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Antenna Sensor Based on an Inter-Digital Gapacitor Shape EBG
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ABSTRACT: In this paper, an antenna sensor based on an electromagnetic bandgap (EBG) structure is proposed to measure the complex
permittivity of liquid under test (LUT). The sensor consists of two parts: a detection antenna and an EBG structure. The detection antenna
uses a semicircular arc defective ground structure to improve the quality factor (Q-factor). Simultaneously, the EBG structure can be
equivalent to a narrow-band bandpass filter, so that the electromagnetic wave can only propagate in a very narrow frequency band. It can
further improve the Q-factor of the antenna and realize the precise positioning of the resonance frequency point. The complex permittivity
of'the LUT can be extracted by measuring the resonant frequency shift and the amount of variation in the Q-factor of the antenna. The test
results show that the sensor can detect dielectric values covering the range of 1-25, and the average sensitivity is 2.342%. It combines

the advantages of high sensitivity and wide detection range.

1. INTRODUCTION

he measurement of the relative complex permittivity, €

(ef = e, — je.), which describes the interaction between
the material and electromagnetic field, has great potential for
applications in food testing [1, 2], biomedicine [3—5], industrial
chemistry [6-8], etc. It is mainly characterized by the real part:
€r, which describes the energy stored in the material when it is
passed by electromagnetic energy, and the loss tangent: tan ¢
(tand = ¢! /e,.), which is related to the dissipation of energy in
the material. In [9], Santra and Limaye proposed a dielectric
sensor operating in the microwave band to measure the rela-
tive complex permittivity of materials. With strong robustness,
real-time performance and label-free measurement compatibil-
ity, microwave sensors are highly adopted in various measure-
ment and instrumentation applications.

To date, dielectric sensors operating in the microwave band
can be categorized as resonant [10] and non-resonant [11].
Non-resonant methods utilize changes in the characteristic
impedance and wave speed of electromagnetic waves to derive
the dielectric constant of the material, such as free-space
method [12], transmission line methods using waveguides
[13], and coaxial wires [14]. The resonant method uses the
principle of resonant perturbation to invert the dielectric con-
stant from the change in resonant frequency and quality factor
(Q-factor) [15]. Among these designs, resonant dielectric
sensors are more advantageous due to their small size, high
sensitivity, and low cost.

In 2020, Haq et al. proposed a two-port dielectric sensor
based on complementary symmetric S-type resonant cavity
(CSSSR) [16]. It utilizes the values of resonant frequency and
depth of trapping to invert the dielectric constant of a solid ma-
terial. Alam et al. proposed a dual-frequency sensor for detect-
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ing the dielectric constant of solid materials in 2022 [17]. The
sensor structure consists of a pair of u-shaped resonators con-
nected via a power divider and a microstrip feed line, thus gen-
erating two different sensing hotspots. It realizes simultaneous
measurement of two samples at a time, dramatically improving
the efficiency of testing.

Dielectric measurements of solid materials are relatively
simple compared to liquid materials, since the dielectric loss
of solid materials is usually much lower than that of liquids.
When a high loss liquid under test (LUT) is loaded, the Q-factor
of the overall system drops dramatically, making it difficult to
determine the resonant frequency point [18]. This phenomenon
greatly limits the range of application of sensors for liquid mea-
surement. Therefore, liquid dielectric sensors require high in-
trinsic Q-factor to achieve test robustness in different environ-
ments. In conclusion, it is valuable to realize the accurate mea-
surement of complex permittivity of LUTs with high loss tan-
gent.

Liu and Tong presented a resonator based on the substrate-
integrated waveguide (SIW) technology used as a complex di-
electric constant measurement of aqueous ethanol in 2015 [19].
SIW technology utilizes metal vias on a dielectric substrate to
realize the field propagation pattern of the waveguide, which
dramatically improves the device’s Q-factor. The disadvan-
tage is that the sensor must be fully immersed in the LUT dur-
ing measurement. Due to the corrosive and toxic nature of
some liquids, the realization of non-contact measurement of
LUTs is also a current research hotspot. In 2016, Seo et al. de-
signed a sensor for ethanol concentration detection using one-
eighth mode SIW (EMSIW) antenna and microfluidics [20]. It
solves the problems of low Q-factor and contact measurements
of conventional sensors. However, the maximum frequency
shift is only 130 MHz when ethanol is loaded in the concen-
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FIGURE 1. CPW monopole antenna configuration.
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FIGURE 2. 51, parameter of single antenna.

TABLE 1. Parameters of the proposed antenna and EBG element.

Parameter Value/mm  Parameter Value/mm Parameter Value/mm
w 35 L; 4 Dey 4
L 42 Ly 2 De; 6
Wi 2.4 Ry 12.8 We, 2
W, 9.8 R, 7.6 We, 2
Wi 1 Ry 5.6 Le; 38
Ly 12 Dy G, 6
L, 40.8 D, 2 G, 6

tration range of 0-50%, and the detection sensitivity needs to
be improved. In order to simultaneously satisfy the high sen-
sitivity of the sensor and the non-contact measurement, Jun
et al. presented a new method for liquid dielectric measure-
ments [21], which uses a reconfigurable antenna in combination
with a conventional rectangular patch-shaped electromagnetic
bandgap (EBG) structure. The loading of the LUT causes a
sharp change in the reflection phase of the EBG, which results
in a highly sensitive frequency tuning of the detection antenna.
Based on Jun et al.’s work, Arif et al. have improved the sen-
sitivity of the sensor by etching special fractal grooves on the
surface of the EBG element [22], which enhances the E-field
strength in the sensing region by 19%. However, the complex
topology of its EBG and antenna leads to the introduction of
extraneous transmission zeros in the operating band interfering
with the test, and the 3 x 3 EBG array also leads to a large
overall size.

Based on the above work, this paper proposes an antenna
sensor with a 2 x 2 EBQG array, and the EBG array structure is
similar to an inter-digital capacitor shape. The sensing chan-
nel of the LUT is placed on the EBG structure, which exists
separately from the detection antenna. The detection antenna
is not in contact with the LUT, which avoids corrosion of the
detection antenna by the special LUT. The presence of the EBG
array suppresses the surface waves radiated by the antenna and
reduces the return loss of the antenna’s radiated energy. The
loading of the EBG improves the intrinsic Q-factor of the de-
tection antenna and broadens the measurement range. Mean-
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while, the EBG can pool a higher E-field strength in the sens-
ing region, which increases the measurement sensitivity of the
sensor. In this paper, the structural and geometrical parameters
of the sensor components are firstly presented. Secondly, the
introduction of sensing theory and simulation analysis of the
antenna sensor loaded with EBG structure are given. Finally,
the performance evaluation and validation of the measurement
effect of the sensor is carried out. Compared with traditional di-
electric sensors, this sensor has the advantages of non-contact
measurement, high sensitivity, and wide measurement range.

2. ANTENNA SENSOR DESIGN AND CONFIGURATION

2.1. Design of Detection Antenna

The top view of the proposed antenna structure is shown in Fig-
ure 1. The overall size of the antenna is 35 mm x 42mm X
1.6 mm. The proposed antenna is printed on a Teflon (F4B) sub-
strate with a dielectric constant of 3.5, a loss tangent of 0.002,
and a substrate thickness of 1.6 mm, Table 1 shows the specific
structural parameters of the antenna. By designing the S-shaped
open slot structure, the antenna surface equivalent current path
is extended, and then the branch equivalent inductance value
is adjusted to tune the resonant frequency. As shown in Fig-
ure 2, the antenna center frequency is located at 3 GHz and the
—10dB impedance bandwidth located in the 2.3-3.7 GHz fre-
quency range. Part of the ground plane combined with the semi-
arc etched groove helps to improve the impedance matching of
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FIGURE 3. Geometry and equivalent circuit diagram of the EBG element structure. (a) Top view of the EBG element structure. (b) Equivalent circuit

of the EBG element structure.
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FIGURE 4. Evolution of the sensor. (a) Process 1. (b) Process 2. (c) Process 3.

the antenna, and the reflection coefficient at the resonance fre-
quency point is below —25 dB.

2.2. Design of EBG Element

The EBG element topology used in this paper is shown in Fig-
ure 3(a). Due to the self-similar spatial distribution of the ele-
ment structure, EBG elements arranged in a periodic structure
will form an inter-digital capacitance structure at the horizontal
gap between two elements, which will lead to a significant in-
crease in the local electric field strength in this area, and placing
the liquid to be measured in this area to measure its dielectric
properties will significantly improve the test sensitivity of the
sensor. The equivalent circuit of the elements is shown in Fig-
ure 3(b). The parasitic resistance R, is frequency independent
and can be neglected at high frequencies. A total equivalent
input impedance and resonant frequency of the element can be
obtained by the following equation.

1

7 = —
! JwCs

(M

1 —w?L,C,
Jog R ————— 2
2 i @)
)
ZO _ Zl * ZQ ~ - 1 w LaQC’a (3)
Z1 + Zs jw(Ca +C3 —w LaCaC;),)
1 [Cy+Cs
= —_— 4
I 2\ CoL,Cs @

Cs and C,, in the above equation represent the capacitance be-
tween the element patch and ground and the inter-digital capac-
itance between the two element patches, respectively, and L,
is the total equivalent parasitic inductance of the patch. From
Equation (4), it can be seen that increasing the value of the
capacitance and inductance helps to reduce the resonant fre-
quency of the element to a lower frequency band.

3. THEORETICAL ANALYSIS

Floquet port excitation is used for the EBG element in High
Frequency Structure Simulator (HFSS), which simulates the re-
flection phase of the periodic structure. With the addition of
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FIGURE 5. Simulated reflection phase of the EBG element.

patch branches, it will increase its equivalent inductance value
and tune the 0 reflection phase point to a lower frequency posi-
tion. Meanwhile, the trench formed by the EBG array will in-
terrupt the surface wave propagation of the microstrip antenna,
thus changing the reflected phase of the incident electromag-
netic wave.

As shown in Figure 5, the 0 + 90° reflected phase interval of
the EBG structure will be narrowed to cover 1.92 ~ 1.94 GHz,
and the frequency selection effect of the element will be more
obvious, thus suppressing the influence of the surface wave of
the antenna operating band on the radiation efficiency and re-
ducing the subflap of the antenna radiation [23].

In order to determine the resonant frequency of the antenna
and to avoid the resonance peak curve tends to show broad-
band characteristics when high permittivity and high loss tan-
gent LUTs are loaded in the actual measurement. The sensor
is required to have a high Q-factor characteristic, which is con-
venient to obtain the accurate resonant frequency from the Sy
parameter map, thus improving the test resolution of the sensor.
The Q-factor of the sensor can be derived from Equation (5),
where f,. and BW represent the center resonant frequency and
—3 dB frequency bandwidth, respectively.

fr
BW

Q= )

Figure 4 illustrates the evolution of the sensor topology de-
sign, which was achieved through the iterative optimization of
both the antenna and EBG element topology. By comparing
the reflection coefficient curves of the three sensor structures,
as shown in Figure 6, it is observed that the sensor gradually
exhibits high Q) characteristics. Furthermore, the S parame-
ter plot in Figure 2 indicates that the resonance of the antenna
becomes deeper, and the impedance bandwidth range is nar-
rower when the EBG array structure is present, than a single
antenna structure. These findings suggest that the antenna sen-
sor loaded with an EBG structure of design process 3 possesses
good impedance matching, which is supported by the S;; Smith
chart diagram in Figure 8. Specifically, the equivalent input
impedance of the sensor system tends towards 0 near the reso-
nant frequency point of 2.8 GHz. Adequate impedance match-
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FIGURE 6. Simulated S1: of the three design processes.

ing can effectively reduce the dissipation of transmission en-
ergy, which is conducive to maintaining the high Q-factor char-
acteristics of the device.

The selected sensor architecture, as shown in Figure 7, em-
ploys F4B substrate material for both the detection antenna and
EBG reflector. The substrate thickness is 2 mm for the reflector
and 1.6 mm for the antenna. A PVC tube with a relative per-
mittivity of 2.2 is used to load the LUTs, with an inner diameter
of 2mm and an outer diameter of 3 mm. Based on Equations
(6) and (7), placing the LUT in the EBG array’s area of maxi-
mum electric field strength can increase the sensor’s frequency
shift, thereby achieving higher test sensitivity. Here, f,. and f
represent the resonant frequencies of the loaded and unloaded
LUTs, respectively.

Based on the electric field distribution presented in Figure 9,
it can be observed that the antenna sensor loaded with an inter-
digital EBG structure exhibits a higher electric field strength
at the slot area than the conventional rectangular patch EBG
structure. This indicates that the overall system’s Q-factor and
sensitivity would be significantly improved. The radiation pat-
terns of a monopole antenna and those of an EBG array-loaded
antenna in Process 3 structure were compared. The results de-
picted in Figure 10 show that a single antenna has a bidirec-
tional radiation pattern in all planes. In contrast, the radiation
pattern of the antenna loaded with a planar EBG structure is
more directional, with an approximately 10 dB improvement in
the front-to-back ratio of the radiation pattern.

I, (BniHoP + 2z | Eof?)do

Af L : (6)
fo I, (11 Hol? + 2 B ) do
Af/fr 1= fo—f
§ = Ae N Z foler — o) ™

For the calculation of the complex permittivity of LUT, one
of the best methods is to derive a mathematical model using
a curve-fitting technique that generates an imperative equation
that best fits a given set of data points. As shown in Figure 11,
the S7; transmission response curves of the antenna when it is
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FIGURE 7. The final proposed sensor topology with liquid channel. (a) Top view and side view. (b) Exploded view.
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FIGURE 13. Simulated dependence of S11 on different loss tangents in

the case of LUT ¢, = 2.

loaded with LUTs of different relative permittivities were sim-
ulated using HFSS, and good resonant frequency shifts and S1;
less than —10 dB were observed over a wide range of relative
permittivity (¢, = 1-25), implying that the sensor always has
a good impedance match.
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FIGURE 12. Relative permittivity (¢,) of the LUT as a function of the
normalized resonance frequency.
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FIGURE 14. The loss tangent (tan §) against the inverse normalized Q-
factor for different value of €.

As shown in Figure 12, the scattered data of resonant fre-
quency and the corresponding real part of the relative permit-
tivity when loading different LUTs were fitted with MATLAB.
The fitted curves of resonant frequency and relative permittiv-
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TABLE 2. Measured complex permittivity Parameters of different liquids.

LUT Permittivity (g,) RMS error Loss tangent (tan &) RMS error
This work  Reference (%) This work  Reference (%)
Butan-1-ol 3.38 3.55 4.79 0.451 0.481 6.23
Propan-2-ol 4.04 3.8 5.94 0.613 0.642 4.52
Ethanol 5.83 6.18 5.66 0.882 0.96 8.13
Methanol 19.05 19.6 2.81 0.712 0.652 8.43
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TABLE 3. Comparison of the proposed antenna and references.

Reference Freq (GHz) Sensitivity (%) Relative size (\}) Cover range (&r) Non-contact
[21] 2.45 1.749 1.18)\g x 1.18)y 1-15 No
[25] 4.6 1.819 3.25)¢ X 3.25)\ 1-20 No
[26] 1.34 9.328 1.19A4 X 2.01), 1-5 No
[27] 6.9 0.549 3.49), X 3.49), 1-15 Yes

Proposed 2.8 2.342 1.13)y x 1.13)g 1-25 Yes

ity for different LUTs had good linearity, and the goodness of
fit reached 99.84%. In order to simulate the dielectric charac-
teristics of the real liquid, the S1; response curve of the ideal
liquid with €, = 2 is simulated after adding different loss tan-
gent, as shown in Figure 13, and the resonant frequency is not
sensitive to the change of loss tangent, but the trap depth and
bandwidth show a certain trend change. According to Equation
(5) that can be used to fit a linear curve with the inverse quality
factor (Q 1) of the sensor in different cases with the loss tan-
gent, the curve is shown in Figure 14, and the curve equation
can also inverse performance of different LUTs’ loss tangent.

Figure 15 reflects the interrelationship between the relative
permittivity of LUT, the inverse quality factor, and the loss tan-
gent, and any two of the three variables are known to invert the
approximate solution of the corresponding third variable using
Equation (9). In summary, the S1; curves of the liquids loaded
with different types of unknown liquids samples are tested by
a vector network analyzer (VNA), and the data averages of the
resonant frequency points and the two points corresponding to
the Q-factor are obtained by multiple measurements to obtain
the complex permittivity of the unknown liquid samples. Since
all the mathematical models are established from simulation,
the following physical tests will be performed to verify the ac-
curacy of the theory.

35.79f% — 203.9f, + 291.8 (®)

Ep =

tand = (63.89Q " — 18.44¢, — 11.15Q >

—13.3Q e, + 7.465¢% 4+ 54.21) x 1072 (9)

4. MEASUREMENT AND RESULT DISCUSSION

Based on the structure of Figure 7, a physical device of the
antenna sensor is fabricated as shown in Figure 16(a) for test
verification. The antenna is supported by a non-conductive
polystyrene foam with a thickness of 9 mm and a relative per-
mittivity of 1.5 to simulate the propagation of electromagnetic
waves in the air medium.

The reflection coefficient of the top antenna is measured us-
ing an Agilent N5242A PNA-X vector network analyzer when
it is loaded with four different liquids, and the antenna is con-
nected to the VNA through an SMA connector and a 50 €2 coax-
ial feed line. Figure 16(a) shows the final built measurement
environment.

The results of the sensor measured unloaded and loaded
with four different liquids, ethanol, methanol, butan-1-ol and
propan-2-ol, are shown in Figure 17. The measured unloaded
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resonant frequency of 2.82 GHz is basically consistent with the
simulation. The unloaded Q-factor reaches 352, due to errors in
welding and fabrication, actual substrate dielectric constant de-
viation and measurement, and there is a certain gap compared
to the simulation results of Q-factor 460. The overall trend is
within the expected range, and the resonant frequency gradually
decreases as the relative permittivity of the liquid increases.

The test data were recorded, and the final test results were
compared with the reference table of the nominal values of the
relative permittivity of liquids in the literature [24]. As shown
in Table 2, the maximum error rate of the test for the real part
of the complex relative permittivity was less than 6%, and the
maximum error for the imaginary part was less than 8.5%. The
test values basically agreed with the nominal values, which ver-
ified the accuracy of the sensor. The proposed liquid sensor is
characterized by a compact structure, wide detection range, and
high sensitivity, and it is suitable for applications such as instant
monitoring of the dielectric characteristics of liquids.

Finally, the performance parameters of the developed sensor
were compared with previous designs. The resonant frequency,
size, maximum frequency shift, and detection range are shown
in Table 3. It can be seen that the design has some applica-
tion advantages in having a small relative size while achieving
a relatively wide relative permittivity measurement range and
non-contact measurement for the LUT.

5. CONCLUSION

In this paper, an antenna sensor based on inter-digital capacitor
shape EBG structure is proposed for the complex permittivity
measurement of liquid. It is different from the sensor of tradi-
tional planar resonant cavity type. The main structure is split
into two parts: a detection antenna and an EBG structure. So
it can realize noninvasive measurement and high sensitivity of
the sensor at the same time.

Since the LUT is placed above the EBG structure, and it is
not in contact with the detection antenna, the sensor can be ap-
plied to the real-time measurement of the complex permittivity
of corrosive liquids.

The loading of different LUTs changes the equivalent capac-
itance between the EBG element and the antenna, which causes
a shift in the antenna resonance frequency. By measuring S1; of
the detection antenna, the complex permittivity of the LUT can
be derived from the amount of resonant frequency shift and the
amount of change in the inverse Q-factor. Samples of Butan-
1-o0l, Propan-2-ol, Ethanol, and Methanol were used to validate
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the sensing performance. The root-mean-square (RMS) error
for the real part of the measured complex permittivity is less
than 6%, and the RMS error for the loss tangent is less than
8.5%.
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