effect of
spacing variation on impedance matching of the antenna, wave propagation, and frequency shift of the resonant
frequency. Gap is a very important parameter that will determine the intensity of interaction between radiated
waves and NR, and hence the accuracy and efficiency of the sensor. In this simulation the dielectric properties of
the NR samples were determined as between 2.7 and 4.8, which have been measured experimentally using a
vector network analyzer and a N1500A dielectric probe. The suggested microstrip patch antenna sensor is an
inexpensive, easy, and dependable method for permittivity sensing in NR applications with high industrial and
material characterization insights.

2. Modelling and Method

This section outlines the experimental setup for dielectric property measurement of natural rubber (NR) and the
CST-based simulation workflow used to optimize a rectangular microstrip patch antenna sensor for enhanced
sensitivity and accuracy. To achieve this, dielectric measurements of NR were conducted using the setup
illustrated in Fig. 1, and the extracted data were subsequently employed in CST Microwave Studio to validate and
refine the antenna design for reliable permittivity detection. The NR sample was placed on a laboratory jack and
secured with a sample holder to ensure stable positioning and consistent contact with the N1501A dielectric probe
kit, which was connected to a vector network analyzer (VNA) via a coaxial cable for precise acquisition of reflection
coefficient data. The VNA was interfaced with a Windows-based PC through a GPIB cable to enable automated
data transfer and storage. During measurement, dielectric properties were extracted from the recorded S-
parameter data, while fine vertical adjustments of the sample height were made using the laboratory jack to
maintain proper probe-sample contact and minimize measurement errors. All measurements were displayed in
real time on the VNA and simultaneously recorded on the PC for subsequent analysis and interpretation.
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Fig. 1 Experimental setup for measuring the dielectric of NR

Then, the sensor was designed and simulated using CST Microwave Studio, with mechanism of sensing based
on the interaction with the radiated electromagnetic fields and the Material Under Test (MUT). This interaction
changes the effective system's permittivity, which causes changes in the resonant frequency and return loss, S11
of the antenna. The microstrip patch antenna structure consists of a rectangular patch, feedline, ground plane, and
on a dielectric substrate, each optimized for maximum sensitivity to permittivity changes in NR materials.
Simulations were carried out using CST Microwave Studio's Frequency Domain Solver for examining the
scattering parameters (S-parameters) and electromagnetic field distribution. NR were deposited above the
sensor, the fringing fields extending from the patch interacted with the MUT, altering the antenna's effective
permittivity and resonant properties. This was in measurable resonant frequency and return loss, S11 that were
tested to analyze the sensitivity and detecting capability of the sensor. The effect of different gap configurations
on the antenna performance were analyzed, with emphasis on important parameters like resonant frequency
shift, return loss, S11 and sensitivity.

For comprehension of the sensing mechanism of the rectangular microstrip patch antenna sensor,
comprehension of how fringing fields contribute to the coupling between the antenna and the material under test
(MUT) is required. In microstrip patch antennas, fringing fields are electromagnetic fields that extend beyond the
patch boundary, hence into the ambient medium. These applications are highly sensitive to changes in the material
dielectric properties placed close to the antenna and are therefore well adapted to application in permittivity
sensing. The structure employed in this study, as illustrated in Fig. 2, was chosen because of its ease of design and
the fact that it is one of the simplest models to employ when one is designing a rectangular microstrip patch

antenna [20].
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Fig. 2 Microstrip patch antenna model with MUT (a) Dimension; (b) 3D-view

Furthermore, the dielectric substrate used in this structure is FR4 with a height of 1.6 mm and a dielectric
constant of ¢, =4.3. Thus, the proposed antenna design is guided by these equations (1)-(5) [21]. In the calculation
step, the width of the patch should be determined from the following relationship [22][23]:

L2 3xar 2 e, "
PTof e +1 2 x5 x10° |43+1  oFmm

where W, represents the patch width, €, = denotes the substrate's relative permittivity, f,.= desired resonant
frequency, c is referring to the speed of light.

Step 1: Size of width, Wp

To determine the length of the patch, the effective dielectric constant, &, of substrate must be calculated. It is
defined by the step 2 [24][25].

Step 2: Estimate of effective dielectric constant, &..¢¢

_£T+1+£T—11+12h_ _4.3+1+4.3—11+121.6 _%—38 )

N =

where ¢, is the relative permittivity of the substrate, h is the substrate thickness, and W, is the width of the
patch. As the dielectric properties of the MUT change, the effective dielectric constant &, is modified, leading

to measurable shifts in the antenna’s response.

Upon calculating effective dielectric constant, &5, the effective length, L,/ of patch should be determine by
step 3 [26].

Step 3: Estimate of Effective length, L, ¢

Lo C __ 3xa0
I 2 [ererr 2 X5 X 10938

= 15.38 mm (3)

The extension of length AL of the microstrip antenna due to the fringing field’s effect can be determined in step 4
[27]]28].
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Step 4: Estimate of the extent in length, AL

repy + 0302 + 0.264) 38+03(222 4 0.264)
AL = 0.412h W =0.412(1.6) - 184 =0.73mm (4)
Erery — 0.258(F + 0.8) 3.8—0.258 (¢ +08)

After considering fringing field’s effect, the final effective length of the patch antenna can be calculated in step 5.

Step 5: Estimate of actual length of patch, L,

Lp = Loss — 2AL= 15.38—(2)(0.73)= 13.92 mm (5)

The geometric dimension of the antenna is calculated using MATLAB and simulations made for this
antenna have been performed using CST Microwave Studio. After initial simulation, the software parameter
sweep was used to optimize the microstrip patch antenna (MPA) design. In this project, once the size of the
radiating element is determined, the size of the substrate is assumed to be greater than the radiating element
and was further adjusted by tuning its dimensions. Besides, to achieve better impedance matching between the
feed line and the radiating patch, the inset feed gap method is adopted, thereby increasing the return loss at
the resonant frequency [29]. The width of the feed line for this antenna was fixed at 3.05 mm to implement 50
Ohm characteristic impedance of the SMA connector. As a result, the basic antenna's dimensions have been
tuned till the working frequency is resonant at 5 GHz. The antenna dimensions, provided in Table 1, define the
structural parameters essential for performance optimization.

Table 1 Sensor parameter settings in CST microwave studio

Parameter Value

Patch Length, Lp 13.89mm

Patch Width, Wp 18.5mm

Gap Length, G 4.19mm

Gap Width, G 1mm, 1.5mm and 2mm
Feed Width, Wr 3.05mm

Feed Length, Lr 12.25mm
Substrate Length, Ls 30mm
Substrate Width, Ws 30mm

The beam and sensing capabilities of the microstrip antenna are influenced by its radiation efficiency and
gain, where a reduction in efficiency affects directivity and overall gain, impacting signal reflection and
transmission. Due to the nature of the rubber material, achieving stable permittivity is crucial for maintaining
antenna performance at 5 GHz. Therefore, the antenna has been designed to resonate at 5 GHz, aligning with the
Wi-Fi frequency band to ensure compatibility with widely available wireless communication systems while
maintaining high efficiency. Several simulations have been carried out to select the best antenna sensor.
Ultimately, it was found that the chosen antenna meets all the predefined parameters. During the preliminary
study, material variations were tested using a dielectric probe, revealing significant changes in the rubber
composition, which align with expected variations in purity and natural quality assessment. These material
properties directly influence the antenna’s radiation characteristics, highlighting the importance of precise
material selection for optimal antenna efficiency.

Besides, the sensor’s sensitivity is influenced by the gap between the patch and the feeder, which affects the
strength and distribution of the fringing fields [30]. By varying this gap at 1.0mm, 1.5mm, and 2.0mm, the extent
of field penetration into the MUT can be controlled, optimizing the sensor’s performance for permittivity
detection. This principle enables the rectangular microstrip patch antenna sensor to function as a non-destructive
dielectric characterization tool, where changes in the resonant frequency shiftand return loss, S11 provide insights
into the dielectric variations of NR materials. Changes in the dielectric properties of the MUT, such as variations
in relative permittivity (g.), directly influence the electromagnetic wave propagation in the microstrip patch
antenna sensor. When the MUT is placed above the antenna, the fringing fields extending beyond the patch interact
with it, altering the effective dielectric constant (&,.s¢) of the system. This results in measurable shifts in the
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resonant frequency and return loss, S11 of the antenna, which can be analyzed to characterize the dielectric
properties of the MUT.

3. Results and Discussion

The S-parameter magnitude response shown in Fig. 3 illustrates the resonance behavior of the sensor across a
frequency range of 3 to 7 GHz. Fig. 3 depicts the possible impact of Gap Width, G on return loss performance.
Specifically, the return loss values for G = 1.0 mm, 1.5 mm, and 2.0 mm are -34 dB, -21 dB, and -15 dB,
respectively. It is evident that as Gap Width, G increases from 1mm to 2Zmm reduces the return loss to
approximately -15 dB. The initial dimensions of the antenna were determined based on the calculations presented
in [31]. Subsequently, parametric studies and optimization were performed using CST Microwave Studio to
enhance the design. The final design was selected when the simulated S11 (reflection coefficient) fell below -10 dB
at 5 GHz, indicating that less than 10% of the incident power was reflected, while more than 90% was successfully
transmitted by the antenna. The graph displays three distinct curves, representing gap sizes of 1.0 mm, 1.5 mm,
and 2.0 mm.

0
-5 4 \
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E ——1.0mm
-
mH 20 + ——1.5mm
—2.0mm
-25 A
-30 -
-35 } } } } } } }
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Frequency/ GHz
Fig. 3 Magnitude of S11 for empty MUT

By defining the quality factor as Q = fr / Afsas , where fr is the resonance frequency and Afsqs is the 3-dB
bandwidth, the sensor demonstrates different Q-factors based on the gap variation. The 1.0 mm gap (red curve)
has the deepest and sharpest resonance, corresponding to a larger Q-factor (Q = 345), meaning a more selective
and less lossy resonance. As the gap is widened to 1.5 mm (blue curve) and 2.0 mm (green curve), the resonance
broadens and becomes shallower, with Q-factors of 102 and 50, respectively. The apparent widening shows a
greater level of energy dissipation in addition to reduced field confinement, thereby resulting in higher losses.
However, the observed pattern in resonance characteristics shows that adjustment of the gap size not only affects
the frequency response and general selectivity of the system but also the sensor's interaction with the surrounding
material. A widened resonance enables more effective coupling to external dielectric properties, hence enhancing
the sensitivity of the sensor to changes in permittivity and responsiveness to environmental changes.

Fig. 4 illustrates the three-dimensional (3D) radiation pattern of a microstrip patch antenna, indicating its
directivity and polarization properties. Red, green, and blue lines indicating the E-plane and H-plane radiation
patterns across various orientations confirm the antenna's functionality in more than a single angular direction.
Furthermore, the outer three-dimensional surface plot indicates radiation intensity distribution, hence presenting
interesting facts about the antenna's efficiency and gain. The radiation pattern indicates that the antenna has a
directional radiation characteristic, which consists of a main radiation lobe radiating away from the patch
configuration.
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Fig. 4 3D radiation pattern of the microstrip patch antenna

The S-parameter (S14) analysis under changing dielectric constants (g,) and sensor gaps (air gaps) is shown
in Fig. 5. The results show that the dielectric constant (g,) and sensor gap both greatly affect the S-parameter (S14)
response in terms of resonance frequency and return loss. Examination of S, plots for various conditions shows
that when the dielectric constant (g,) is raised from 2.7 to 4.8, there is a comparatively slight decrease in the
resonance frequency. The spacing between the sensor and the substrate also significantly affects resonance
behavior. More specifically, if the air gap is 1 mm, then return loss is greater, which is a sign of better resonance
and better coupling of energy. As the gap increases to 1.5 mm, the resonance depth is observed to decrease,
pointing towards a high level of impedance mismatch. When the spacing is further increased to 2 mm, the
resonance frequency undergoes a shift towards a higher level, along with a further decrease in return loss, which
implies lesser coupling between the substrate and the sensor.
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Fig. 6 shows the relationship between relative permittivity and normalized resonance frequency for sensor
gaps of 1.0 mm, 1.5 mm, and 2.0 mm. The frequency shift results from the antenna’s interaction with the Material
Under Test (MUT), where higher permittivity leads to lower resonance frequencies due to stronger
electromagnetic coupling. This inverse relationship occurs because materials with higher permittivity slow wave
propagation. Linear regression (R* above 0.997) confirms a strong correlation across all gaps, indicating reliable
permittivity characterization. However, slope differences highlight the impact of gap size on sensitivity: a 1.0 mm
gap shows a steeper slope, indicating higher sensitivity, while a 2.0 mm gap shows a gentler slope and smoother
frequency variation. This behaviour is due to changes in field penetration, where smaller gaps confine the field
closer to the MUT. Thus, gap size can be tuned to optimize sensor performance for specific applications.
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4. Conclusion

In this study, a compact microstrip patch antenna sensor is presented for permittivity characterization. The
sensor, designed at 5 GHz using CST Studio Suite, demonstrates performance that is strongly influenced by critical
parameters such as resonant frequency, effective permittivity, Q-factor, and return loss. These parameters directly
impact the sensor’s sensitivity to changes in the dielectric properties of the Material Under Test (MUT). The results
show that when an MUT is placed on the antenna with varying gaps of 1 mm, 1.5 mm, and 2 mm, the antenna
maintains a resonant frequency at 5 GHz, with return losses of approximately 15 dB, 22 dB, and 34 dB,
respectively. Additionally, as the relative permittivity (g,) of the MUT layer is varied from 2.7 to 4.8, a slight shift
in the resonance frequency is observed, indicating the antenna’s responsiveness to dielectric changes. Among the
tested configurations, a 2.0 mm gap between the patch and the MUT yielded the best sensing performance,
demonstrating high sensitivity to permittivity variations. Optimizing patch dimensions, substrate properties, and
gap spacing ensures accurate and reliable permittivity detection, making the sensor well-suited for dielectric
sensing applications.
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