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ABSTRACT

In this paper, we present a novel microwave sensor for sensing the fat of the meat with high sensitivity. We
developed the sensor based on a bent transmission line (TL) and connected it to a split ring resonator (SRR). The
gaps in the SRR make hot spots. The material under test (MUT) is placed on the hot spot to increase sensitivity.
The sensor is surrounded by electromagnetic bandgap (EBG) elements in the final structure to enhance the Q-
factor and save the electric field inside of the sensor. The full-wave simulation resonated with this sensor at triple
frequencies of 3.4, 4.08, and 4.55 GHz. Additionally, the proposed EBG unit cell covers 2.4-5 GHz. So, it can
make an electromagnetic shield for all resonances, and the final sensor shows dual-band characteristics at 3.48
and 4.67 GHz. The sensor is used to recognize the fat ratio in various meat samples. After Full-wave analysis, the
equivalent circuit is extracted and modeled with the aid of an advanced design system (ADS). Next, the relation
between the frequency shift of Sp; nulls and fat percentages is calculated based on a proposed closed-form
formula. In the end, comparing full-wave analysis, experimental results, and the equivalent circuit model

shows perfect matching.

1. Introduction

The use of microwave techniques for detecting and evaluating ma-
terial such as fluidic or impurity is a crucial practical concern [1,2].
Much literature has focused on breast cancer tumor detection based on
differences between microwave dielectric properties of breast tissues
and other parts’ permittivity [3]. In addition, the microwave sensor for
determining blood glucose levels by permittivity analysis has been
documented [4,5]. Other techniques used to model permittivity include
substrate integrated waveguide (SIW) cavity and perturbation method
[6], passive split ring resonator tag configuration [7], microwave
waveguide with FSS [8], cavity method based on perturbation theory
[9], interpolation technique based on data organization [10], and
reflection/transmission based on Nicolson-Rose method [11]. Still, for
highly accurate results, concentrating the electrical field is necessary
and has been considered [12]; various methods such as using a split-ring
resonator (SRR) [13] and gaps for making hot spots [14] have been
studied. Besides, to limit the electric field, the electromagnetic bandgap
(EBG) has been developed around the gaps [15]. SRR and EBG are
known as conventional types of metamaterials. These metamaterial
structures have been noticed for their left-hand characteristic in the
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microwave regimes to manipulate the electromagnetic wave for various
applications including sensing as the metasurface [16,17] and electric
field shielding for reducing mutual coupling [18]. Diverse metamaterial
structures have been developed as defected ground structures, like
split-ring resonators as a complementary formation [19]. Recently,
metamaterial in various models has been developed for designing novel
sensors based on the outer material effect on the capacitance to make
frequency shift for proximity microwave sensors [20,21].

The microwave sensors were employed for various industrial appli-
cations, such as determining the alcohol percentage [22] and industrial
oil life [23]. Moreover, Ghatass et al. determined the dielectric prop-
erties of the meat by measuring the capacitance and conductance of
meat with two parallel silver-plated electrodes [24]. Sing et al. use the
waveguide method to determine the added fat in meat paste [25]. They
applied their method to beef meat to evaluate fat and salt [26,27].
Notably, in their method, the whole waveguide should be filled with the
sample, and using a piece of meat for fat determination is not possible.
Jilani et al. use a bulky single resonance planar microwave sensor for
determining the fat percentage of chicken meat [28]. Three types of
techniques have mainly been developed for designing the microwave
sensor for liquid and dielectric sensing, including parasitic elements
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[29], making a cavity in connection with a transmission line [30], and
coupling between two cavities [31].

In this paper, we designed a small dual-band planar sensor to
determine the fat percentage of meat. First, we introduced a particular
transmission line with an internal loop and gap. The structure has
rejection frequencies at 3.4, 4.08, and 4.55 GHz. Second, a shielding
model based on EBG is developed to concentrate the electric field in the
sensor to improve the resolution. This structure is helpful for proximate
sensor design, and the frequency shift is considered for material detec-
tion. The circuit model (CM) is extracted for the proposed structure to
confirm the simulation results. Accordingly, we suggest the bent trans-
mission line as the proposed sensor to be used as a proximate sensor or
imported into liquids or meat for measuring the determined unique
features. The value of the Q-factor, the operation frequency, and the
magnitude value of Sy, are considered for recognizing various fat levels.

This study is organized as follows: Section II presents the design and
modelling of the proposed sensor. Section III illustrates the calculation
of the circuit model of the sensor. Section IV provides the numerical
results for the designed sensor, and the finite element method (FEM)
carried out to validate the formulations of the circuit model plus
parameter studies. The fabricated sensor, experimental results, and
closed-form formula for sensing are provided in section V. Finally, sec-
tion VI presents the study conclusion.

2. Design and modelling of the sensor

In previous studies, SRR and CSRR structures have been used as
parasitic elements [29,30]. These methods have two major drawbacks:
1) the dimensions of the structure usually become larger, and 2) the field
in the parasitic element must be increased to create resonance, and this
coupling reduces the field; therefore, the Q-factor will reduce. To
overcome these two challenges, we used a curved transmission line, and
then instead of using a parasitic element, we used SRR inside the line.
Furthermore, the equivalent circuit shows us what the role of the gaps is,
and by controlling the gaps, we can control the capacitors and thus in-
crease the storage field.

The proposed sensor is developed in two steps. In the first step (Step
1), a microwave sensor (filter) based on a split-ring resonator (SRR) is
designed as the primary structure, and in the second step (Step 2); it is
surrounded by EBG structures to concentrate the electric field to reduce
the electric field losses. In the first structure, the bent transmission line is
considered to reduce the dimension of the proposed sensor. The total
size of the proposed sensor is 42.5 x 38 mm? The used substrate is
Roger-R0O4003 with a thickness of 0.8 mm, a permittivity of 3.55, and a
loss tangent of 0.0027. As shown in Fig. 1, the gaps in the SRR play a
critical role in making the hot spot and resonances by adding some shunt
capacitances [32]. The MUT (the meat with various fat percentages)
samples can be placed over the central rectangular section. The TLs are
connected to a 50 Q SMA to excite the proposed sensor.

The proposed EBG unit cell is depicted in Fig. 2(a). The meandered
structure is used to decrease the operating frequency of the unit cell in
comparison with the basic model of the EBG. As Fig. 2(b) shows, the
meandered line increases the cell inductance, and thus, the frequency
shifts to the lower frequency, so the bandgap is between 2.4 and 5 GHz.
The bandgap of the EBG unit cell is modified for the frequency range of
the proposed sensor and helps to increase the energy and Q-factor of the
sensor.

The CRLH (Composite Right/Left Hand) circuit includes right-hand
and left-hand elements, including series and shunts inductance and ca-
pacitances, and interaction between these elements makes various fre-
quencies. Here, the first mode is related to wy = 1/y/IrCrand the
second mode can be calculated bywr = 1/v/L;Cr, and thus, the com-
posite structure frequency can be calculated by fy = 1/27/LzxCL;Cr-
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Fig. 1. the schematic of proposed sensor where W = 38 mm, L = 42.5 mm, W;
=20mm, W, =0.5mm, W3 =11 mm, Wy =2.5mm, L; =34mm, L,
=16 mm, L3 = 2 mm, Ly = 9 mm, Ls = 14 mm.
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Fig. 2. (a) The schematic unit cell of the proposed EBG where a= 8 mm,
g= 0.5 mm, We= 0.5 mm, S= 1 mm, dv= 1.2 mm (b) Dispersion diagram for
the EBG cell.

3. The circuit model for the proposed sensor

The extended circuit model for the proposed sensor is presented in
Fig. 3. Eq.1 to 8 extracts the circuit model parameters [33,34]. As shown
in Fig. 3, every transmission line is modeled with the n-form circuit,
which contains inductance and two parallel capacitors [35,36]. So, the
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Fig. 3. Equivalent circuit model L; = 0.98 nH, L, = 0.99 nH, L3 = 1.5 nH, Ly = 1.32 nH, Ls = 1.45 nH, Lg = 0.47 nH, L; = 0.95 nH, Lg = 1.64 nH, C; = 0.26 pF, C,
= 0.2 pF, C3 = 0.36 pF, C4 = 0.32 pF, Cs5 = 0.28 pF, Cs = 0.11 pF, C; = 0.09 pF, Cg = 0.13 pF, Cz1= 0.08 pF, Cgo= 0.1 pF, Cc1= 0.03 pF, Cco= 0.05 pF.

inductance can be obtained by Eq.1. The capacitance of the TL can be
calculated by Eq.5. In this structure, two types of gap capacitors are
used, playing an essential role in controlling the operation frequency.
The first capacitors are placed between the inner and outer loops (Cc2
and C.1). The second ones are placed at the center of the inner loop (Cg;
and Cgp), and the capacitor of the gaps can be obtained by Eq.9.

The inductance of the TL line can be obtained by Eq.1, where the [ is
the length of the transmission line, w is the width, and t shows the
thickness of the line. Here, K, can be calculated by Eq.2, and h is the
thickness of the substrate.

l w+t
_ —4
L(nH) =2 x 1071 {ln(w+t)+1'l+—3l }Kg )
w w
K, =0.57—0.145 ln(ﬁ) for (ﬁ >0.05) @

The resistance of the transmission lines can be calculated using Eq.3,
where Ry, is the impedance of the sheet resistance per square meter of
the conductor, and [ is the length of the transmission line. In Eq. 4, K is
the known factor for the width ratio over the thickness of copper. Since
the R value is insignificant, it is ignored in the CM and assumed lossless.

KR!
2(w+1)

Ry(Q) = 3

K=14+0217 m%) for (5 <¥<100) (4

The gap capacitance for the microstrip structure can be obtained by
Egs. 5 to 6 based on the even and odd analysis [35]:

C, =0.5Cen )

Cs = 0.5Cou —0.25C o ©®

4. Simulation results of the sensor and discussions

Fig. 4 depicts the insertion loss of the proposed structure with and
without EBG (a). Based on Fig. 4(a), the sensor is a triple-band resonator.
Simulation is done with HFSS as full-wave commercial software, and the
result is compared with the circuit model of ADS in Fig. 4(b). The first
resonance occurs at 3.4 GHz, the second one happens at 4.08 GHz, and
the third one at 4.55 GHz. Using the EBG structure, the Q-factor at the
first frequency will increase, and the transmission reduces; however, ata
higher frequency, the EBG hurts the resonance shape and Q-factor.
Notably, a good agreement between the two methods is evident. The
resonator Q-factor is positively related to the stored energy in the device
as shown in Eq.7 and can be calculated by Eq.8 [37]:

by
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Fig. 4. The transmission of the sensor (a) without sample with EBG and pri-
mary structure(b) the equivalent circuit model and simulation result compari-
son for the primary filter.
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Thus, the Q- factor of the proposed sensor is 386 and 93 for the first
and second resonances. Plus, for the primary sensor, the Q-factor is 254,
204, and 90 for the first, second, and third resonance, respectively. As
Fig. 5 illustrates, the EBG helps the sensor Q-factor of the sensor increase
and the energy concentration. Simply put, the higher Q-factor saved
more energy in the proposed sensor and a slight change in the material,
and permittivity can increase the frequency shift essential for recog-
nizing the unknown material.

In short, the use of EBG had several functions in the proposed
structure. Due to the limited distance between the elements and the
structure, the shielding effects are limited, and the coupling is also
effective, but in the end, the maximum amount of energy has increased.
However, the effects on the Q-Factor level were not significant. Never-
theless, EBG use caused the second resonance removal, which makes the
main resonance examined with test materials without disturbance.

The electric field can be studied to realize the effect of each element
on the sensor response. Then, in Fig. 5, we examined the electric field for
the proposed sensor in the presence or absence of the EBG considering
both resonances. As Fig. 5 shows, using the EBG shield, the maximum
value of the electric field on the sensor’s surface reveals a significant
enhancement. For the first resonance, as shown in Fig. 5(a), the sensor
without EBG has the maximum E-field value of 1.65E+ 4, and also, for
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the sensor with EBG at this frequency, this value is 6.04E+ 4 (Fig. 5(b)).
In other words, we can see more than 360 % enhancement in the electric
field. As shown in Fig. 5(c), in the second resonance, for the primary
structure, the maximum value of the E-field is about 9.29E+ 4, and for
the proposed design, it is intensified to 1.10E+ 5 (Fig. 5(d)). Here, the
same as the first resonance, we have more than 115 % enhancement of
the E-field by using the EBG arrays. Finally, the maximum E-field value
equals 5.11E+ 4 for the primary structure of the third resonance, shown
in Fig. 5(e).

The proposed sensor determines the ratio of fat in meat for industrial
applications. Different factors can affect the effective permittivity of the
meat, such as moisture and fat percentage [38]. So, the transmission of
the proposed sensor for different permittivity values is checked, and the
results are presented in Fig. 6(a). The permittivity of the meat is assumed
to be 10-50 for the constant loss tangent of 0.32. By increasing the
permittivity, the resonances shift to a lower frequency. The transmission
value (magnitude of Sp7) for the higher resonance shows reduction such
as 4.67 GHz, where the value from —11 dB for e = 10 changes to —25 dB
for ¢ = 50 but the resonances at 3.48 GHz, the transmission changes
from —20 dB for € = 10 changes to —7 dB for ¢ = 50. In Fig. 6(b), the
transmission of the sensor is checked for various loss tangents in the
range of 0.06-0.36 for a constant permittivity of 22. The results show
that the transmission value changes nonlinearly but typically. By
increasing the loss tangent, the value of the transmission increases. In
general, it can be analyzed as a narrow band, but in the case of materials
that are used, such as alcohol or meat, which have a non-linear behavior,
a wide band can be considered a tool for understanding non-linear be-
haviors at higher frequencies. In addition, the multiband structure can
be used for increasing the sensing by increasing the information on each
resonance, as shown in this study.

The effective permittivity of the sample can be obtained by the
Maxwell-Garnett as shown in Eq. 9, where & is the complex permit-
tivity of the sample and fis the fraction ratio. Here, ¢ is the permittivity
of the added material, which is fat here, and ¢ is the permittivity of the
host material, which is the meat [39].

& —¢ 2(1 = fe+ (1 +2f)e,
8€ﬂ:g+3‘fges+2£—(es—s)f:£ 2+Ne+ (1=f)e ©

The permittivity of the perfect meat is about 47 +j18.5, and the
permittivity of the fat in the range of 1-7 GHz can be supposed to be
3 +jl. Thus, based on Eq. 23, the permittivity of the sample is shown in
Table 1. Here, the result from Maxwell-Garnett is compared with the
experimental result in [27]. The results show good agreement between
calculation and the data presented in [27] when the fat percentage is less
than 20 %. However, by increasing the fat to 30 %, the permittivity
shows nonlinear behavior. The values of the Tablel are used for sample
simulation in HFSS software. Even though the permittivity of fat is lower
than that of meat, it has a higher imaginary permittivity ratio to the real
part. As shown in Table 1, with the increase in fat percentage, the
structure becomes more lossy, and this is due to the presence of more
O-H junctions of water in fats because of hydrophilic lipids head of them
[40]. As a result, alcohol, and water are stored more in these tissues.
Therefore, when the fat percentage changes, it creates a non-linear state.

The transmissions (S21) of the proposed sensor are presented in Fig. 7
for various types of meat with different fat percentages for three
different types of substrate. The sample with the dimension of
20 x 14 x 3 mm? is placed on the inner ring. The permittivity of the
meat with varying rates of fat is selected as it has been reported in [27].
As shown in Fig. 7, the sample causes a frequency shift at both fre-
quencies. Notably, another critical factor is the Q-factor of the reso-
nance. At the first resonance, the frequency shift difference between
various samples is not too much. The magnitude of Sy; change is visible,
and in the second resonance, both frequency shifts and the magnitude of
Sz variation can be seen. In fact, by increasing the fat percentage, the
loss effect increases. In Fig. 7(a), for the substrate of Ro-4003, for the
meat with the 3 % fat, the first and second resonances occur at 1.69 and

o
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Fig. 5. The electric field distribution of the sensor (a) without EBG at 3.41 GHz (b) with EBG at 3.48 GHz(c) without EBG at 4.08 GHz (d) with EBG at 4.67 GHz (e)
without EBG at 4.54 GHz.
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Fig. 6. (a) The transmission of the sensor with samples (a) study the effect of
the permittivity (b) study of the loss tangent of MUT.

3.2 GHz with values of —45 and —17 dB, and by increasing the fat level
to 54 %, the first and second resonances occur at 1.85 and 3.8 GHz with
values of —14 and —10 dB. In Fig. 7(b) and (c), the results are checked
for FR-4 and Ro-5880 as the substrate of the proposed sensor. The results
show that lossy substrates such as FR-4 can increase the losses of the
sensor and cause a reduction of the Q-factor, and also shifts the opera-
tion frequency to lower frequencies. On the other hand, the lower loss of
the Ro-5880 causes the increase in the Q-factor mostly in the second
resonances, and also, its lower permittivity causes increasing the oper-
ation frequency of the sensor.

By looking at Table 1, we can see that the increase in the amount of
fat in compression with meat, the amount of imaginary permittivity, or,
the losses relative to the real permittivity increases. As a result, the
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Tablel
The real and imaginary permittivity of the meat with various percentages of fat
by Maxwell-Garnett and experimental results of [27].

3% 12 % 24 % 34 % 43 % 54 %
Permittivity 46.7 42 37.5 22.7 14 10.5
Real
Ref. [38]
Permittivity 45.1 39.7 33.15 28.16 23 19.25
Real
calculation
Permittivity 18.25 14.9 13.1 6.1 3 2
Imaginary
Ref. [38]
Permittivity 17.75 15.6 12.97 10.9 9.3 7.44
Imaginary
calculation
g v
) \ - - 39
= 30 4 N ---iz/(;m
» "
lll — =24%
-40 - ' — 34%
\ —43%
' — - 54%
-50 T T T T T T T T T
1 15 2 25 3 35 4 45 5 55 6
Frequency(GHz)
(@

-25 r T T r r T T T T
1 15 2 25 3 35 4 45 5 55 6
Frequency(GHz)
(b)

Fig. 7. Transmissions of the proposed sensor for first and second resonances (a)
for Ro-4003 (b) for FR-4 (c) Ro-5880.

material becomes more lossy, so the wave hitting the object becomes a
loss. In practice, it works like a short circuit, and this short circuit will
improve by increasing the fat percentage.

5. The experimental result, material sense, and proposed closed-
form formula

Fig. 8(a) shows the fabricated sensor with the EBG unit cells, and the
measurement setup is presented in Fig. 8(b). We employed the network
analyzer (Agilent-8722ES) for calculating s-parameters and probed the
meat with different fat percentages with the proposed sensor. Fig. 8(c)
illustrates different meat samples used for measurement.

Fig. 9 depicts the transmission of the proposed fabricated sensor. A
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Fig. 8. (a) The proposed fabricated sensor (b) the measurement set up (c) various samples of meat with different levels of fat from 3 % to 54 %.

=
3 15 = = Measurement
& —— Simulation
-20
'25 T T T T
1 2 3 4 5 6

Frequency(GHz)

Fig. 9. comparison between S,; of the simulation and experimental.

perfect similarity can be seen between simulation and fabricated sen-
sors. Generally, we are dealing with non-linear materials considered
ideal in the simulation environment, which can cause a difference be-
tween simulation and experimental (see Table 1). In the software, we
usually overlook the currents caused by environmental situation, but in
the practice, the physical conditions of the test environment and the
final quality of the element under test play important roles. For sure, in
the simulation, metals are considered as PEC and without thickness.

To test the meat with various fat percentages, we selected 0.005 Kg
samples with the dimension of 20 x 14 x 3 mm? as used for simulation.
The temperature of the environment is considered 27 °C. Comparing the
simulation result in Fig. 7 and experimental measurement in Fig. 10
concludes that a good agreement between the two cases is evident.
However, some other parameters, such as loss of connector and the
environmental condition, cause the reduction in the transmission (So1)
of the experiment. In this study, we did not explore the humidity and
temperature. Nevertheless, as mentioned above, fat is much more hy-
drophilic than meat, so when the ratio of fat in meat increases. We see an
intensifying in the imaginary part of the permittivity caused by more
water and alcoholic compounds.
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Fig. 10. The transmission of the proposed sensor (Sz;) for various samples
while the level of the fat is changed.

The main goal of designing a microwave sensor is to recognize un-
known materials based on the electrical characteristic of the materials
that affect various parameters of the sensor, such as frequency shift and
phase variation. Here, we considered the frequency shift, amplitude
change, and the Q-factor for both resonances to recognize the fat per-
centage in samples. As Table 2 shows, a good similarity can be seen
between simulation and experimental results for operation frequency. In
addition, it is visible that the second resonance difference between fre-
quencies is about 1.11 GHz for the experiment, and it is more than the
first resonance, which is about 0.4 GHz, which means that the second
resonance has a better resolution for detecting the fat percentage based
on frequency shift. So, the second resonance is more suitable for
obtaining the unknown material based on frequency shift. This different
behavior of each resonance is oriented from the capacitors and inductors
made by the transmission line and gaps. Therefore, in each resonance,
some interact with MUT. On the other hand, in Table 3, the Q-factor of
both resonances is checked. The first resonance has a higher Q- factor
and the variation of the Q-factor by changing the fat percentage is
visible. Then, the first resonance can detect the unknown material based
on the Q-factor. As a result, the multi-band characteristic behavior of
this sensor helps us to recognize the effect of frequency shift at the
second resonance and Q-factor of the first resonance to increase the
quality of the sensing. When the materials under test are lossy, the ratio
of the loss field to the stored field increases. Consequently, we see a
decrease in the Q-Factor. Yet, in structures where the material under test
is highly lossy, it is not possible to check the frequency shift in many
cases, or it does not show a wide separation, so in such cases, the use of
g-factor is much more practical.

The comparison between resonate frequency shift (Af = figm — fo)
and amplitude for the second resonance are presented in Fig. 11 (a) and
(b), respectively. Both simulation and experimental results have linear
variation, which makes this sensor suitable for detecting unknown
percentages of fat.

In brief, the working frequency of the structure shifts to lower fre-
quencies when the material under test is placed on it, which is due to the
increase of the sensor’s external capacitor. Nonetheless, assuming that

Table 2
simulation and experimental frequencies for the various percentages of the fat.
Simulation Experimental
f1(GHz) f2(GHz) f1(GHz) f2(GHz)
3% 1.69 3.21 1.75 3.37
12 % 1.71 3.44 1.77 3.64
24 % 1.78 3.62 1.81 3.82
34 % 1.81 3.72 1.83 3.94
43 % 1.83 3.77 1.99 4.12

54 % 1.86 3.85 2.15 4.48
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Table 3
Q-factor of both frequencies for simulation and experimental for the various fat
percentages.

Simulation Experimental
f1(GHz) f2(GHz) f1(GHz) f2(GHz)
3% 56.3 13.65 26.11 8.4
12 % 8.53 13.5 4.27 4.9
24 % 5.26 15.21 5.01 4.44
34 % 4.48 22.76 4.35 0
43 % 4.7 15.86 3.13 0
54 % 4.37 11.46 3.85 14.9
15 —
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Fig. 11. comparison between simulation and experimental (a) resonate fre-
quency shift (b) the amplitude of the Sy;.

the permittivity is uniform in the desired spectrum, we see different
behavior in the two frequencies. This difference is due to the difference
in the elements producing resonance and the mutual interaction of the
material under test and the desired structure. The first frequency is
mainly created by the gap capacitors in the center, but the gap capaci-
tors producing the second resonance are smaller, and the effect of in-
ductors is more effective in transmission lines. So, it can be said that at
high frequencies, the inductance property created by the material under
test is the most effective factor, and at low frequencies, the capacitance,
so this effect can be seen in the Q-factor. On the other hand, at higher
frequencies, there is an equal change in the number of capacitors and
inductors compared to the lower frequency, which is equivalent to a
larger ratio in the total capacitor and inductor, so the frequency shift
occurs more.

Finally, Lagrange interpolation was used for calculating the per-
centage of the fat in the samples based on Fig. 11 (a) for the experi-
mental results. Eqs. 10 and 11 introduce Lagrange interpolation as
follows:
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P(x) = P(v) (10)
j=1
o (x—x
P; =y P, (]_])
0=y 11 (=)

Here x and y are for the Cartesian coordinate system [15], and P(x) is a
frequency-based function. Thus, it is possible to predict the fat per-
centage for the material under test (MUT). The value of P(x) is presented
with Eq. 12, and here, the fifth-order equation is obtained for higher
accuracy.

P=472x107°(4f)° — 5.3 x 1077 (4f)*+
3.09 x 1076(4f)° + 1 x 1073(4f)? 12)
—4.5x10724f +1.42

As shown in Fig. 11 (a), the Fitted curve is the same as the mea-
surement, and here, the SSE (sum square error) is obtained as 7.6E-30.

The comparisons of the proposed sensor with previous models are
presented in Table 4. Here, the type of sensor, type of material, size of
the sensor, operating frequency, and Q-factor are compared. The various
sensors like a transmission line with a split ring, a transmission line with
a gap, and a waveguide with FSS and SIW are considered for this com-
parison. This comparison shows that the proposed sensor in this study
has a higher Q-factor of 386 while the SIW cavity with a similar fre-
quency has a lower Q-factor (~160), and using a substrate with higher
permittivity (e, = 10), results in reducing the size of the cavity to
35 x 20 mm?2. The waveguide sensor with FSS is a complicated tech-
nique. The size of FSS is 22.8 x 10.1 mm?, but here, we ignored the size
of the waveguide, and in this model, putting a sample in the holder is
very hard. In some other studies, parasitic elements [29], making a
cavity in connection with a transmission line [30], and coupling be-
tween two cavities [31] have been noticed. However, as shown in the
Table4, the parasitic element [29] and making a cavity in connection
with the transmission line [30] has a low Q-factor, and in the coupling
between two cavities [31], the S;; and Syo are used for measurement
which is not interesting for sensing because typically the S;; is equal
with Sos.

6. Conclusion

A microwave sensor based on a split ring resonator was developed in
this paper. Using the SRR and bent transmission line, the structure was
made compact more than the previously studied model, and it shows
dual-band characteristics at 3.48 and 4.67 GHz. The results show the
effect of the EBG unit cell for controlling the electric field up to 470 %,
and the Q-factor is increased from 254 for the sensor without EBG to 386
for the contained EBG model. The equivalent circuit for the proposed
sensor was extracted and compared with a full-wave simulation to show
the effect of the elements in this sensor. The effect of materials with
different permittivity and loss-tangents was examined to reveal their
effect on the sensor’s response. The proposed structure was used for
checking the level of fat in the meat, and the result shows that, for the
first resonance, the effect of the meat and fat permittivity on the Q-factor
can be considered as the factor for recognizing the percentage of the fat,
and for the second resonance the frequency shift and sensitivity are more
acceptable. In addition, the Maxwell-Garnet model was used for
modelling and obtaining the real and imaginary part of permittivity to
have an accurate model for materials under test. Finally, the experi-
mental, circuit model, and simulation results were compared, and the
Lagrange interpolation was used for calculating the percentage of the fat
in the samples with a fifth-order polynomial with SSE of 7.6E-30.
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Table4
comparisons of the proposed sensor with some previous models.
Model MUT Size Q- Frequency
(mm?) factor (GHz)
This SRR bent line Meat 42.5 x 38 386 3.5
work
Ref. [6] SIW Cavity Ethanol 35 x 20 ~160 3.2
Ref. Transmission 0il 70 x 140 216 6.3
[15] Line
Ref. Split Ring Ethanol 30 x 30 130 2.1
[22]
Ref. Waveguide 0il 22.8 x10.1 291 10.2
[23] FSS
Ref. SRR coupling Solid ~25 x 25 ~45 2.1
[29] dielectric
Ref. SRR Cavity water - ~25 1.95
[30]
Ref. Coupled Solid ~30 x 30 ~300 2

[31] cavity dielectric
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