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ABSTRACT: This work introduces an innovative fractal microstrip sensor, shaped like a Māra cross enclosed within a square, designed
and fabricated on a Rogers RT5880 substrate for high-precision detection and characterization of edible oils. The proposed resonant
shape enhances electric-field concentration and improves the interaction between the material under test and the electromagnetic field,
resulting in improved sensitivity and resonant response. The sensor operates at a frequency of approximately 4GHz within the S-band,
with an area of 50×50mm2, making it suitable for portable and low-cost applications. The results demonstrated clear frequency shifts for
various oil types, including coconut oil, olive oil, sunflower oil, and sesame oil. A mathematical model was also developed to extract the
complex electrical permittivity with a high coefficient of determination of 0.99, showing excellent agreement between the experimental
and theoretical results. The fractal sensor exhibits a remarkable normalized sensitivity of 0.86% and 3.56% per unit dielectric variation
and error of 0.03% and 0.13%, with frequency shifts of 163MHz and 103MHz for water and ethanol detection, respectively. Maximum
sensitivities reached 15.23% for olive oil and 11.32% for sunflower oil, surpassing many previously published studies.

1. INTRODUCTION

Resonator-based sensors are a modern technology that has
garnered significant attention in the field of liquid analysis

due to their high accuracy and exceptional sensitivity in detect-
ing physical and chemical changes. Their use is particularly
prominent in sensing vegetable oils, given the importance of
these oils in the food, pharmaceutical, and cosmetic industries,
and the increasing need to ensure their quality and detect adul-
teration or spoilage resulting from storage or heat exposure [1–
3]. Therefore, resonators have become an effective tool for de-
veloping rapid, nondestructive measurement systems that en-
able the efficient evaluation of vegetable oil properties [4–7].
The knowledge of electrical permittivity is important for de-

signing variousmicrowave and radio-frequency circuits and an-
tennas. It is equally important in various industries, such as
food quality control, biosensing, and detection of buried ob-
jects [2, 5, 8].
Electrical permittivity is an important parameter that pro-

vides useful information about the composition of materials
and the amount of moisture present in them. As the electrical
properties of materials change with various parameters, such
as the amount of moisture, the knowledge of electrical per-
mittivity is useful in various applications, such as quality con-
trol [6, 8, 11, 12].
In recent years, there has been increasing interest in using

resonators and antennas as nondestructive and precise sensors
for determining the electrical permittivity of liquids, particu-
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larly vegetable oils, due to their significant importance in the
food and pharmaceutical industries and quality control [4–6].
These techniques rely on the principle of interaction between

the electromagnetic field propagating around the resonator or
antenna and the sample being measured. A change in the di-
electric properties of the oil leads to a shift in the resonant fre-
quency or a change in the propagation coefficients and disper-
sion parameters, such as S11 and S21 [13–15].
Various types of resonators, such as split-ring resonators,

microstrip resonators, and planar antennas, have demonstrated
high efficiency in sensing minute changes in permittivity and
loss coefficient [5–7, 9].
The use of resonators and microwave antennas offers sev-

eral advantages, including simplicity, low cost, rapid measure-
ment, and compatibility with smart devices. These methods
also enable the development of mathematical models that link
the resonant frequency and complex electrical permittivity of
vegetable oils, contributing to oil differentiation, adulteration
detection, and accurate and reliable monitoring of changes in
their physical properties [8–10, 16, 17].
Different structures of microwave resonators have been sug-

gested in recent studies for enhancing the accuracy of measure-
ments in permittivity sensing. The symmetric bar chart-type
resonator had a sensitivity equal to 2.2% [18], while the contact-
less resonator sensor exhibited accurate measurement of dielec-
tric characteristics of aqueous solutions, showing a sensitivity
equal to 4% [19]. In addition, the planar U-shaped resonator
with coupled lines and split-ring resonators was introduced to
increase the electric field interaction with liquid samples, re-
sulting in an increase in sensitivity of approximately 45% [20].
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However, there are problems in the improvement of sensitiv-
ity, size reduction, and magnetic field focusing in previous res-
onators.
The proposed sensor is a planar microwave sensor based on

fractal microstrip technology and employs aMāra cross-shaped
resonant structure as its main sensing element. The sensor is
fabricated on a dielectric substrate with a conductive microstrip
pattern etched on the top surface and a continuous ground plane
on the bottom layer of the substrate. The cross geometry con-
sists of four plus signs (+) arranged around a central cross junc-
tion, ensuring geometric symmetry and a uniform electromag-
netic field distribution. The sensor was tailored for sensing edi-
ble oil, where different oil types induced noticeable shifts in the
resonant frequency. The experimental results confirmed that
the proposed sensor achieved enhanced sensitivity compared
to that reported in the literature.

2. DESIGN AND MANUFACTURING
The suggested sensor is a planar microwave sensor utilizing
fractal microstrip technique and uses a Māra cross resonator
structure as its primary sensing device, as shown in Fig. 1. The
proposed sensor was designed and fabricated on a dielectric
substrate using an RT/duroid 5880 laminate material. The di-
electric substrate has a thickness of 1.57mm, relative permit-
tivity of 2.20 ± 0.02, and loss tangent of 0.0009. The cop-
per thickness was 35µm, with a conductivity of 5.7×107 S/m.
The microstrip fractal pattern is etched on the top copper sur-
face, and a continuous ground plane is on the bottom layer. The
Māra cross geometry consists of four plus signs (+) arranged
around a central cross (+) junction and surrounded by a square
frame, which ensures geometric symmetry and uniform elec-
tromagnetic field distribution.

FIGURE 1. A 3D view of the microstrip sensor design structure based
on fractal technology.

Figure 2 illustrates the evolution of a rectangular microstrip
patch resonator toward a fractal-based geometry, presented in
five stages labelled (a)–(e). All configurations were imple-
mented on the same dielectric substrate and shared identical
50Ω coupling feed lines and ground-plane conditions to ensure
a fair electromagnetic comparison using the Computer Simula-
tion Technology (CST) Studio Suite simulation program. Fig. 3
shows the simulated results of insertion loss (S21 [dB]) vs. fre-
quency (Freq. [GHz]).

(a) (b)

(c) (d)

(e) (f)

#1 #2

#3 #4

Proposed Sensor

FIGURE 2. Parameter study for the five stages labelled (a) to (e) and (f)
optimal sensor’s dimensions.

FIGURE 3. Resonator performance in terms of S21 parameter for the
five cases.

Figure 2(a) shows a conventional rectangular microstrip
patch resonator, which serves as the reference design. This
structure, with dimensions 20×20mm2, supports a fundamen-
tal resonant mode determined primarily by the patch dimen-
sions and substrate properties. The resonator exhibited a sin-
gle dominant resonance at 4.63GHz with an insertion loss of
S21 = −21.5 dB at the operating frequency.
Figure 2(b) shows a central cross-shaped metallic patch sym-

metrically extended in both the horizontal and vertical direc-
tions. This configuration yields S21 = −38.33 dB at 5.8GHz.
Figure 2(c) depicts a decoupled cross-shaped design, consist-

ing of orthogonal horizontal and vertical microstrip lines with
a width of 2mm intersecting at the center, along with other lat-
eral stubs. This design facilitates bidirectional current flow and
helps achieve a symmetrical field distribution along both axes.
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The separated lines add more capacitive and inductive com-
ponents, allowing for better control of the resonant frequency
and impedance-matching properties. The design shows S21 of
−37.52 dB at 5.87GHz.
Figure 2(d) presents a higher-order fractal iteration, where

four smaller cross elements, similar to the + sign, are symmet-
rically attached to the corners of the central cross patch. This
modification increases the effective electrical length of the radi-
ator without significantly enlarging its physical footprint. The
introduced discontinuities increase the current path complex-
ity and electromagnetic coupling, leading to resonance shifting
and potential bandwidth enhancement. The corresponding in-
sertion loss for this configuration is S21 = −45.25 dB.
Figure 2(e) shows the final proposed sensor, in which an ad-

ditional square frame is introduced, surrounded by the previous
iteration. This self-similar geometry further extends the cur-
rent paths and increases the edge density, thereby strengthen-
ing field confinement and improving the impedance matching.
The fractal nature of the structure enables multiresonant be-
havior or an enhanced bandwidth, depending on the design pa-
rameters. The simulated transmission coefficient for this case
is S21 = −10.306 dB at Freq. = 4GHz. Finally, for more
details on the geometric dimensions, see Fig. 2(f). The final
optimized dimensions were obtained as follows: a = 7mm,
b = 20mm, c = 11mm, d = 2mm, e = 4mm, f = 6mm, and
g = 18mm. These improved values contributed to enhancing
the overall characteristics of the sensor at the target operating
frequency.
In conclusion, the transition from the traditional patch to the

higher-order fractal design demonstrates the effectiveness of
fractal engineering in a microstrip sensor for impedance match-
ing, compactness, and a stronger electric field. The compari-
son of S21 values among the five designs emphasizes the effect
of fractal iteration on the resonance characteristics of the res-
onator, thus supporting the use of fractal designs in wireless and
sensing technologies.
From an electromagnetic perspective, the cross-shaped mi-

crostrip structure operates as a resonator, where the effective
electrical length of the arms determines the resonant frequency.
At resonance, the strong electric field density (v/m) is con-
centrated around the edges, as shown in Fig. 4(a), making the
structure highly sensitive to perturbations in the surrounding
medium. When a material under test (MUT), such as edible
oil, is placed in proximity to or directly on the sensing region,
changes in its dielectric properties, particularly the permittiv-
ity and loss tangent, modify the effective capacitance and in-
ductance of the resonator. As a result, measurable shifts in the
resonance frequency and variations in the transmission coeffi-
cient magnitude (|S21|) were observed. Fig. 4(b) illustrates two
quartz tubes with an inner diameter of 1mm, placed in the re-
gion where the maximum electric fields were constructed. We
utilize two tubes for loading the MUT, and the two sides of the
resonator response are perturbed symmetrically.
The simulation was carried out by adjusting the transmis-

sion line position to have a 90◦ position to form an L-shaped
arrangement. The simulation outcomes showed the presence
of distortion in the S21 curve, wherein the highest transmis-

(a) (b)

FIGURE 4. Numerical prediction for surface electric field distribution
(v/m) around slots of the resonator at 4GHz (a) without tubes. (b) the
interaction of the maximum electric field with two quartz tubes.

sion peak was attained at −29.66 dB for a resonant frequency
of 3.92GHz, as shown in Fig. 5(a). In addition, Fig. 5(b)
shows the distribution of electric field density, which has been
significantly reduced in comparison to the proposed model
(see Fig. 4(a)). Reduced electric field confinement decreases
the MUT-electromagnetic field interaction, which limits sensor
sensitivity and measurement accuracy.
The proposed sensor was fabricated by using a chemical

etching technique after selecting the final dimensions and eval-
uating them numerically using the CST program, as shown in
Fig. 6(a). In real world sensing, the sensor is usually char-
acterized using a vector network analyzer (VNA-KC901V),
where the transmission response is measured within a certain
frequency range (see Fig. 6(b)).

3. SENSOR TESTED
To verify the correctness of the results of the fabrication process
and their matching with the results of the simulation process,
this section assesses the performance of the sensor in detecting
the liquids filled inside the quartz tubes. The electrical per-
mittivity (εr = ε′ + jε′′) was calculated, and the results were
compared with the theoretical values.
The simulated and measured results, shown in Figs. 7(a)

and 7(b), respectively, illustrate the insertion loss (S21) vs. fre-
quency response from 2 to 6GHz using empty tubes (air), and
when they were filled with common solvents (DI-water and
ethanol), all these results were measured at room temperature,
25◦C. The operation of the sensor is dependent upon the place-
ment of the samples in relation to the electric field interaction
area. Given that the operation of the proposed sensor is depen-
dent upon the perturbation of the electromagnetic field, differ-
ent placements of samples may interfere with the resonance fre-
quency and transmission responses. For consistency purposes
in making measurements, all experiments were carried out with
the sensors positioned in the same spot within a laboratory en-
vironment at room temperature of 25◦C. Moreover, the posi-
tion of the sensing area was selected using the maximum value
of the electric field intensity from simulations, as depicted in
Fig. 4(b).
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(a) (b)

FIGURE 5. (a) Numerical S21 parameter of the resonator after changing the position of the coupling transmission lines. (b) Surface electric field
distribution (v/m) @3.92GHz.

(a) (b)

FIGURE 6. (a) The fabricated sensor prototype and (b) calibration and experimental setup for the S21 parameter measurement protocol with the VNA.

(a) (b)

FIGURE 7. S21 profile for effect dielectric liquids. (a) Simulation results, (b) experimental results.

Table 1 shows the extracted data from Fig. 8. The data in-
clude the resonant frequency (Freq.) and insertion loss (S21),
which have been used to calculate the complex permittivity (εr)
by applying the Debye Model (theoretical model) [21, 22]. The
theoretical data of the Debye Model are also presented in Ta-
ble 2.
To assess the accuracy of the sensor, the measured results

were compared with the simulation ones, where a small dif-
ference between them indicated a low error. This error was

calculated as the difference between the simulated and mea-
sured resonant frequencies relative to the free-loader resonant
frequency [16, 23]. However, due to various reasons, there is a
minimal variation between them. Some of these reasons may
include tolerance in manufacture, mistakes in the relative per-
mittivity of quartz tubes, and problems in calibrating the vector
network analyzer employed in the experiment. Moreover, the
location of the tubes with respect to the region of interaction
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TABLE 1. Simulated and measured values of resonance characterize
when tubes loaded with MUT.

Resonant
Characterize

Air Water Ethanol

Simulated
Freq. (GHz) 3.925 3.7625 3.827
S21 (dB) −11.45 −12.59 −17.02

Measured
Freq. (GHz) 3.919 3.7615 3.822
S21 (dB) −11.06 −12.35 −16.74

Error % 0.15 0.03 0.13

with the electric field may affect the results. The error values
for the proposed sensor are presented in Table 1.
The measurement and simulation results were identical.

Moreover, the sensor exhibited remarkable sensitivities of
0.86% and 3.56% and an average error of 0.1%, with frequency
shifts of 163 and 103MHz for water and ethanol detection,
respectively.

4. RESULTS AND DISCUSSION
As shown in Fig. 8, four edible oil samples, including coconut
oil, olive oil, sunflower oil, and sesame oil, are used in this
study for sensing validation, characteristics, especially due to
a similar yellowish colouration, as well as similar odour pro-
files. Due to these similarities, reliable discrimination based on
human perception is difficult and subjective.

FIGURE 8. Coconut oil, olive oil, sunflower oil, and sesame oil samples
as MUT.

Thus, in the context of the present study, resonant microwave
sensor-based detection was used as an alternative objective
method. The resonant properties of microwave sensors allow
for the sensitive characterization of the dielectric properties of
vegetable oils, which can be differentiated based on their types,
but cannot be reliably differentiated based on human percep-
tion.
The Vector Network Analyzer (VNA) was tuned to plot the

sensor loss curve (S21) in the range of 3.6–4.1GHz when the
two quartz tubes were loaded with the edible oils, as shown in
Fig. 9. New tubes were used for each oil sample because no
air bubbles were present between the oil fluids. The position,

FIGURE 9. Measured S21 of the sensor when the tubes were loaded
with several edible oils.

shape, and intensity of these peaks were quite different for the
various oils in relation to the complex permittivity values.
For instance, sesame oil showed a prominent maximum peak

at approximately −18.32 dB at 3.838GHz. However, at a fre-
quency of 3.847GHz, olive oil exhibits a peak near−16.84 dB,
while sunflower oil and coconut oil demonstrate S21 peaks at
around−17.09 dB and−15.84 dB at frequencies of 3.843GHz
and 3.873GHz, respectively. Introducing small amounts of
dielectric materials near the electric peak regions distorts the
resonator response, allowing the composite permittivity (εr =
ε′ + jε′′) of the samples to be estimated from the resonant fre-
quency shift and the change in the quality factor. For lossless
samples, the dielectric constant (ε′) can be directly deduced
from the change in resonant frequency.
Because Debye model parameters for vegetable oils are un-

available in the scientific literature at microwave frequencies,
this study employs numerical simulation to construct a numer-
ical model capable of calculating the complex permittivity of
these oils based on the resonant frequency extracted from the
proposed sensor.
In the first stage, a virtual liquid material was defined in the

simulation program with a real dielectric permittivity ranging
from ε′ = 1 to ε′ = 80 and a loss coefficient (the imaginary
part of the permittivity) ranging from ε′′ = 0.01 to ε′′ = 15.
This is intended to cover the expected range of properties of var-
ious liquids, including vegetable oils. Subsequently, a series of
simulations was performed with varying complex permittivity
values, and the corresponding resonant frequency for each case
was extracted based on the position of the lower values of the
transition coefficient curve |S21|.
Figure 10 illustrates the relationship between the complex

permittivity (ε′ + jε′′) and the resonant frequency at the lab-
oratory temperature. In the next step, to construct an accu-
rate mathematical model, curve fitting was performed on the
data extracted from Fig. 10(a). A mathematical equation rep-
resenting the relationship between the real part of the permit-
tivity (ε′) and the resonant frequency was derived, as shown
in Equation (1), which exhibited a high determination factor of
R2 = 0.999, indicating the accuracy of the proposed model.
Based on the data shown in Fig. 10(b), a similarmathematical

model was constructed to extract the loss coefficient (the imag-
inary part of the permittivity— ε′′) as a function of the resonant
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(a) (b)

FIGURE 10. Numerical spectrum of permittivity (ε′ & ε′′) as a function of frequency with a fitting curve line at a temperature selection of 25◦C.

TABLE 2. Comparison of the theoretical and numerical models to compute the complex permittivity of the MUT.

MUT Freq. (GHz)
Theoretical model Numerical model Sensitivity (%)
ε′ ε′′ ε′ ε′′ f0(air) f0(water)

DI-water 3.762 75.6 13.7 75.64 14.28 0.86 0
Ethanol 3.822 12.4 4.82 12.35 4.18 3.56 0.37

Coconut oil 3.873 n/a n/a 3.72 0.31 7.49 0.6
Olive oil 3.847 n/a n/a 3.00 0.07 15.2 0.44

Sunflower oil 3.843 n/a n/a 3.84 0.30 11.3 0.42
Sesame oil 3.838 n/a n/a 5.24 0.64 8.05 0.41

frequency. This relationship is represented by Equation (2).
This model also achieved high accuracy, with a determination
factor ofR2 = 0.997, confirming the model’s reliability in esti-
mating the complex electrical properties of vegetable oils based
on resonant measurements. The polynomial regression analy-
sis revealed a high degree of agreement between frequency and
complex permittivity, with a coefficient of determination (R2)
ranging between 0.997 and 0.999.

ε′ = 117080.64−60689.9× Freq.+7864.93× (Freq.)2 (1)
ε′′ = 20244.36−10474.37× Freq.+1354.82× (Freq.)2 (2)

The resonant characteristics of the sensor recorded in Table 2
were extracted from these results, which were used to calculate
the complex permittivity (εr) using the Debye Model (theoreti-
cal model), and the numerical model is presented in Table 2 for
comparison.
To validate the proposed mathematical model, the same

methodology was applied to reference liquids with known elec-
trical properties, namely water and methanol, for which De-
bye model parameters are available in the literature. The com-
plex permittivity values extracted using the proposed numerical
model were compared with those calculated using the Debye
model at the same resonant frequency.
The results showed a high degree of convergence between

the values extracted from the proposed mathematical model
and those calculated using the Debye model for both water and
methanol, with only minor differences within the practically

acceptable limits. This agreement confirms the ability of the
proposed model to accurately represent the electromagnetic be-
havior of liquids, thus enhancing its reliability in estimating the
complex permittivity of vegetable oils, for which reliable De-
bye parameters are not available.
Therefore, the proposed mathematical model can be adopted

as an effective tool for calculating the complex permittivity of
liquids based on the resonant frequency, without requiring prior
knowledge of the Debye model parameters. This makes it suit-
able for practical applications in non-contact microwave sens-
ing systems.
The sensor exhibited maximum sensitivities of 15.23% and

11.32% for olive oil and sunflower oil, respectively, with re-
spect to the empty tube (air) results as reference sample, as
listed in Table 2. Equation (3) was used to calculate the rel-
ative sensitivity of the proposed sensor [4, 5, 13], where f0 and
ε′0 denote the reference sample, and f1 and ε′1 denote the MUT.

Sensitivity (%) =

∣∣∣∣ f0 − f1
(ε′0 − ε′1)f0

∣∣∣∣× 100 (3)

Therefore, the adulteration of vegetable oils by increasing
the proportion of added DI water can be detected by the sen-
sor through changes in its resonant properties, such as a change
in the resonant frequency. A significant change was observed
in the frequency shift (f0-f1), which represents the sensor effi-
ciency, where f0 (3.762GHz) and ε′0 (75.64) denote the DI wa-
ter, and f1 and ε′1 refer to edible oil results. The sensor shows
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TABLE 3. Comparison with other related works.

Ref.
Freq.
(GHz)

Max.
sensitivity %

Application
Resonant
type

Dimensions
(mm2)

[1] 8–9 0.5 Milk and dairy product Metamaterial-based sensor 22.86× 10.15

[4] 8–12 n/a Edible oil detection SRR shaped metamaterial 22.86× 10.16

[5] 3.21 11.04
Characterization of

edible oils
CSRR-based antenna 20× 15

[6] 2.523 2.42
Edible oils and various

liquid materials
(CDSRR)-based antenna 60× 60

[7] 2.2 & 5.2 10.62
Various oil samples,
toluene, and ethanol

TSSRR-based antenna 9× 31.32

[8] 2.4 1.52
Common liquid samples
(methanol and ethanol)

DS-CSRR-based sensor 50× 60

[9] 2.508 0.69 Various liquid materials CDSRR-based antenna 60× 60

[10] 2.5 7.321
Common liquid

(ethanol, methanol, DI water)
TR-CSRR-based sensor 25× 20

[11] 2.4 0.015 Na2SO3 concentrations Star-fractal antenna 45× 55

[12] 3.12 6.39–6.54 Detection of carbamate CLRR-based sensor 86× 75

[13] 7.32 6.35 Engine oils and alcohols
Metamaterial (CSRRs)-based

microwave sensor
25× 15

[14] 5.53 1.7 Engine oil GHz sensor 30× 5

[16] 2.24 1.43–0.95 Solid/liquid
Sensor based on a
band-stop filter

7× 14

T.W 3.8 15.23 Edible oil
Fractal sensor-based
Māra cross-shaped

50 × 50

TABLE 4. Comparison of dielectric properties of edible oil versus state-
of-the-art microwave sensors.

Ref. Band Edible oil Dielectric constant Error 100%

[4] X
olive 2.54

n/asunflower 2.92
coconut 2.16

[5] S olive 3.1 0.83–5.42
[6] S olive 3.1 0–0.55
[7] L olive 3.1 0.2–0.5
[24] X olive 2.54 n/a
[25] X olive 1.79 n/a
[26] UHF-S olive > 2.6 n/a

T.W S

olive 3

0.03–0.15
sunflower 3.84
coconut 3.72
sesame 5.24

an excellent sensitivity ranging from 0.4% to 0.6% with a fre-
quency shift between 76.5 and 111.5MHz. The recorded data in
Table 2 show the normalized sensitivities of 0.44% and 0.42%
with frequency shifts of 85.5 and 81.5MHz for olive oil and
sunflower oil, respectively. Coconut oil shows a maximum ac-
curacy with 0.6% with a higher-frequency shift of 111.5MHz,

whereas sesame oil shows a minimum frequency change of
76.5MHz with a sensitivity of 0.41%.
A practical experiment was conducted to detect oil adulter-

ation, using a coconut oil sample as the reference sample, to
which 25%DIwater was added. The resonant characteristics of
the MUT (coconut oil +25% water) were recorded as follows:
f1 of 3.862GHz, ε′1 of 0.37, and the sensitivity of the sensor
was 1.27%. Moreover, the experimental results confirm that
the proposed sensor achieves enhanced sensitivity compared to
that reported in the literature, as illustrated in Table 3.
As per the findings shown in Table 3, it has been noticed that

the relative sensitivity of the fractal sensor proposed is higher
than the ones described in the literature. Concerning the geo-
metric dimensions of the proposed sensor, some of the sensors
found in literature were smaller than the proposed one, while
others were larger.
To strengthen the overall evaluation of the proposed study, a

comparison of the measured dielectric constant ranges of edible
oils is added to Table 4. It also demonstrates that this work has
accomplished a lower level of error than that in [5–7].

5. CONCLUSION
This study presents the development and application of a
portable and cost-effective microwave sensor for detecting
edible oils. The proposed sensor is highly sensitive and
accurate for measuring the dielectric properties of the MUT.
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The symmetric cross design has several advantages over con-
ventional linear or ring resonators. The design improves the
confinement of the field at multiple arms, thus increasing the
interaction region between the electromagnetic field and MUT,
which is essential for enhancing the sensitivity and resolution.
The cross-shaped microstrip sensor has many applications in
chemical and biological sensing and nondestructive testing,
especially in the microwave and millimeter wave frequency
ranges.
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