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Abstract

In this study, a novel microstrip antenna sensor with defected ground structure is investigated
to detect the presence of other substances in liquid food samples. The proposed antenna sen-
sor is rake-shaped which has been designed using time domain solver in three-dimensional
simulation software Computer Simulation Technology Microwave Studio. The proposed
antenna sensor has been fabricated using an FR4 material, having overall dimensions of
30 x 27 mm® with dielectric constant 4.4, substrate thickness 1.57 mm, and loss tangent
0.0025. Furthermore, the Q-factor of the proposed antenna sensor is 485 showing a maximum
sensitivity of 700 MHz and having accuracy 98%. In the present work, water and juice are con-
sidered as liquid samples in which the presence of foreign substances is detected in terms of
reflection coefficient and shift in resonant frequency with the help of the suggested microstrip
antenna sensor. Through experimentation, it has been observed that with the increase in the
percentage of adulterant in the considered samples, the dielectric property of solution changes
which results in shift of reflection coefficient and resonant frequency, thus making an allow-
ance for the proposed antenna sensor a valid tool to detect adulteration in liquid samples.

Introduction

These days, people are commonly affected by diseases such as diabetes, strokes, uric acid,
high cholesterol level in blood, kidney failure, and many more because of taking food con-
taining impurities in it. Some of these diseases occur due to the intake of excessive sugar,
salt, or oil in their diet. Therefore, a consumer should be aware of these ingredients in
their diet before consuming it. Many methods have been proposed to detect such contents
in food [1, 2]. One such method has been reported to measure the salt content in soil [3].
Another method proposed for measuring dielectric concentration of starch using an open-
ended coaxial probe [4]. These procedures are considered to be complex and time-
consuming as well as their system development cost is very high [5-7]. To prevail over
these problems, microstrip-based technology is being used as it is widely profitable in recent
era in the number of fields such as agriculture, medical, communication, etc. [8-10].
Nowadays, dielectric-based sensors are being widely used which depends upon physical as
well as dielectric properties of the material [11, 12]. Such sensors are used for measuring
moisture content, temperature, fuel adulteration, etc. [13-15]. For instance, a microstrip
patch antenna (MPA) is developed for measuring the moisture content of hevea rubber
latex [16]. Furthermore, an MPA is developed for measuring the sugar salt content in
water at 2.45 GHz with relatively large antenna size [17]. Reflection methods and waveguide
probes have been used for medical diagnostics [18]. The ridged waveguide technique has
been developed for determining moisture content in oil palm fruits [19]. An imaging system
with high performance ultra-wideband has been used for medical diagnosis [20]. Further for
humidity sensing a polymer-loaded ultra-high frequency radio-frequency identification
antenna has been developed [21].Various methods that are reported in literature until
now for determining the moisture content and soluble solid material in agricultural products
are quite time consuming and cause measurement errors [22-24]. Therefore, to overcome
such problems a cost-effective, novel, and simple method is required to determine the adul-
teration more economically. Further to improve spatial resolution and penetration depth a
wider bandwidth and higher frequency is preferred [25].

In this article, a simple and novel rake-shaped microstrip antenna sensor with high spatial
resolution is presented to detect the presence of foreign substances in liquid samples. The sug-
gested antenna is used as a liquid sensor to detect the adulteration in liquid by demonstrating
the relationship between concentration, shift in resonance frequency, and variation in reflec-
tion coefficient in order to show the applicability of the proposed approach.
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Antenna design and fabrication prototype
Antenna design

The structure of the proposed rake-shaped microstrip antenna
used as a liquid sensor is reported in Fig. 1. The antenna has a
compact size of 30 x 27 mm®. The top and bottom views of the
proposed antenna in Computer Simulation Technology
Microwave Studio (CST MWS) are shown in Figs 1(a) and 1(b),
respectively. The microstrip patch radiator is printed on one
side of an FR4 substrate with relative permittivity (e€,) of 4.4,
thickness 1.57 mm, and loss tangent 0.0025. Furthermore, on
opposite side of the FR4 material a slotted defected ground struc-
ture is represented. The rake-shaped radiating patch has been
used to achieve maximum bandwidth. The resonance characteris-
tics of radiator are controlled by the structure and size of micro-
strip patch which is influenced by the coupling between radiating
patch and slotted partial ground. For perfect impedance match-
ing, the radiating patch is being fed by a 50-Q transmission line
using the microstrip feeding technique. This feed strategy utilizes
a conducting strip that is specifically associated with the edge of
radiating patch. This feeding method is simple, easy to fabricate,
and gives high impedance. Hence, the proposed geometry of the
microstrip sensor is considered keeping in mind the size con-
strains, bandwidth, coupling effects, and reflection coefficient.
Figure 2 presents the parametric sweep of “Ymin” for slot 7
(S;) in radiating patch and “Ymax” for reduced ground plane
that contributes in attaining desired resonant frequency. The opti-
mized geometrical parameters of the proposed antenna are
depicted in Table 1. The performance of the microstrip sensor
is affected by various factors such as patch size, location of feed
point, and different shapes of patch. Thus, for optimum perform-
ance patch dimensions and feeding point location should be
determined first.

Fabrication prototype of proposed antenna

The proposed rake-shaped microstrip antenna sensor has been fab-
ricated using wet-etching-based conventional photolithography
technique for practical experiments and the fabricated prototype
for the proposed antenna sensor is presented in Figs 3(a) and
3(b). The reflection coefficient of the antenna has been measured
using the Agilent E5071C Vector Network Analyzer (VNA), with
frequency range from 4 to 18 GHz. The simulated and measured
results are plotted with the help of Microsoft Excel 2007. The
experimental results have been performed in Antenna Research
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Fig. 1. Geometrical configuration of the proposed antenna as a liquid sensor: (a) top
view in CST and (b) bottom view in CST.
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Selection of frequency

Figure 4(a) illustrates the simulated and measured reflection coef-
ficient of the proposed antenna. In simulation, the antenna exhi-
bits a dual-band response covering the bandwidths from 8.41 to
9.96 GHz and 13.03 to 17.1 GHz with —10 dB return loss generat-
ing three resonant frequencies 8.87, 9.68, and 14.31 GHz with
reflection coefficients of —19, —20.7, and —23.7 dB, respectively.
Furthermore, the measured results show a triple-band response
covering the bandwidths from 6.53 to 7.11 GHz, 8.52 to 10.43
GHz, and 13.03 to 15.98 GHz with —10 dB return loss generating
three resonant frequencies 6.89, 9.51, and 14.32 GHz with reflec-
tion coefficients of —15, —30.9, and —45dB, respectively.
The snapshot of the measured result with VNA for the proposed
antenna is depicted in Fig. 4(b) which has been included here to
support Fig. 4(a). The resonant frequency both in simulation and
measurements is 14.3 GHz which is the highest among the men-
tioned frequencies and demonstrates the lowest reflection coeffi-
cient. Therefore, the frequency with a wider frequency range
and the lowest reflection coefficient is preferred to justify the
feasibility of the proposed antenna as a liquid sensor. Moreover,
the measured results show better performance for reflection coef-
ficient and resonant frequency compared to simulated ones. The
proposed antenna shows the accuracy of 98% which is estimated
by measuring gain, efficiency, Q-factor, and sensitivity of the pro-
posed antenna [26, 27]. The Q-factor is calculated using Q = f,/Af,
where f, is the resonant frequency and Af is the bandwidth, so
using the above formula the value of Q-factor is calculated as 485.

Antenna characterization
Gain and efficiency of proposed antenna

Figures 5(a) and 5(b) illustrate the simulated and measured gain
and radiating efficiency of the proposed antenna. It is observed
that the proposed antenna depicts the measured value for max-
imum gain and radiation efficiency as 6.81 dBi and 75%, respect-
ively, which is nearly equal to the simulated value of gain and
radiating efficiency of 6.54dBi and 70%. These simulated and
measured results demonstrate that the antenna works accurately
and efficiently.

Surface current distribution and radiation pattern for proposed
antenna

Figures 6(a) and 6(b) show the current distribution on the excited
resonant modes of the proposed antenna at 14.32 GHz. Figure 6(a)
presents the surface current distribution on the ground plane which
depicts that the slots in the ground plane contribute to antenna
performance. Furthermore, Fig. 6(b) illustrates the surface current
distribution on the radiating patch which indicates that various
slots and feedline position are responsible for resonant frequency
at 14.32 GHz as well as for overall improvement in antenna per-
formance characteristics.

Figures 7(a) and 7(b) present the comparison of simulated and
measured co and cross polarization for E and H planes at reson-
ant frequency 14.32 GHz respectively. The cross polarization level
obtained at the desired frequency is about —37 dB. The proposed
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Fig. 2. Parametric sweep for (a) slot 7 in radiating patch and (b) reduced ground plane y-axis.
Table 1. Optimized dimensions of proposed antenna as a liquid sensor
Substrate
Parameters Values (mm)
Radiating Patch
Patch L,=12.398; W,=14
. Ground Plane
Ground Ly=23.25; W, =27 S
Slots $1=10.5%3; §;=10.5x3; S3=10.5%3; S4=3x1; S5 =4 %

2; Se=3x1; S;=2%T7.5; Sg=4x1; Sg=2x 12.5; S;0 =
3.25x3

antenna shows the close agreement between the simulated and
measured results for the radiation pattern; however, the small
variation in the pattern is due to the fabrication errors as well
as other external reasons such as temperature. Depending upon
various antenna performance characteristics the proposed
antenna can be considered as a liquid sensor to analyze the qual-
ity of liquid samples.

Proposed antenna as a liquid sensor

After verifying the performance characteristics of the proposed
antenna, the fabricated design is deployed for the desired applica-
tion which is to detect the adulteration in liquid samples.
The ability of food products to store and dissipate electromagnetic
energy is determined by material’s dielectric properties.

https://doi.org/10.1017/51759078722000587 Published online by Cambridge University Press
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Fig. 3. (a) Top view of the fabricated prototype and (b) bottom view of the fabricated
prototype with a four-hole SMA connector.

Therefore, the detection of adulteration in a solution is solely
dependent upon the change in the permittivity value of the
material which provides the variation in reflection coefficient
and shift in resonant frequency.

In this section, experimental validation of the proposed
antenna-based sensor for detecting adulteration at different levels
is carried out. In this work, we have opted for rake-shaped micro-
strip antenna sensor for detecting adulteration in water and juice
by adding different adulterants to it. First step is to prepare a bin-
ary mixture of 50 g with different concentrations (20, 40, 60, and
80%) of adulterant. For instance, for 20% adulteration, salt and
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Fig. 4. Fabricated prototype: (a) simulated and measured reflection coefficient of the
proposed antenna and (b) snapshot of measurement with the VNA.
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Fig. 5. (a) Simulated and measured gain and (b) simulated and measured radiation
efficiency for the proposed antenna.

water is mixed together by gradually adding 10 g of salt to 40 g of
water keeping the total volume 50 g and so on. After the dilution
these samples are kept for about approximately 5 min to attain the
equilibrium and to ensure that there are no air bubbles left.
Second step is to immerse the sensor in the 50 g sample to meas-
ure reflection coefficient variation with respect to frequency range
using the Agilent E5071C VNA as shown in Fig. 8. The sensor is
dipped in the sample for about 2 min. Experimentally it has been
found that this process becomes stable around 2 min after dip-
ping; average of five readings are taken and a stable band is con-
sidered for adulterated sample from a large set of experiments that
are observed up to 20 dipping. Similar steps are followed for ana-
lyzing different concentrations of adulteration in water and juice
after a gap of 10 min. All the measurements are carried out at
room temperature (25°C) and after each measurement the sensor
is washed with normal water and wiped with dry tissue paper.
Finally, all obtained results are observed and comparison graphs
of the sample solution with different concentrations of adulterants
are plotted.

(®)
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Sensitivity and dielectric permittivity analysis

Different liquid samples (water and juice) have been investigated
with varying different levels of contamination using the proposed
antenna as a liquid sensor to indicate the applicability of recom-
mended methodology. The liquid samples were differentiated
using the sample’s dielectric properties which can be determined
through change in reflection coefficient and shift in resonant fre-
quency. Figure 9 presents the variation of reflection coefficient as
a function of frequency for pure water and pure juice in reference
to the experimental results obtained with respect to the fabricated
antenna in free space. Figure 9 depicts that the measured resonant
frequency of pure water and juice sample is 14.54 and 13.86 GHz
having reflection coefficient —40 and —39.4 dB, respectively, with
respect to free-space sample considered as the reference sample
having resonant frequency 14.32 GHz with —45dB reflection
coefficient. Furthermore, the sensitivity of pure water and juice
sample is calculated which is defined as the change in resonant
frequency for a unit shift in dielectric constant. The estimated
value for sensitivity is 220 and 460 MHz for water and juice,
respectively. On the other hand, the proposed antenna sensor
shows a maximum sensitivity of 700 MHz. The adulteration
detection in a solution is solely dependent upon the dielectric
properties of the material; change in the permittivity value of
the material provides variation in reflection coefficient and shift
in resonant frequency. The measured dielectric permittivity of
water and juice is 33.3 and 33.6 which is calculated mathematic-
ally using a second-order polynomial equation, with reference to
Fig. 9 and is expressed as:

& = 51.32f* — 1458f + 10, 316

Table 2 shows the measured result for resonant frequency,
dielectric permittivity, and sensitivity of material under test
(MUT) i.e. water and juice.

Case 1: adulteration of water with salt, sugar, and glucose
The sensor has been first examined for adulteration in water using
different concentrations of salt, sugar, and glucose which are con-
sidered as adulterants to be added in the pure sample (water).
As the level of adulteration increases, free molecules in water
decreases, hence the dielectric property of the material decreases
and due to this reason load impedance increases and conse-
quently reflection coefficient decreases.

For experimental purpose, salt, sugar, and glucose are added to
water separately making 20, 40, 60, and 80% solutions, respectively.

A/m

03883883§

Fig. 6. Simulated surface current distribution at 14.32
GHz for the proposed antenna (a) on the ground plane
and (b) on the radiating patch.
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Fig. 7. Comparison of simulated and measured co and
cross polarization at 14.32GHz: (a) E-plane and (b)
H-plane for the proposed antenna.

Fig. 8. Photograph of the experimental setup during
measurement: (a) water and (b) juice of the proposed
antenna as a sensor.
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Fig. 9. Variation in reflection coefficient (dB) in water and juice with respect to free
space.

In Fig. 10(a) different concentrations of salt i.e. 20, 40, 60, and
80% in water shows the reflection coefficients —30.01, —25.01,
—23.31, and —21.01 dB resonating at 14.54, 14.21, 14.3, and
14.46 GHz, respectively. Furthermore, Fig. 10(b) illustrates the
variation in reflection coefficient —34.96, —33.45, —26.12, and
—25dB for 20, 40, 60, and 80% of sugar in water resonating at
14.44, 14.32, 14.26, and 14.22 GHz, respectively. Figure 10(c)
illustrates the response for glucose concentration in water for
20, 40, 60, and 80% having reflection coefficient —26.32,
—25.98, —23.56, and —21.34dB resonating at 14.63, 14.32,
14.24, and 14.24 GHz, respectively. Figure 10 represents that all
these three binary solutions i.e. salt-water, sugar-water, and glu-
cose-water show high sensitivity for variations in reflection coef-
ficient and resonant frequency, which indicates that as the level of

https://doi.org/10.1017/51759078722000587 Published online by Cambridge University Press
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Table 2. Measured resonant frequency, dielectric permittivity and sensitivity of
the MUT

Material Resonant
Sl under frequency Measured Sensitivity
no. test (GHz) permittivity (MHz)
1 Water 14.54 333 220
2 Juice 13.86 33.6 460

adulterant increases in the pure sample (water) the dielectric
properties of the material decreases which results in decrease of
reflection coefficient and shift in resonant frequency.
Furthermore, the reproducibility data and limit of detection
(LOD) for various adulterants added to the pure sample are cal-
culated and shown in Table 3 to check the accuracy and to esti-
mate adulteration for the proposed antenna sensor.

Case 2: adulteration of juice with sugar, jaggery, and honey

A similar procedure is used for detecting adulteration in juice
considering sugar, jaggery, and honey as adulterants in pure sam-
ple (juice). Figure 11 illustrates the estimation of adulteration with
respect to reflection coefficient and shift in resonant frequency
with percentage increase of sugar, jaggery, and honey in juice,
considering free sample as a reference sample for adulteration
detection having resonant frequency 14.32 GHz and reflection
coefficient —45 dB. Figure 11(a) demonstrates that as the level
of adulterant i.e. sugar increases in juice by 20, 40, 60, and 80%
the reflection coefficient shows the variation of —24.86, —22.34,
—19.58, and —16.31dB having resonant frequency of 12.84,
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Fig. 10. Variation in reflection coefficient (dB) in water with different percentages of (a) salt, (b) sugar, and (c) glucose.

Table 3. Reproducibility data and LOD for adulteration in water

Table 4. Reproducibility data and LOD for adulteration in juice

Water reproducibility

Juice reproducibility

Sample no. Adulterant (RSD%) LOD (g) Sample no. Adulterant (RSD%) LOD (g)
1 Salt 15 10 1 Sugar 17 10
2 Sugar 16 10 2 Jaggery 14 10
3 Glucose 11 10 3 Honey 4 10

13.65, 13.58, and 13.84 GHz, respectively. Furthermore, Fig. 11(b)
illustrates the shift in resonant frequency and reflection coefficient
with different percentages of jaggery in juice at 13.53, 13.36, 13.24,
and 13.77 GHz having reflection coefficient —23.58, —20.67,
—19.56, and —16.35 dB for 20, 40, 60, and 80% concentration of
adulterant, respectively. Figure 11(c) shows the response of reflec-
tion coefficient and resonant frequency with different concentra-
tions of honey in juice. For 20, 40, 60, and 80% of honey in juice,
the reflection coefficients are —16.28, —15.56, —15.02, and —14.74
dB having resonant frequency 13.69, 13.53, 13.45, and 13.62 GHz,
respectively. Thus, from the obtained results of resonant frequen-
cies and reflection coefficients with respect to the free space in
Fig. 11, it is concluded that as the level of adulteration increases
in pure sample the dielectric constant of the material decreases
which results in decrease of reflection coefficient and shift in

resonant frequency. Furthermore, Table 4 illustrates the reprodu-
cibility data and LOD for various adulterants in pure juice sample.

Figure 12 presents the bar graph to highlight the variation in
reflection coefficient for water and juice samples adulterated with vari-
ous adulterants at different levels of concentration. Furthermore, the
proposed liquid sensor exhibits standard deviation less than the differ-
ence between unadulterated and adulterated values, giving resolution
high enough to distinguish adulteration with an acceptable statistical
accuracy, which further reduces the sensor size and penetration depth
considerably.

Results and discussion

The proposed rake-shaped microstrip antenna sensor for detect-
ing adulteration is based on the methodology of food material’s

e
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Fig. 11. Variation in reflection coefficient (dB) in juice with different percentages of (a) sugar, (b) jaggery, and (c) honey.
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honey. @) (b)
Table 5. Comparison of the proposed sensor with earlier reported work in terms of analytical performance
Size of Operating
References sensor (mm?) frequency (GHz) Sample tested Q-factor Sensitivity (MHz) Accuracy (%) Structure
[5] 40 x 26 2.65 Solid 80 97 CSRR
[12] 68.12 x 38.69 3.98 Solid 174 - 92.5 RRR
[14] 53 x53 2.44 oil 146 13.33 98.47 VSRR
[23] 68 x 100 222 Solid, gas 407 - 93 SSRR
[26] 50 x 50 2.45 Liquid and paste 154.4 15.02 0.4 SMRR
[28] 50x30 2.45 Solid - 2.5 94 IDC-SSR
[29] = 1.85 Liquid or solid = 74.37 91.66
[30] 40 x 20 2.074 Glucose - - 98.59 ENG resonator
[31] 35x25 245 Water 45 214 95 MCSRR
This work 30 %27 14.32 Liquid 485 700 98 MPA

interacting with the electromagnetic field owing to shift in reson-
ant frequency as a function of dielectric permittivity of the sam-
ples. The variability difference of the reflection coefficient at
different levels of adulteration depends upon the permittivity of
the material, which increases or decreases depending upon the
type of adulterant and its concentration in the solution. The
obtained results show good linearity among resonance frequency
shift and reflection coefficient with respect to different adulterants
at different levels of adulteration (20, 40, 60, and 80%). In afore-
mentioned graphs it is clearly depicted that as the percentage of
adulteration increases in the pure sample, the dielectric properties
of the material decrease which results in decrease of reflection
coefficient and shift in resonant frequency.

The proposed antenna sensor has a simple design and photo-
lithography technique based on wet etching is opted for fabrica-
tion of the antenna-based sensor. Furthermore, the measured
and simulated results demonstrate the good characteristic per-
formance of the antenna sensor including accuracy, high sensitiv-
ity, Q-factor, gain, etc., which validates the proposed sensor as an
effective tool to detect adulteration in liquid samples.

However, it is concluded from the experimental results that the
proposed antenna sensor is capable of detecting different levels of
adulteration but it cannot specify the type of adulterant present in
the sample which is reported as a drawback of the proposed
antenna sensor.

https://doi.org/10.1017/51759078722000587 Published online by Cambridge University Press

Table 5 illustrates a detailed comparison of proposed work
with earlier reported works in terms of analytical performance.

Conclusion

A novel rake-shaped sensor has been presented, fabricated, and
experimentally assessed for detecting the contamination in liquid
samples (water and juice) with various adulterants. The proposed
sensor is fabricated on a low-cost FR4 substrate with relative per-
mittivity 4.4 which gives satisfactory results in terms of antenna
performance characteristics. The proposed sensor has high quality
factor of 485 and shows a reasonable sensitivity of 700 MHz hav-
ing an accuracy of 98% with improved spatial resolution and
penetration depth owing to its wider bandwidth and higher fre-
quency. Furthermore, the good agreement between simulated
and measured results proves the proposed antenna sensor to be
a sensible device for food assessment applications in liquid sam-
ples with respect to resonant frequency and reflection coefficient.
For future work, more experiments are needed with different var-
ieties of liquid material such as milk, oil, fuel, etc. and further with
dry materials to upsurge the reliability of the device that can be
considered as a good candidate for food industries.
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