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ABSTRACT: In this paper, a highly sensitive microwave patch sensor for detecting adulteration in olive oil is proposed. First, a broadband
electromagnetic property of olive oil adulterated with corn oil is characterized by using a Cole-Cole function. Next, a microwave patch
sensor is designed with a circular patch integrated with a meandered slot and a complementary split ring resonator (CSRR) in the ground
plane. A prototype of the microwave patch sensor is fabricated to detect the adulterant in olive oil. The results indicate that the proposed
microwave patch sensor can detect the adulteration ratio of corn oil in the parent olive oil ranging from 0 to 100%. The sensitivity,
resonance frequency shift, and quality factors are 6.16%, 41 MHz, and 173, respectively. The proposed microwave patch sensor maintains
a simple structure and an electrically small size (ka = 0.83), high sensitivity, low cost, and ability to fast detect adulterants for olive oil.

1. INTRODUCTION

Extra virgin olive oil (EVOO) is obtained directly from
olive fruit through physical cold pressing. The benefi-
cial health effects of olive oil intake are attributed to the high
content of monounsaturated fatty acids, such as oleic acid,
which have a great ability to protect against cardiovascular
events, improve inflammation, and prevent neurodegenerative
diseases [1]. However, given the high economic value, limited
production, and substantial demand, the risk of adulteration of
olive oil is significantly elevated. Therefore, it is necessary to
develop a rapid and effective method to detect adulterants in
olive oil. Common chemical analyses of EVOO include gas
liquid chromatography (GLC) [2] and liquid chromatography
tandem mass spectrometry (LC-MS/MS) [3]. However, chro-
matographic techniques are known to be labor-intensive, time-
consuming, and often require extensive sample preparation and
reagent use, consequently resulting in environmental stress.
Many physical techniques based on optical, magnetic, or
electrical signals of the sample under test (SUT) have been
developed for the rapid determination of adulteration in edi-
ble oils. Optical techniques include the use of various spectro-
scopic methods, such as Raman spectroscopy [4], infrared spec-
troscopy [5], and fluorescence spectroscopy [6]. Moreover,
other physical methods using nuclear magnetic resonance [7],
electronic tongue [8], and capacitive sensing [9] have been re-
ported. These techniques are typically coupled with chemo-
metric methods and offer an alternative approach for detecting
adulterants in EVOO. However, it should be pointed out that
the above-mentioned techniques usually depend on expensively
testing the equipment, involve extensive sample preparation,
and are impractical for in situ analysis owing to the size of the
equipment. For capacitive sensors, regular calibration is neces-
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sary to account for the influence of environmental factors, such
as temperature, humidity, and surrounding objects.

In comparison, microwave sensing approaches based on di-
electric spectroscopy have garnered tremendous attention, and
they are widely applied in the quality detection of oils [10], lig-
uid concentration analysis [11], soil moisture monitoring [12],
blood glucose sensing [13], and some other sensing applica-
tions [14, 15], given the advantages of real-time operation, low
cost, good repeatability, and high robustness. The sensing prin-
ciple is based on the fact that the relative permittivity of the SUT
is sensitive to changes in its composition in the microwave fre-
quency range.

Microwave sensors can be categorized according to differ-
ent classification criteria [16—-18]. On the one hand, based
on the application method, microwave sensors can be classi-
fied into two categories: submersible sensors [19,23] and non-
submersible sensors, namely microfluidic sensors [24-29] and
sensors figured by transmission lines loaded with specific mi-
crowave resonators [30—36]. However, the channels in mi-
crofluidic sensors are susceptible to contamination and irre-
versible clogging due to the viscosity of the oil under test, which
may increase the uncertainty or error of the measurement [27].
Microwave sensors composed of transmission lines and res-
onators typically require a dedicated sample holder [32,33].
On the other hand, microwave sensors can be categorized by
their resonator structures, such as split-ring resonator (SRR)
[20,36], complementary SRR (CSRR) [19, 31], interdigital ca-
pacitor (IDC) [33], and fractal geometries [34].

Sensors based on CSRR or SRR structures are known for
their high sensitivity and are widely used for sensing the per-
mittivity of liquids. The primary advantage of CSRR and
SRR lies in their distributed capacitance across the entire struc-
ture, which renders the resonant frequency highly responsive
to variations in the dielectric constant of the sample under test
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FIGURE 1. (a) Experimental oil samples, and (b) experimental setup of the oil dielectric measurement apparatus.

(SUT). Among others, meander-slot-loaded CSRRs have at-
tracted significant research attention for diverse applications,
such as permittivity measurement [37] and concentration anal-
ysis [39]. Studies indicate that such meander-slot-like struc-
tures can achieve higher sensitivity while also lowering the res-
onance frequency in permittivity detection [38]. By incorporat-
ing the meander-slot structure into the CSRR, the electric field
confinement is improved, which leads to a substantial enhance-
ment in detection sensitivity, as demonstrated by simulations
in [37].

Taking these factors into account, a submersible microwave
sensor with probes immersed inside the SUT has been widely
investigated [19-23]. A complementary split ring resonator
(CSRR) loaded planar microwave probe with improved sensi-
tivity was proposed for liquid adulteration detection in [19]. A
submersible printed SRR-based sensor for the detection of rel-
ative permittivity of solid and liquid materials is proposed in
[20]. Two planar submersible resonance sensors for measuring
permittivity and identifying adulteration in vegetable oils were
presented in [21]. A compact multifunctional five-wire line-
based microwave sensor for volumetric characterization of lig-
uids was reported in [22]. In[23], a microwave resonator-based
sensor in the shape of a spiral was presented, and a feedfor-
ward neural network was used to assess the authenticity of the
EVOO.

Recent investigations have concentrated on the high sensi-
tivity, compact size, and convenience of submersible sensors.
Few studies have explored dielectric spectroscopy for edible
oils, making it difficult to mitigate the influence of environmen-
tal factors, particularly temperature, on the detection accuracy
of microwave sensing.

In this study, a microwave patch sensor is proposed for the
real-time detection of adulterants in olive oil. Compared with
existing microwave sensors, the proposed design distinguishes
itself in two key aspects. First, it employs the Cole-Cole func-
tion, parameterized by the concentration of adulterants in olive
oil, enabling direct concentration sensing via simple immersion
of the sensor into the oil sample. Second, the integration of
a meander slot with the CSRR structure achieves a larger de-
tection range and higher sensitivity, which is attributed to the
high-quality factor (Q-factor), which enhances the performance
of the microwave patch sensor. Additionally, the sensor is com-
pact, low-cost, and easy to fabricate.
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The remainder of this paper is organized as follows. In Sec-
tion 2, the structure of the microwave patch sensor and its
equivalent circuit model are presented. The simulated and ex-
perimental results are presented in Section 3. In Section 4, the
performance of the proposed sensor is evaluated. The conclu-
sions are presented in Section 5.

2. MATERIALS AND DESIGN OF ANTENNA SENSOR

2.1. Sample Preparation and Dielectric Measurement

The broadband dielectric property of adulterated olive oil must
be characterized to design a microwave sensor for the adulter-
ant detection in olive oil. To obtain the permittivity function
of the adulterated olive oil, seven mixed oil samples were pre-
pared by adding corn oil to the parent olive oil, where the corn
oil concentrations were set to 0%, 10%, 20%, 40%, 60%, 80%,
and 100% (v/v), respectively, as shown in Fig. 1(a). Corn and
olive oils are commercially available products and purchased
from local supermarkets. They have a fresh shelf life to ensure
their natural properties and antioxidant characteristics. The di-
electric properties of the mixed oil can be described using the
complex permittivity:

w) =¢€'(w) = je" (w) (M
where w is the angular frequency, and j is the imaginary unit.
The real part ¢’(w) is the dielectric constant, which represents
a measurement of the polarizability of the mixed oil, where the
imaginary part £’/ (w) represents the dielectric loss.

Next, the dielectric properties of the mixed oil samples were
measured using a vector network analyzer (ZNB20, Rohde &
Schwarz) and an 85070E open coaxial probe kit (DAK-12,
Keysight) via the coaxial reflection method. The experimen-
tal setup is shown in Fig. 1(b). The reflection coefficients are
measured by immersing the coaxial probe in mixed oil samples
stored in beakers. The measurements were performed over a
frequency range of 20-3000 MHz with a step of 20 MHz. To
reduce the influence of random errors, the complex permittiv-
ity of each mixed oil sample was measured 10 times at room
temperature (25°C), and the average value was used to deter-
mine the dielectric properties.

The measured complex permittivity of the seven mixed oil
samples is shown in Fig. 2. The dielectric constant and loss
are plotted in Figs. 2(a) and 2(b), respectively. It is observed
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FIGURE 2. Dielectric properties of olive oil with different adulteration ratios of corn oil: (a) dielectric constant, (b) dielectric loss.

that the dielectric constant of the mixed oil sample with a given
adulteration concentration of corn oil decreases when the fre-
quency increases from 20 MHz to 3000 MHz. Meanwhile, the
dielectric loss increases with an increase in frequency in the
lower frequency range and decreases with the increase of fre-
quency in the higher frequency band. In comparison, the di-
electric constant of olive oil is lower than that of corn oil. This
feature is attributed to the difference in unsaturated fatty acid
content between olive oil and corn oil [40]. The linolenic acid
(LNA) content in corn oil is known to be higher than that in
olive oil. Because the LNA has a larger degree of unsaturation
with higher polarizability, the dielectric constant of the mixed
oil sample increases as increasing the degree of unsaturation or
the concentration of corn oil.

2.2. Cole-Cole Function of the Mixed Oil

The polarizability arises from the synergistic effect of inter-
molecular interactions, whereas the dielectric loss primarily
originates from the dipole relaxation process. Dielectric loss
mainly arises from dipole relaxation, which occurs at mi-
crowave frequencies [41]. For a mixed oil sample, the result-
ing complex permittivity can be characterized by a single-order
Cole-Cole function [42].

€s — €oo e
: J— (2)

Ew) = et 14 (jwr)t=  “eow
where € is the dielectric constant at infinitely high frequen-
cies; €5, 7, and « represent the static permittivity, relaxation
time, and dispersion parameter of the mixed oil solution, re-
spectively; €¢ is the permittivity of free space, with a value of
8.854 x 10~ '2 F/m. Finally, o represents the ionic conductivity
of the mixed-oil solution. Edible oils can be neglected as there
are no ions in the plant oil.

Based on the measured dielectric constant and dielectric loss,
a MATLAB fitting program that employs particle swarm opti-
mization (PSO) was developed to obtain the best-fitting param-
eters in the Cole-Cole function. The fitted parameters for olive
oil with different adulteration ratios of corn oil, defined as the
volume fraction of corn oil in the parent olive oil, are shown in
Table 1.

Subsequently, the obtained Cole-Cole parameters were fitted
using quadratic polynomials through the least squares method,

TABLE 1. Fitting parameters of the single-order Cole-Cole model of
olive oil with different adulteration ratio.

Adulteration ratio (%) €00 €s T (ps) «

0 2.0729 3.1634 538.45 0.5775
10 2.1104 3.1876 41747 0.5128
20 2.1563 3.2105 394.45 0.4933
40 2.1892 3.2469 320.27 0.4725
60 2.2055 3.2701 272.56 0.4427
80 2.242 32921 226.61 0.4322
100 22761 3.3015 188.73 0.4248

and the quadratic polynomials related to the adulteration ratio
V are expressed as

E0o(V) = —1.045 x 107502 + 0.0029v + 2.0837  (3)

g(v) = —1.1 x 10™°v* 4 0.0025v + 3.1642 4)

7(v) = 0.02619v* — 5.7050 + 506.8805 4)

a(v) = —1.771 x 10™5v% — 0.0031v + 0.5593  (6)

By substituting the calculated parameters into the Cole-Cole
function, the real and imaginary parts of the complex permit-

tivity of the mixed oil with a specific adulteration ratio are ob-
tained as follows:

vor (o s =)
5 (w) = ¢£p (600( )+ 1+ (o.)7‘(1)))2 ) @)

we oy €owT(v) (&(v) — £xo(v))
W) = 1+ (wr(v))? ®)

By setting the adulteration ratio of corn oil to 10%, 20%,
40%, 60%, 80%, and 100%, the corresponding Cole-Cole pa-
rameters can be calculated using Eq. (3) to Eq. (6). Next, these
parameters were substituted into Egs. (7) and (8), and the fit-
ting curves of the dielectric constant and dielectric loss versus
frequency are plotted in Figs. 3(a) and (b), respectively. It was
found that the fitting curves obtained using the Cole-Cole func-
tion match well with the measured ones, where the coefficient
of determination (R?) was larger than 0.991.
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FIGURE 3. Reconstruction of dielectric properties for three mixed-oil samples using the single-order Cole-Cole function: (a) dielectric constant, (b)

dielectric loss.
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FIGURE 4. The structure of the microwave patch sensor: (a) top view, (b) bottom view, and (c) 3D view in the olive oil sample.

2.3. Design of the Microwave Patch Sensor

Using the Cole-Cole function of the mixed oil, a circular patch-
based microwave sensor is designed, which consists of a circu-
lar patch on the top of a substrate and a meandered slot-loaded
CSRR (MS-CSRR) integrated in the ground plane on the bot-
tom of the substrate. The top and bottom geometric patterns of
the microwave patch sensor are shown in Figs. 4(a) and (b), re-
spectively. The circular patch antenna is fed with a microstrip
line. The dielectric substrate is FR4 with a relative dielectric
constant of 4.4, loss tangent of 0.02, and thickness of 0.8 mm.
It should be noted that the structure of the microwave patch sen-
sor is optimized by immersing it inside pure olive oil at room
temperature, as shown in Fig. 4(c).

In the design process, the microwave patch sensor loaded
with pure olive oil was structurally optimized using Computer
Simulation Technology (CST) Microwave Studio 2022. It was
found that the width of the ring of the CSRR a and the width
of the meandered slot wo have a significant impact on the per-
formance of the microwave patch sensor. The reflection coef-
ficients for different values of a and wo are shown in Figs. 5(a)
and (b), respectively. Results indicate that a very sharp re-
flection notch appears in |.Sy;| when a = 0.25 mm and wy =
0.3 mm. In this work, the microwave patch sensor is designed
to work around 2.4 GHz under the tradeoff between the sensor
size and fabrication cost, and the final optimized geometrical
parameters denoted in Figs. 4(a) and (b) are listed in Table 2.
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TABLE 2. Geometrical parameters of the microwave patch sensor.

Parameter  Value (mm) Parameter Value (mm)

L 21.5 wy 1.5

w 18.6 wy 0.30
R 5.50 w3 0.40
1 4.75 Wy 1.65
) 4.15 ws 1.40
73 4.00 a 0.25
A 4.25 h 0.8

The MS-CSRR structure was designed to increase the elec-
trical and magnetic energy storage of the circular patch by
introducing additional capacitance and inductance. As a re-
sult, the microwave patch sensor had an electrically small size
(ka = 0.83) and a high-quality factor. The Q factor of the pro-
posed microwave sensor was calculated by using the following
formula:

Q= fo/f3a8 ©))
where fo is the resonance frequency, and fs34p is the 3.0dB
bandwidth measured by |S11|min+3.0 dB. The calculated Q fac-
tor of the optimized microwave patch sensor is approximately
173.

The design of the microwave patch sensor can be divided
into three stages, as illustrated in Fig. 6. In stage 1, a cir-
cular CSRR was etched in the ground plane, and a reflection
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FIGURE 5. The reflection coefficient of the microwave patch sensor with different (a) width of the meandered slot, and (b) width of the CSRR ring.
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FIGURE 6. Simulated reflections of the proposed sensor integrated with (a) CSRR, (b) E-CSRR, and (c) MS-CSRR in the ground plane.
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FIGURE 7. Electric field distributions on the ground plane of the microwave patch sensor integrated with (a) CSRR, (b) E-CSRR, and (c) MS-CSRR

at their resonance frequency.

notch at 6.87 GHz with a notch depth of 6.65 dB takes place, as
shown in Fig. 6(a). In stage 2, an extended CSRR (E-CSRR)
was designed by adding another ring slot to the circular CSRR.
The approach causes the CSRR to have a smaller electrical size
by increasing the inductance. As a result, the reflection notch
moves to 4.22 GHz, and the notch depth increases to 10.22 dB
due to the increased inductance, as shown in Fig. 6(b). In stage
3, to increase both the electrical and magnetic energy storages,
a meandered slot was added to the E-CSRR designed in stage
2 and a sharp reflection notch at 2.38 GHz with a notch depth
of 21.73 dB was obtained, as shown in Fig. 6(c). Compared
with the CSRR and E-CSRR designed in stages 1 and 2, the
proposed microwave patch sensor integrated with MS-CSRR in
the ground plane has a maximum Q factor as the electrical and

magnetic energy storage is increased by introducing the mean-
dered slot.

To obtain an insight into the energy storage, the electric field
distribution on the MS-CSRR is compared with that on the

L, L,

LYY Y\

Portl
C

.||_"_‘

FIGURE 8. Equivalent circuit model of the proposed microwave patch
sensor.
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FIGURE 10. Reflection of the microwave patch sensor: (a) |\S11| with different values of Cs, (b) |S11| with different values of RsS, and (c) |S11]

with different values of Cs and Rs.

CSRR and E-CSRR, as shown in Figs. 7(a) to (c). It is evi-
dent that a higher electric field confinement is achieved in the
MS-CSRR structure, where the electric field energy is mainly
concentrated around the meandered slot, as shown in Fig. 7(c).
In general, a high electric field density makes the meandered
slot very sensitive to the dielectric variation of the oil under
testing. Consequently, the MS-CSRR-based sensor has a better
sensitivity than the other sensors.

The equivalent circuit model of the designed microwave
patch sensor is shown in Fig. 8. In this model, L; and C| are
used to characterize the microstrip line; Lo and Cy represent
the original inductance and capacitance of the patch without the
MS-CSRR; Lg, Cs, and Rg represent the additional inductance,
capacitance, and resistance caused by the MS-CSRR integrated
in the ground plane. Finally, the resonance frequency of the mi-
crowave patch sensor is given by

1
= 10
fO 27T\/Ls(Cs+CQ) ( )
fo x 1 x L x 1 (11)
07 VG T VCose, Ve,

where Cpg represents the capacitance of the sensor located in
free space, and ¢, is the dielectric constant of the oil sample
under test. It can be seen that the resonance frequency is in-
versely proportional to the square root of the effective capaci-
tance of the sensor or dielectric constant of the oil sample. In
other words, when the microwave sensor is immersed into oil
sample contained in the beaker, the capacitance of the sensor
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FIGURE 11. The simulated reflections of the mixed oil for different
adulteration ratios of corn oil.

will increase as more electric energy is stored in the volume of
the oil sample.

Next, the equivalent circuit of the microwave patch sensor
was simulated using lumped circuit methods, and the results
were compared with those obtained using full-wave electro-
magnetic simulations, as shown in Figs. 9(a) and (b). The mag-
nitude and phase of Sj; are in good agreement, and a sharp
phase change occurs at the resonance of the proposed sensor.

The influence of the effective circuit parameters on the notch
depth and resonance frequency in reflection (]S);|) was inves-
tigated, as shown in Figs. 10(a) and (b). The resonance fre-
quency (the reflection notch in |S} |) gradually decreased as C's
increased; however, the amplitude remained almost unchanged,
as shown in Fig. 10(a). Therefore, Cs mainly affects the reso-
nance frequency, which is associated with the dielectric con-
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FIGURE 13. Photograph of proposed microwave patch sensor: (a) top view, and (b) bottom view.

stant of the mixed oil sample. The amplitude of the reflec-
tion notch decreased as Rg increased, as shown in Fig. 10(b).
Thus, the Ry affects the amplitude of the resonance frequency,
which is partly determined by the dielectric loss of the mixed
oil. When the microwave patch sensor was immersed in adul-
terated olive oil, both the Cs and Rg changed with the adulter-
ation ratio of corn oil. In this case, both the resonance frequency
and its notch depth change, as shown in Fig. 10(c).

3. RUSELTS

3.1. Simulation Results

To validate the performance of the proposed microwave patch
sensor for adulterant detection in olive oil, reflections were sim-
ulated when olive oil was adulterated with different volumes of
corn oil, as shown in Fig. 11. The adulteration ratio of corn oil
was set to range from 0 to 100%, and the resonance frequency
ranged from 2.34 to 2.38 GHz. The resonance frequency sig-
nificantly decreased with an increase in the adulteration ratio.
This is due to the increase in both the dielectric constant and
dielectric loss of the mixed oil when the corn oil content is in-
creased, leading to a larger effective capacitance and a smaller
resistance in the equivalent circuit model. Consequently, the
resonance frequency shifts to a lower frequency with a smaller
notch depth.

The resonance frequency versus the dielectric constant of
the mixed oil and the adulteration ratio of corn oil are shown
in Figs. 12(a) and (b), respectively. A linear fitting equation
was set up to reveal the relationship between the resonance fre-
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quency and dielectric constant, which is given as:
fo =2.7294 — 0.1467 - £’ (w) (12)

where the coefficient of determination was 0.997. In addition, a
linear fitting equation was developed to reveal the relationship
between the resonance frequency and the adulteration ratio of
corn oil in the mixed oil, which is given as:

fo=2.376 —4.025 x 1074 . v (13)

where the coefficient of determination was 0.989. Hence, when
the resonance frequency is measured, the dielectric constant
and adulteration ratio of corn oil in the mixed oil can be cal-
culated by using Eqs. (12) and (13), respectively:

3.2. Experimental Results

A prototype was fabricated for adulterant detection in olive
oil to validate the design of a microwave patch sensor. Pho-
tographs of the fabricated microwave patch sensor are shown
in Fig. 13. Next, the microwave patch sensor, together with
an SMA connector, was fully immersed in the olive oil under
test to detect the adulteration ratio of the corn oil. It should be
pointed out that the oil container was sufficiently large to elim-
inate reflection from the sample border.

The experimental setup is shown in Fig. 14, where the mi-
crowave patch sensor is connected to a vector network analyzer
(VNA, ZNB20, Rohde & Schwarz) using an RF cable, and
the reflection can be measured. Four mixed oil samples with
corn oil adulteration ratios of 0%, 20%, 40%, and 80% were
placed in four clean beakers. The microwave patch sensor was
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TABLE 3. Comparison of the proposed microwave sensor versus state-of-the-art microwave sensors.

Ref S Applicati 5 Sensi Detecti Max Electrical

ef. ensor ication ensin, etection ectrica

bp . ° £ Sensitivity . Substrate
No. Structure Sensing (GHz) Parameter Range %) Size (ka)
0

[19] Double CSRR Edible Oils 11.56 St 0%-100% 9.8 2.99 Roger 5880
[21] Shorted SRR Solid and Liquid 24 Sh NA 2.59 0.96 FR4 epoxy
[27]  Star-slotted patch Edible Oils 2.68 S NA 1.87 2.78 FR4 epoxy
[29] Spiral-SLSP Edible Oils 0.36 St and Sy NA 0.80/8.5 0.23 Rogers 5880
[30] Metamaterial Edible Oils 8-12 St 0%—-100% 0.56 2.67 FR4 epoxy
[33] DG-IDC chemical liquids 4.065 Sai NA 35 1.80 FR4 epoxy
T. W MC-CSRR 0Oil 2.8 S 0%-100% 6.16 0.83 FR4 epoxy

o me—
——

* Sensor

FIGURE 14. Experimental setup of the detection of adulteration of corn
oil in olive oil.

fixed to a mounting bracket to minimize cable movement for
repeatable measurements. The measured reflections are shown
in Fig. 15 for the four olive oil samples with different corn oil
adulteration concentrations. The measured resonance frequen-
cies were consistent with the simulation results. The slight dif-
ference in the resonance frequency is caused by the fabrication
tolerance. Hence, when the resonance frequency is measured,
the adulteration ratio of corn oil to the parent olive oil can be
determined using Eq. (13).

Additionally, the repeatability of notch depth |S}||min and
resonance frequency were investigated by performing 10 re-
peated measurements. The mean |Siq|min and resonance fre-
quency have been plotted against different corn oil adulteration
ratios, as shown in Fig. 16. The measurement uncertainty is il-
lustrated by error bars denoting the standard deviation. The rel-
ative measurement error for the resonant frequency was below
0.12%, whereas that for | S} |min Was below 2.3%. The small
relative standard deviation demonstrates the stable performance
and reliability of the proposed microwave patch sensor.

4. DISCUSSIONS

In this study, a microwave patch sensor integrated with an MS-
CSRR in the ground plane was designed and fabricated for adul-
terant detection in the parent olive oil. Compared with tradi-
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FIGURE 15. Measured and simulated reflections of the microwave
patch sensor immersed in the mixed oil samples with adulteration ra-
tios of corn oil of 0%, 20%, 40%, and 80%.
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FIGURE 16. Repeatability analysis showing minimal variation in fre-
quency response across repeated measurements.

tional patch antenna-based microwave sensors, the proposed
sensor features a higher sensitivity for adulterant detection in
olive oil and an electrically small size.

The relative sensitivity (S%) of the microwave patch sensor
is defined as the ratio of the resonance shift to the change in the
dielectric constant and is given as follows:

_Af
foo - A’

S(%)_ fm’ix_fOO

= x100 =
foo - (ehniz — €00)

x100 (14)

where f,;. and foo are the resonance frequencies of the mi-
crowave patch sensor immersed in the mixed oil sample and
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pure olive oil, respectively. A slope of —0.147+0.003 GHz/PU
(PU: permittivity unit) can be extracted from Fig. 9(a). That is
to say, Af/Ae’ = —0.147. As a result, the relative sensitivity
of the proposed microwave sensor yields 6.16%.

In addition, the introduction of the MS-CSRR structure in
the ground plane makes the microwave patch sensor electri-
cally very small. A comparison between the proposed mi-
crowave patch sensor and state-of-the-art microwave sensors
is presented in Table 3. It is evident that the proposed sen-
sor in this study offers several key advantages. Specifically,
it achieves a notably high sensitivity of 6.16% while maintain-
ing an electrically small size and offers a full-scale detection
range (0%—-100%). Compared with structurally similar sensors
utilizing FR4 substrates, the proposed design demonstrates a
significant improvement in sensitivity.

The present experiment mainly focuses on the detection of
adulteration in olive oil, but the presented microwave patch sen-
sor can also be used for quality detection of other plant oils, be-
cause the fundamental sensing mechanism is based on the vari-
ation of dielectric properties induced by different constituent
components. Furthermore, implementation of the microwave
patch sensor requires only a portable VNA for S-parameter
measurement, making the sensing technique suitable for in situ
analysis.

5. CONCLUSIONS

In this paper, a high-sensitivity patch antenna-based microwave
sensor is proposed for the detection of adulteration in olive oil.
The proposed microwave patch sensor has a very high sensi-
tivity, compact size, and a wide detection range of adulteration
ratios. The detection of adulteration is easy to carry out by im-
mersing the microwave sensor in the sample under test. Al-
though the main emphasis of this study is limited to the de-
tection of adulteration of corn oil in parent olive oil at room
temperature, the proposed microwave patch sensor can be de-
ployed to monitor the adulteration of other plant oils in parent
olive oil at other ambient temperatures once the dielectric func-
tions of the mixed oil are established over a wide temperature
range. Hence, the proposed methodology for the detection of
adulteration in edible oils can easily eliminate the influence of
environmental factors, such as temperature, on the detection ac-
curacy. These attractive features make the proposed microwave
patch sensor a potential candidate for the real-time quality mon-
itoring of edible oils and noninvasive permittivity measurement
of industrial oils. A systematic investigation, including an as-
sessment of its applicability to food safety, is planned for future
work.
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