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ABSTRACT In this paper, a comprehensive review of portable microwave sensors for monitoring moisture
content (MC) is presented. MC monitoring is crucial in different industries, particularly food and farming.
Microwave-based approaches for measuring the MC of the grains and mineral materials are studied. These
approaches are categorized into three groups: S-parameters, dielectric constant, and impedance measure-
ments. While these methods are interrelated, they have differences. The investigated methods use different
microwave antenna sensors for MC monitoring, such as coaxial probes, horn antennas, loop antennas,
microstrip patch antennas, and frequency selective surface (FSS) antenna. State-of-the-art microwave sensors
were investigated thoroughly to clarify the current challenges and possible solutions of MC monitoring.
A comparison between the investigated sensors was made to determine their advantages and disadvantages.
According to the comparison, sensors operating above 10 GHz suffer from cross-interference. Moreover,
microstrip patches can monitor a wide MC range as extensive as 60%. At the same time, the FSS sensor has
the highest sensitivity with an error as low as 0.023% at X-band. Microstrip patch and FSS antennas can be
printed directly on a flexible, low-loss, and lightweight material to monitor the grain MC. The flexibility,
compactness, portability, ease of environment-friendly fabrication, and high sensitivity are among the criteria
determining the most suitable microwave sensors for industrial and consumer MC monitoring applications.

INDEX TERMS Antenna, moisture, portable, printed, sensor.

I. INTRODUCTION
Monitoring the moisture content (MC) is crucial in precision
farming and the food industry as an indicator of the quality of
grains, fruits, and foods [1]-[13]. Monitoring the MC is not
limited to agriculture since it plays a vital role in monitoring
the body hydration, the moisture level of the skin [14]-[16],
microplastic concentration in liquids [17], [18], and the sensi-
tivity of the mineral materials [19], [20] and fabric [21], [22]
to the humidity. It is also essential to investigate the response
of the communication devices in the presence of humidity.
Due to the correlation between electrical properties
of the grain and MC level [4], methods for monitoring

The associate editor coordinating the review of this manuscript and
approving it for publication was Chan Hwang See.

120176

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

MC were proposed, including monitoring variations
in the S-parameters (i.e., return loss and insertion
loss) [11, [2], [5]-[7], [14], [23]-[33], [20], dielectric con-
stant [8]-[10], [11], [22], [34]-[36], and impedance (i.e.,
through reflected voltages) [4], [21], [37], [38]. These can
be achieved by implementing coaxial probes [31]-[33], [35],
[18], ring antennas [1], [21], [26], [37], [17], horn
antennas [25], [27], [28], [30], [34], [39], waveg-
uides [27], [28], [31], and microstrip patch anten-
nas [24], [29], [36], [40]-[43], [15], [16], [20]. Using coaxial
probe is a destructive method and may damage the sample
since the sensor needs to be inserted into the sample. Imple-
menting antennas is a preferable method for MC monitoring
because of its contactless nature. It should be noted that
variations in the temperature result in the inaccuracy of the
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MC measurement due to the cross-interference [33]. Hence,
the frequency bands in which the dielectric constant of the
water changes abruptly by varying the temperature should be
avoided.

It should be noticed that the investigated methods are
primarily applicable for measuring the MC of small samples.
However, measuring the MC of the field soil and grains in
large areas is often achieved through remote sensing and
measuring radar cross-section [43], which is out of the scope
of this paper.

A comparison among the state-of-the-art MC moni-
toring approaches and portable sensors are reported in
Tables 1 and 2, respectively. Since the dielectric constant of
the water at some frequency bands changes with the tempera-
ture variations, sensors with no/minor cross-interference sen-
sitivity are more desirable. The portability and compactness
of the sensor are also crucial factors for field applications.

TABLE 1. A summary of different approaches for MC monitoring.

Method | Frequency | Contactless Simplicity | Portability
range
S- All Yes Simplest Yes
paramete | frequency
IS bands
Dielectri Below V- Yes Moderately Yes
c band simple
constant
Impedan Low Yes Moderately Yes
ce frequency simple
band
(below S-
band)

The organization of this paper is as follows; first, the oper-
ation principles of MC monitoring are discussed. Then state-
of-the-art microwave sensors for MC measurement based on
measuring S-parameters, dielectric constant, and impedance
are investigated and compared with each other.

Il. OPERATION PRINCIPLES

The MC is calculated by MC = (W,, — W)/(W,, — W) [3], [5]
where W,,, W;, and W, are the weight of sample under
test (SUT), dried SUT, and container weight without SUT,
respectively. The MC indicates the amount of water that
exists in the SUT. In other words, the more water be in the
sample, the higher the MC will be. As a first approximation,
we can assume that the dielectric constant of the SUT is
a weighted average of the dielectric constants of the dried
sample and water. Hence, variation in the MC is similar to
varying the dielectric properties of the SUT, affecting dielec-
tric constant, S-parameters, and input impedance. This is the
common foundation of the investigated approaches for MC
monitoring. The coloration between MC, dielectric constant,
and S-parameters for a few grains are shown in Fig. 1 [11].
According to Fig. 1, increasing the MC leads to the rise of
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FIGURE 1. The MC of wheat, rough rice, and barley reported in [5]
(a) dielectric constant versus MC, (b) reflection coefficient versus MC
© 2002 IEEE.

the dielectric constant and reduction of the reflection coef-
ficient’s magnitude. This indicates that detecting variations
in the dielectric constant and reflection/transmission coeffi-
cients is useful for grains’ MC monitoring.

We categorize different MC monitoring methods as
follows; S-parameters measurement (i.e., reflection and
transmission coefficients measurement), dielectric constant
measurement, and impedance measurement. MC monitoring
can be achieved efficiently through variation in the amplitude
and phase of S-parameters [1], [2], [5]-[7], [14], [23]-[33].
Observing the variations in the dielectric constant is another
attractive method for measuring the MC [8]-[10], [11], [22],
[34]-[36]. Generally, impedance and voltage measurements
are performed accurately in the low frequency band (i.e.,
below 1 GHz) [32]. Monitoring MC through S-parameters
and dielectric constant measurement is typically suitable for
all frequency bands.

A. S-PARAMETERS METHOD

MC monitoring can be achieved by measuring variations
in the amplitude and the phase of S-parameters. This is
because variations in the dielectric properties lead to changes
in the reflection and transmission coefficients. Monitoring
S-parameters can be carried out by measuring the return
and insertion losses (i.e., reflection and transmission coef-
ficients) using a vector network analyzer (VNA). Monitor-
ing MC through return loss measurement is more desirable
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TABLE 2. Comparison among different sensors for MC monitoring.

Reference Center Frequency SUT Sensor Type MC Range (%) | Cross-interference sensitivity Error

FSS Antenna 2 GHz Barley FSS 10-25 No 0.075%
[1] 93 MHz Red winter wheat | Microstrip patch 15-25 No Not reported
[3] 250 MHz Corn Ring resonator 12.59-36.5 No Not reported
[4] 152 MHz Corn Ring resonator 15.7-31.5 No 3.54%
[5] 10.5 GHz Rice Horn 11-27 Yes Not reported
[6] 2.45 GHz Rice Dipole 11-22 No 0.366%
[7] 14 GHz Red winter wheat Horn 10.6-19.2 Yes 0.135%
[8] 9.5 GHz Biomass (alfalfa) Coaxial probes 11.5-73 Yes Not reported
[9] 4.5 GHz Soya Horn 0-20 No Not reported
[10] 14.2 GHz Wheat Horn 11-18 Yes 0.611%
[11] 4 GHz Wheat Probe 1-26 No Not reported
[12] 2.45 GHz Granular Microstrip patch 0-30 No 7.31%
[13] 10 GHz Barley FSS 10-25 Yes 0.023%
[24] 2.45 GHz Sand Waveguide 0-16 No 0.1%
[25] 1.9 GHz Soil Microstrip patch 0-20 No 0.2%
[34] 1.25 GHz Soil Ring resonator 0-30 No Not reported
[35] 500 KHz Soil Microstrip line 20—80 No 3%
[36] 900 MHz Soil Microstrip tag 30—-65 No Not reported
[20] 5.5 GHz Soil Microstrip patch Not reported No Not reported

because it only requires a one-port sensor, simplifying the
fabrication and reducing the cost. Monitoring the return
loss is similar to monitoring the shift in the resonance fre-
quency, which is easier to detect using a VNA integrated
into the sensor. This method was primarily used in [1], [2],
(5171, [14], [23]-[33].

B. DIELECTRIC CONSTANT METHOD

Monitoring MC can be performed by measuring variations in
the dielectric constant as well. Measuring the dielectric con-
stant can be done by monitoring the S-parameters or the time
delay of the reflected signal from the open side of the coaxial
probe inserted into the SUT [45]. This is because changing
MC corresponds to variations in the amount of water inside
SUT, which changes its dielectric properties. It is possible to
measure the dielectric constant directly using a programable
network analyzer (PNA) or indirectly through S-parameters
and post-processing methods, adding to the complexity and
cost of the sensor. The operating principle of the reported
sensors in [8]-[10], [11], [22], [34]-[36] is based on dielectric
constant measurement.

C. IMPEDANCE METHOD

MC monitoring can also be achieved by measuring the input
impedance of the sensor in the presence of SUT. This can
be done through monitoring variations in the capacitance
value of the ring resonators and microstrip patches. Mea-
suring the amplitude and phase of the reflected voltage sig-
nal is another technique. The MC monitoring in [3], [4],
[21], [37], [38], [42], and [43] was accomplished through
measuring the input impedance. It should be noted that
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measuring impedance is also possible through S-parameters
measurement. However, in [3], [4], [21], [37], [38], [42],
and [43], MC monitoring was achieved by direct measure-
ment of voltage and impedance. In addition, using VNA is
not favorable in some applications due to the relatively high
cost.

A summary of different MC monitoring methods is
reported in Table 1. Monitoring MC through S-parameter
measurements is suitable for all frequency bands. The only
restrain is the frequency range of the implemented VNA.
Measuring MC through monitoring variations in dielec-
tric constant is applicable mainly for the frequency bands
below 100 GHz since the modern approaches for measur-
ing the dielectric constant, using PNAs or post-processing
approaches, are only accurate up to the V-band. However,
monitoring MC directly through input impedance variations
is only valid in the low frequency band (i.e., below S-band)
using commercial and in-lab sensors. This is because measur-
ing the capacitance and inductance at high frequency bands
is challenging since the transmission line effect needs to
be considered. Measuring S-parameters is also simpler and
cheaper than measuring the dielectric constant.

All the investigated methods can be used to monitor MC
remotely without touching the SUT. However, it is necessary
to insert sensors into the SUT in some applications, such
as measuring the MC of soil. Moreover, all the investigated
sensors are inherently portable and can be integrated into
portable reading instruments (e.g., portable VNAs). It should
be noted that the reading instrument of the dielectric con-
stant is often more complex than a simple VNA used for
measuring the S-parameters. This is among the advantages of
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the s-parameters method compared to the dielectric constant
approach. Overall, measuring the MC by monitoring varia-
tions in S-parameters is the most popular approach due to
the contactless nature, simplicity, wide frequency bands, and
small size of the sensor.

1. MC MONITORING MICROWAVE SENSORS

As stated before, different antenna sensors, such as horn
antennas, microstrip antennas, and ring resonators are imple-
mented to monitor the MC by measuring S-parameters,
dielectric constant, and impedance. In this section, we inves-
tigate the state-of-the-art microwave sensors for MC monitor-
ing of grains and mineral materials. The sensing mechanism
of the MC monitoring sensors investigated in this section is
based on variations in the dielectric properties. As discussed
in section II, these variations can be detected by measuring
the S-parameters, dielectric constant, or impedance. It should
be noted that the focus of this manuscript is a survey on
the microwave sensors for grains and mineral materials’ MC
monitoring.

A. GRAIN MC MONITORING SENSORS

MC of different types of rice can be measured using two horn
antennas at 10.5 GHz, as demonstrated in Fig. 2 [5]. The
MC is obtained by monitoring the transmission coefficient.
The SUT was located between two horn antennas, connecting
to VNA ports. The measured MC ranges from 11% to 27%
at 10.5 GHz [5]. Horn antennas can also be implemented
to measure the MC of red winter wheat in the frequency
band of 10—18 GHz through monitoring the transmission
coefficient, as shown in Fig. 3 [7]. The measured MC ranges
from 10.6% to 19.2%, with a mean absolute error of 0.135%.
Horn antennas can be used to monitor the MC of soya in the
range of 0—20% at 4.5 GHz [9]. The proposed method in [9]
is based on variations in the phase and the amplitude of the
transmission coefficient.

Sample holder

Horn antenna & grain samples

Digital

Detector voltmeter
TH - HpEE
Q0
ST Temperature sensor -
Display
unit

FIGURE 2. The measurement setup for MC monitoring of rice reported
in [5] ©2002 IEEE.

Isolator

10.5 GHz [~ 5l
-=-l‘

Load cell

The MC monitoring of wheat can also be made by mea-
suring the dielectric constant using the reflection and trans-
mission coefficients [10]. The measurement was carried
out using two horn antennas and a VNA in the frequency
range of 11.3—18 GHz [10]. The MC ranges from 10.6%
to 19.2% with the error ranging from 0.524% to 0.696% at
14.2 GHz [10].

Using a microstrip trapezoid-shape patch mounted in
the inner wall of an industrial container, the MC of red
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FIGURE 3. The measurement setup for MC monitoring of red winter
wheat reported in [7] ©1998 IEEE.

winter wheat in the range of 15—25% can be measured
at 93 MHz [1]. The MCs of wheat and rice in the range
of 1-26% at 4 GHz can also be measured using the UWB
probe inserted into the sample, as shown in Fig. 4 [11].
Coaxial probes can also be implemented to measure the MC
of biomass (alfalfa) in the frequency band of 1—18 GHz [8].
The measured MC of [8] ranges from 11.5% to 73%. The
invasive methods reported in [8] and [11] are not desirable
since inserting the probe can damage the sample.

Temperature
- __sensor

FIGURE 4. The measurement setup for MC monitoring of wheat and rice
was reported in [11].

The MC monitoring of corn ear can be carried out non-
destructively using a handheld sensor based on a ring res-
onator antenna, as shown in Fig. 5. [4]. The reported portable
sensor operated in the frequency range of 140—165 MHz.
The operating principle of the investigated sensor is based
on measuring the capacitance variation as a function of MC.
The measurement was carried out on 73 samples at 160 MHz
covering the MC ranges of 15.7%—31.5% with an error
of 3.54%. The proposed sensor includes a double ring antenna
based on PTFE substrate, an active reflection bridge, direct
digital synthesizer, low pass filter, power splitter, 3dB atten-
uator, microprocessor control, and detection chip to measure
the amplitude and the phase of the reflection coefficient. The
MC of the corn was determined using the measured phase of
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FIGURE 5. The proposed microwave sensor for moisture monitoring of
corn ear reported in [4] ©2020 IEEE. (a) fabricated handheld sensor,
(b) schematic of the sensor.

the reflection coefficient. The MC in the middle of the corn
ear can be considered a suitable indicator for the total MC of
the corn [4].

The MC of corn can also be measured through the
impedance variations using a ring resonator, VNA, and
quarter-wave coaxial line, as presented in Fig. 6 [3]. More
precisely, MC was measured through the standing wave ratio
and phase angle of the output voltage. In other words, the MC
measurement was carried out by transmitting a sinusoidal
wave into the systems and measuring the reflected voltage
due to the mismatch of the ring impedance and the impedance
of the quarter-wave transmission line. Overall, measuring
the electrode output impedance in the frequency band of
0.3—500 MHz, the MC in the 12.59—36.5% range was
determined.

Another suitable sensor for MC monitoring is the FSS
antenna [46]-[50], [13], which can be printed on the inner
wall of the container to minimize the container blockage
effect, as shown in Fig. 7. The reported sensor is the novel
work of the authors presented here for the first time. The
investigated FSS antenna is a 30 x 1 array of complemen-
tary square-shaped ring resonators (CSRRs) made of con-
ducting ink layer with a thickness of 0.127 mm. The inner
square-shaped ring has a side length of 2 mm with a gap
of 0.3 mm. The spacing between adjacent CSRR is 2 mm.
The container is a cylinder made of PF-4 substrate that is
flexible, low-loss, and lightweight. The height, inner radius,
and outer radius of the container are 26 mm, 27 mm, and
28.6 mm, respectively. Monitoring the MC of barley in the
range of 10—25% is performed by measuring variations in
the resonance frequency of the FSS antenna. This sensor can
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FIGURE 6. The proposed double-ring sensor for moisture monitoring of
corn ear [3]. (a) VNA connected to the sensor, (b) double-ring resonator
sensor.

be integrated with a mini-VNA, indicating the portability and
ease of use in the field. Moreover, the additive manufacturing
technique can lead to environment-friendliness fabrication.
The Si; of the antenna is presented in Fig. 8, indicating a
200 MHz shift in the resonance frequency by varying the MC
from 10% to 25%. It should be noted that FSS is suitable for
MC monitoring due to the high frequency sensitivity to the
MC variations. In other words, small variations in MC lead to
relatively large variations in the resonance frequency, which
can be easily detected using a VNA.

Another FSS-based sensor for monitoring the MC of barley
at X-band, center frequency of 10 GHz, is reported in [13].
The schematic of the investigated FSS sensor is presented in
Fig. 9, indicating the compact size of the proposed sensor.
According to [13], changing MC from 10 to 25% leads to a
650 MHz shift in the resonance frequency of the CSSRs. This
indicates the high sensitivity of the investigated sensor. How-
ever, the reported sensor suffers from cross-interference due
to the sensitivity of the water dielectric constant to the tem-
perature at high frequency [51]. In other words, the accuracy
of the sensor changes by varying the temperature.

The MC of several granular materials such as bean, rice,
and peanuts were measured by monitoring transmission
coefficient and attenuation [12]. The reported sensor is a
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FIGURE 7. The Schematic of the proposed novel FSS antenna by the
authors. (a) Top view, (b) 3D view.
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FIGURE 8. The S;; of the proposed FSS antenna for different MC values.

2 x 2 microstrip patch array antenna connected to a VNA,
as demonstrated in Fig. 10. The proposed sensor was able to
measure MC in the range of 0—30% at 2.45 GHz.

B. MINERAL MATERIALS MC MONITORING SENSORS

The MC of soil in the range of 0—20% can be measured
through a low-cost and non-invasive sensor based on mon-
itoring the variations in the return loss and resonance fre-
quency [32]. The proposed sensor is a microstrip patch
antenna operating in the frequency band of 1.8—2 GHz,
as presented in Fig. 11. The SUT is placed on top of
the microstrip patch. Changing the MC leads to variation
in the dielectric constant and the resonance frequency of
the microstrip patch antenna. It should be noted that the
variations in the resonance frequency are mainly due to
the variations in the real part of the dielectric constant.
It was found that increasing the water content leads to
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FIGURE 9. The top view of the compact FSS antenna sensor for MC
monitoring at X-band [13] ©2021 IEEE.
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FIGURE 10. The proposed sensor reported in [12] ©2021 IEEE.
(a) microstrip patch array antenna, (b) measurement setup.

reducing the resonance frequency and minimum value of the
S11 [32].

A microstrip ring resonator antenna can also be imple-
mented as the sensor for the MC monitoring of soil at
1.25 GHz, as illustrated in Fig. 12 [41]. The operational
principle of the proposed sensor is based on measuring
the dielectric constant using the variations in the resonance
frequency and quality factor of the resonator. The SUT is
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FIGURE 11. Microstrip patch antenna proposed in [32] for the MC
monitoring of the soil ©2009 IEEE. The SUT is placed on top of the
microstrip patch.

o . et ==
] [

FIGURE 12. The proposed ring resonator antenna for MC monitoring of
soil was reported in [41] ©1997 IEEE. The SUT is placed on top of the ring
resonator.

FIGURE 13. The measurement setup for MC monitoring of sand reported
in [31] ©1991 IEEE.

placed over the ring resonator. The proposed sensor measured
the MC of the soil from 0 to 30%.

The MC of sand can be measured using a waveguide,
as shown in Fig. 13 [31]. The proposed sensor measured
the MC below 16% with an accuracy of 0.1% at 2.45 GHz.
It was found that the MC affects the dielectric constant and
transmission coefficients. Increasing the MC leads to the rise
of the real part of the dielectric constant, loss, and phase
of the transmission coefficient, while the magnitude of the
transmission coefficient reduces. A rectangular waveguide
was filled with the sample, and the transmission coeffi-
cient was measured using two coaxial probes and a network
analyzer [31].

The MC of soil can be measured using an interdigital
microstrip lines probe at 500 kHz, as shown in Fig. 14 [42].
The MC of soil can also be measured using a microstrip
RFID tag on a probe in the frequency band of 0.8—1 GHz,
as shown in Fig. 15 [43]. It should be noted that the reported
sensors in [35] and [43] can damage the soil since they
need to be inserted into it. On the other hand, the reported
sensor in [20] measures the soil humidity at 5.5 GHz using
a microstrip patch without being inserted into the sample,
as shown in Fig. 16. The sensing mechanism in [20] is based
on monitoring the shift in the resonance frequency.

120182
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FIGURE 14. The measurement setup for MC monitoring of soil reported
in [42]. (a) Interdigital microstrip line, (b) Measurement probe.
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FIGURE 16. The reported sensor for humidity measurement of soil [20]
©2020 IEEE.

IV. COMPARISON BETWEEN MC MONITORING
PORTABLE SENSORS

In this section, a comparison between state-of-the-art portable
MC monitoring sensors is performed in Table 2. According to
Table 2, novel FSS antenna sensors reported here and in [13]
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by the authors have the highest sensitivity (i.e., smallest
error) in MC monitoring with little to no cross-interference
(i.e., small/no MC changes due to the temperature vari-
ations). The reported sensor in [8] has the broadest MC
range, whereas it suffers from cross-interference. Gener-
ally, sensors operating below 8 GHz have small to no
cross-interference since the dielectric constant of the water
changes very slowly by varying the temperature at those
frequency bands [51]. Therefore, [5], [7], [8], and [10] suffer
from cross-interference. It should be noted that the sensors
operating below 1 GHz has large size and not suitable as
portable sensors. Some of the investigated sensors in Table 2
are not flexible, which degrades their potential usage in the
field. Overall, the compactness, portability, no/small sen-
sitivity to the temperature variations, minor error, ease of
environment-friendly fabrication process, and flexibility of
the FSS antenna make it suitable for MC measurement
applications.

V. CONCLUSION

Monitoring MC is crucial in different fields, including farm-
ing and the food industry. A comprehensive survey of the
portable sensors for MC monitoring was made in this paper.
This comprehensive review paper acts as a starting point
for the MC monitoring sensor designers, enlightening the
advantages and challenges of different sensors. The fun-
damental concepts of microwave methods for measuring
MC were investigated first. Comparison between different
approaches indicates the S-parameters method is the most
suitable approach for MC monitoring. Then state-of-the-art
portable microwave sensors for MC monitoring were stud-
ied with the focus on grains and mineral materials as the
SUTs. A comparison between MC monitoring sensors was
performed as a guideline for the consumers and designers.
According to the comparison, the FSS antenna is the most
suitable portable sensor for MC monitoring. This is due to
its high accuracy, compactness, portability, flexibility, ease
of fabrication, and no/small cross-interference sensitivity.

REFERENCES

[1] C. Gilmore, M. Asefi, J. Paliwal, and J. LoVetri, “Industrial scale elec-
tromagnetic grain bin monitoring,” Comput. Electron. Agricult., vol. 136,
pp. 210-220, Apr. 2017.

[2] L. Lin, Y. He, Z. Xiao, K. Zhao, T. Dong, and P. Nie, ‘“‘Rapid-detection
sensor for rice grain moisture based on NIR spectroscopy,” Appl. Sci.,
vol. 9, no. 8, p. 1654, Apr. 2019.

[3] H.-L. Zhang, Q. Ma, L.-F. Fan, P.-F. Zhao, J.-X. Wang, X.-D. Zhang,
D.-H. Zhu, L. Huang, D.-J. Zhao, and Z.-Y. Wang, “Nondestructive in situ
measurement method for kernel moisture content in corn ear,” Sensors,
vol. 16, no. 12, p. 2196, Dec. 2016.

[4] L.Fan, Z. Chai, Y. Wang, Z. Wang, P. Zhao, J. Li, Q. Zhou, X. Qin, J. Yao,
S. Yan, Z. Wang, and L. Huang, ““A novel handheld device for intact corn
ear moisture content measurement,” IEEE Trans. Instrum. Meas., vol. 69,
no. 11, pp. 9157-9169, Nov. 2020.

[5] K. Kim, J. Kim, S. Lee, and S. Noh, “Measurement of grain moisture
content using microwave attenuation at 10.5 GHz and moisture density,”
IEEE Trans. Instrum. Meas., vol. 51, no. 1, pp. 72-78, Feb. 2002.

[6] T. Limpiti and M. Krairiksh, “In situ moisture content monitoring sen-
sor detecting mutual coupling magnitude between parallel and perpen-
dicular dipole antennas,” [EEE Trans. Instrum. Meas., vol. 61, no. 8,
pp. 2230-2241, Aug. 2012.

VOLUME 9, 2021

[71

[8]

[9]

(10]

(11]

[12]

(13]

(14]

(15]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

P. G. Bartley, S. O. Nelson, R. W. McClendon, and S. Trabelsi, “Deter-
mining moisture content of wheat with an artificial neural network from
microwave transmission measurements,” IEEE Trans. Instrum. Meas.,
vol. 47, no. 1, pp. 123-126, Feb. 1998.

B. L. Shrestha, H. C. Wood, L. Tabil, O.-D. Baik, and S. Sokhansanj,
“Microwave permittivity-assisted artificial neural networks for determin-
ing moisture content of chopped alfalfa forage,” IEEE Instrum. Meas.
Mag., vol. 20, no. 3, pp. 37-42, Jun. 2017.

A. Bekal, B. G. Balsubramaniam, V. Awaghade, and S. Ghute, “Appli-
cation of microwave moisture sensor for DOC and animal feed,” IEEE
Sensors J., vol. 20, no. 24, pp. 14809-14816, Dec. 2020.

S. Trabelsi, A. W. Kraszewski, and S. O. Nelson, ““A microwave method for
on-line determination of bulk density and moisture content of particulate
materials,” IEEE Trans. Instrum. Meas., vol. 47, no. 1, pp. 127-132,
Feb. 1998.

C. Zhang, Z. Shi, H. Yang, X. Zhou, Z. Wu, and D. Jayas, “A novel,
portable, and fast moisture content measuring method for grains based on
an ultra-wideband (UWB) radar module and the mode matching method,”
Sensor, vol. 19, no. 19, pp. 1-32, 2019.

S. Jiarasuwan, K. Chamnongthai, and N. Kittiamornkul, ““A design method
for a microwave-based moisture sensing system for granular materials in
arbitrarily shaped containers,” IEEE Sensors J., early access, Jun. 7, 2021,
doi: 10.1109/JSEN.2021.3087414.

N. Javanbakht, G. Xiao, R. E. Amaya, J. Sangha, and Y. Ruan, “Compact
frequency selective surface antenna for grain moisture content monitor-
ing,” in Proc. IEEE 19th Int. Symp. Antenna Technol. Appl. Electromagn.
(ANTEM), Winnipeg, MB, Canada, Aug. 2021, pp. 1-2.

M. E. de Cos and F. Las-Heras, “Polypropylene-based dual-band CPW-
fed monopole antenna,” IEEE Antennas Propag. Mag., vol. 55, no. 3,
pp. 264-273, Jun. 2013.

N. Khalid, R. Mirzavand, H. Saghlatoon, M. M. Honari, and P. Mousavi,
“A three-port zero-power RFID sensor architecture for IoT applications,”
IEEE Access, vol. 8, pp. 66888—66897, 2020.

N. Khalid, R. Mirzavand, H. Saghlatoon, M. M. Honari, A. K. Iyer,
and P. Mousavi, “A battery-less RFID sensor architecture with distance
ambiguity resolution for smart home IoT applications,” IEEE Internet
Things J., early access, Jul. 6, 2021, doi: 10.1109/JI0T.2021.3095136.

N. Hosseini and M. Baghelani, “Selective real-time non-contact multi-
variable water-alcohol-sugar concentration analysis during fermentation
process using microwave split-ring resonator based sensor,” Sens. Actu-
ators A, Phys., vol. 325, Jul. 2021, Art. no. 112695.

R. Mirzavand, M. M. Honari, B. Laribi, B. Khorshidi, M. Sadrzadeh, and
P. Mousavi, ““An unpowered sensor node for real-time water quality assess-
ment (humic acid detection),” Electronics, vol. 7, no. 10, p. 231, 2018.

R. D. Lee, H. J. Kim, and P. Y. Semenov, ‘“Precise measurement of the
dielectric constants of liquids using the principle of cross capacitance,”
IEEE Trans. Instrum. Meas., vol. 50, no. 2, pp. 298-301, Apr. 2001.

O. Malyuskin, “Microplastic detection in soil and water using resonance
microwave spectroscopy: A feasibility study,” IEEE Sensors J., vol. 20,
no. 24, pp. 14817-14826, Dec. 2020.

S. Sankaralingam and B. Gupta, “Determination of dielectric constant of
fabric materials and their use as substrates for design and development of
antennas for wearable applications,” IEEE Trans. Instrum. Meas., vol. 59,
no. 12, pp. 3122-3131, Dec. 2010.

Z. Xiang, J. Wu, C. Qi, and X. Hu, “Contactless detection of moisture
content in blended fabrics with a free-space microwave method,” IEEE
Trans. Instrum. Meas., vol. 69, no. 5, pp. 2139-2145, May 2020.

B. Jackson and T. Jayanthy, “Moisture content determination using
microstrip fractal resonator sensor,” Res. J. Appl. Sci., Eng. Technol.,vol.7,
no. 14, pp. 2994-2997, Apr. 2014.

Z. Yu, Y. Zhang, F. Lian, and M. Fu, “A research of stored grain moisture
detection based on RIS-K2 radar electromagnetic wave technology,” in
Proc. Int. Conf. Educ. Inf. Technol., 2010, pp. 265-267.

D. Ghodgaonkar, V. Varadan, and V. K. Varadan, “A free-space method
for measurement of dielectric constants and loss tangents at microwave
frequencies,” IEEE Trans. Instrum. Meas., vol. 37, no. 3, pp. 789-794,
Jun. 1989.

J. Chen, K. Pitchai, S. Birla, D. D. Jones, J. Subbiah, and R. Gonzalez,
“Development of a multi-temperature calibration method for measuring
dielectric properties of food,” IEEE Trans. Dielectr. Electr. Insul., vol. 22,
no. 1, pp. 626-634, Feb. 2015.

S. Gupta, A. Bhattacharya, K. S. R. Rao, and A. Chakrabarty, “A simple
method for measuring the dielectric constant of solids,” IEEE Trans.
Instrum. Meas., vol. 49, no. 1, pp. 66-70, Feb. 2000.

120183


http://dx.doi.org/10.1109/JSEN.2021.3087414
http://dx.doi.org/10.1109/JIOT.2021.3095136

IEEE Access

N. Javanbakht et al.: Comprehensive Review of Portable Microwave Sensors

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

K. Sarabandi and F. T. Ulaby, “Technique for measuring the dielectric
constant of thin materials,” IEEE Trans. Instrum. Meas., vol. 37, no. 4,
pp. 631-636, Dec. 1988.

E. L. Holzman, “Wideband measurement of the dielectric constant of an
FR4 substrate using a parallel-coupled microstrip resonator,” IEEE Trans.
Microw. Theory Techn., vol. 54, no. 7, pp. 3127-3130, Jul. 2006.

J. H. Liu, C. L. Chen, H. T. Lue, and J. T. Lue, “A new method devel-
oped in measuring the dielectric constants of metallic nanoparticles by
a microwave double-cavity dielectric resonator,” IEEE Microw. Wireless
Compon. Lett., vol. 13, no. 5, pp. 181-183, May 2003.

T. Lasri, B. Dujardin, and Y. Leroy, ‘“Microwave sensor for moisture mea-
surements in solid materials,” IEE Proc. H-Microw., Antennas Propag.,
vol. 138, no. 5, pp. 481-483, Oct. 1991.

A. Cataldo, G. Monti, E. De Benedetto, G. Cannazza, and L. Tarricone,
“A noninvasive resonance-based method for moisture content evaluation
through microstrip antennas,” IEEE Trans. Instrum. Meas., vol. 58, no. 5,
pp. 1420-1426, May 2009.

M. M. Ghretli, K. Khalid, I. V. Grozescu, M. H. Sahri, and Z. Abbas,
“Dual-frequency microwave moisture sensor based on circular microstrip
antenna,” IEEE Sensors J., vol. 7, no. 12, pp. 1749-1756, Dec. 2007.

Z. Abbas, R. D. Pollard, and R. W. Kelsall, “Complex permittivity
measurements at Ka-band using rectangular dielectric waveguide,” IEEE
Trans. Instrum. Meas., vol. 50, no. 5, pp. 1334-1342, Oct. 2001.

Y. N. Noskov, “Method for measuring properties of high relative dielectric
constant materials in a cutoff waveguide cavity,” IEEE Trans. Microw.
Theory Techn., vol. 48, no. 3, pp. 329-333, Mar. 2000.

J. Sheen and Y.-L. Wang, “Microwave measurements of dielectric con-
stants for high dielectric constant ceramic materials by mixture equations,”
IEEE Trans. Dielectr. Electr. Insul., vol. 20, no. 3, pp. 932-936, Jun. 2013.
E. Bozzi and M. Bramanti, “A planar applicator for measuring surface
dielectric constant of materials,” IEEE Trans. Instrum. Meas., vol. 49,
no. 4, pp. 773-775, Aug. 2000.

M. Islam, F. Ashraf, T. Alam, N. Misran, and K. Mat, “A compact ultra-
wideband antenna based on hexagonal split-ring resonator for pH sensor
application,” Sensor, vol. 18, no. 9, pp. 1-16, 2018.

H. Suzuki and T. Kamijo, “Millimeter-wave measurement of complex
permittivity by perturbation method using open resonator,” IEEE Trans.
Instrum. Meas., vol. 57, no. 12, pp. 2868-2873, Dec. 2008.

N. R. Peplinski, F. T. Ulaby, and M. C. Dobson, “Dielectric properties
of soils in the 0.3-1.3-GHz range,” IEEE Trans. Geosci. Remote Sens.,
vol. 33, no. 3, pp. 803-807, May 1995.

K. Sarabanid and E. Li, “Microstrip ring resonator for soil moisture
measurements,” IEEE Trans. Geosci. Remote Sens., vol. 35, no. 5,
pp. 1223-1232, Sep. 1997.

7. KoroSak, N. Suhadolnik, and A. PleterSek, “The implementation of
a low power environmental monitoring and soil moisture measurement
system based on UHF RFID,” Sensor, vol. 19, pp. 1-17, Jan. 2019.

M. Martinez-Estrada, B. Moradi, R. Fernandez-Garcia, and I. Gil, “Impact
of conductive yarns on an embroidery textile moisture sensor,” Sensor,
vol. 19, no. 5, pp. 1-9, 2019.

G. C. Topp and J. L. Davis, ‘“Measurement of soil water content using time-
domain reflectometry (TDR): A field evaluation,” Soil Sci. Soc. Amer. J.,
vol. 49, no. 1, pp. 19-24, Jan. 1985.

E. Dai, A.J. Gasiewski, A. Venkitasubramony, M. Stachura, and J. Elston,
“High spatial resolution soil moisture mapping using a lobe differencing
correlation radiometer on a small unmanned aerial system,” IEEE Trans.
Geosci. Remote Sens., vol. 59, no. 5, pp. 4062-4079, May 2021.

S. C. Bakshi, D. Mitra, and S. Ghosh, “A frequency selective surface based
reconfigurable rasorber with switchable transmission/reflection band,”
IEEE Antennas Wireless Propag. Lett., vol. 18, no. 1, pp. 29-33, Jan. 2019.
N. Liu, X. Sheng, C. Zhang, and D. Guo, “Design of frequency selective
surface structure with high angular stability for radome application,” IEEE
Antennas Wireless Propag. Lett., vol. 17, no. 1, pp. 138-141, Jan. 2018.
C. Huang, C. Ji, X. Wu, J. Song, and X. Luo, “Combining FSS and EBG
surfaces for high-efficiency transmission and low-scattering properties,”
IEEE Trans. Antennas Propag., vol. 66, no. 3, pp. 1628-1632, Mar. 2018.
R. Anwar, L. Mao, and H. Ning, “Frequency selective surfaces: A review,”
Appl. Sci., vol. 8, no. 9, pp. 1-46, 2018.

J. Reis, M. Vala, and F. Caldeirinha, “Review paper on transmit array
antennas,” IEEE Access, vol. 7, pp. 94171-94188, 2019.

A. Andryieuski, S. M. Kuznetsova, S. V. Zhukovsky, Y. S. Kivshar,
and A. V. Lavrinenko, “Water: Promising opportunities for tunable
all-dielectric electromagnetic metamaterials,” Sci. Rep., vol. 5, no. 1,
p. 13535, Oct. 2015, doi: 10.1038/srep13535.

120184

NIMA JAVANBAKHT (Member, IEEE) received
the B.Sc. and M.Sc. degrees in electrical engi-
neering from Ferdowsi University of Mashhad,
Mashhad, Iran, in 2013 and 2016, respectively,
and the Ph.D. degree in electrical engineering
from Carleton University, Ottawa, ON, Canada,
in 2021.
Furthermore, he was a Research Intern with

t g the National Research Council Canada (NRC),

= in 2020 and 2021. He has been a Postdoctoral
Research Fellow with the Department of Electronics, Carleton University,
since 2021. He has authored more than 30 technical articles in journals
and conference proceedings. His research interests include analysis and
design of leaky-wave antennas, sidelobe suppression, reconfigurable anten-
nas, compact microwave sensors, metamaterial structures, scalable phased
arrays, silicon on-chip antennas, textile microwave devices, and mm-wave
communication devices.

Dr. Javanbakht’s awards and honors include Ontario Graduate Scholarship
(OGS), the Doctoral Excellence Award, Epstein Foundation Scholarship,
Curie Award, and the CUASA Scholarship.

GEORGE XIAO (Fellow, IEEE) received the
Ph.D. degree from Loughborough University,
UK., in 1995. He is currently the Principal
Research Officer of the National Research Council
of Canada. He has brought significant benefits
to the society by brining technologies from con-
cepts to products. He has managed large research
and development projects in industries, academics,
and government labs covering areas, including
RFID/NFC, flexible/printable/wearable electron-
ics, fiber optic sensor systems, photonic sensing and measurement, structural
health monitoring, indoor air quality monitoring, structural materials, and
smart materials. He received the 2014 Technical Award from the IEEE Instru-
mentation and Measurement Society, and the 2018 Distinguished Service
Award from the IEEE Instrumentation and Measurement Society. He is the
Editor-in-Chief of the IEEE JourNAL oF Rapio FREQUENCY IDENTIFICATION and
an Associate Editor-in-Chief of IEEE TRANSACTIONS ON INSTRUMENTATION AND
MEASUREMENT.

RONY E. AMAYA (Senior Member, IEEE)
received the M.Eng. and Ph.D. degrees in electri-
cal engineering from Carleton University, Ottawa,
ON, Canada, in 2001 and 2005, respectively.

He joined the Design Center, Skyworks Solu-
tions, Ottawa, in 2003, as a Senior Engineer, where
he was involved in the design RFIC’s for wire-
less transceivers. He also held a Research Scien-
tist position with the Communications Research
Centre Canada, from 2006 to 2015, where he was
involved in developing integrated RF circuit and system solutions from
S-band to E-band and addressing packaging integration. He is currently
an Associate Professor with the Department of Electronics, Carleton Uni-
versity. He has authored or coauthored more than 60 technical articles in
journals and conference proceedings and holds several patents. His research
interests include intelligent wireless communications systems making use
of enabling microwave/RF technologies, such as smart engineered surfaces,
gallium nitride and metamaterials, wireless power transfer, contactless com-
munication links, and power harvesting with applications to RFID and the
IoT systems, monolithic integrated Si/GaN/GaAs circuits, high-performance
microwave circuit packaging, integrated active antennas, low temperature
co-fired ceramics, micro-electro-mechanical systems, RF, and millimeter-
waves.

Dr. Amaya is a member of the Association of Professional Engineers of
Ontario.

VOLUME 9, 2021


http://dx.doi.org/10.1038/srep13535

