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Ice Sensing: An Ongoing Challenge

Figure 1: Snow cover in February 2022 obtained by NASA's Terra Satellite [1]

Ice and snow are a reality that a large percent of the global population experience on a regular basis, with
over 31% of the earth’s landmass [2] experiencing seasonal snow and ice accretion (as shown in Fig. 1, a
satellite image of the global snow cover for February 2022) [1]. In the US alone, ice and snow impact 70%
of its population, resulting in over 1300 annual deaths from icing related roadway accidents, and causing
an estimated 2.3 billion dollars to be spent each year on roadway snow and ice control operations [3]. The
infrastructure in regions that receive ice and snow must be specially designed to reliably operate in winter
weather conditions, with specific considerations for power grids [4], antenna communication structures,
and cable bridges [5]. Expanding marine shipping and industrial operations in arctic regions have increased
the need for safe and reliable operation of equipment and ships in atmospheric accretion and salty-icing
conditions [6]. Wind turbines with blades rotating at great speeds, heigh up in the air, require thorough
design considerations for atmospheric ice formation to prevent damage from icing, which can result in
substantial power reduction or complete outage [7]. Similarly, ice accretion on flying objects, such as
aircraft wings or turbo-propellors, are highly critical challenges and have been a focus for sensing and de-
icing for decades [8] due to the fatal effects of icing on airplanes [9].

For continued operation in icy or snowy conditions, accretion must be accurately sensed in time for
stoppage or de-icing. Various commercial technologies [5], [6], [10], [11] and industrial standards [12],
[13] for ice detectors exist. These application-specific sensors each apply different technologies, including
magnetostrictive vibration [14], capacitive [15], optical [16], [17], and ultrasonic [18], [19] methods for
detection of ice or snow. Magnetostrictive sensors, used as primary inflight ice detectors for airplanes [14],
offer “global” air condition measurements and result in total airplane de-icing, in place of more optimized
targeted “local” ice removal [15]. Commercial wind turbine sensors are also “global” sensors that can be
insensitive to the actual onset of icing on the blades and result in late turbine stoppage [11]. Current optical
methods for ice detection suffer from real-world noise and are expensive and challenging to integrate [16],
[20], [21]. Capacitive and resistive roadway ice sensors have limited accuracy and are high power solutions
that require challenging, wired installation [22]. Ultrasonic methods are relatively new [18], and require
testing in real-world, high vibration and noise environments. As we move toward greener, more efficient
systems, current “global” ice detection and de-icing methods must be improved or replaced with localized
ice sensing and “guided” optimal de-icing. This necessary change requires a thorough understanding of the
type and contents of the localized ice accretion to efficiently de-ice the application-specific surfaces for
reliable operation in harsh winter conditions.
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Recent advances in microwave-based sensing methods have exhibited excellent performance as highly
accurate real-time sensors for industrial [23], biomedical [24]-[27], and chemical applications [28]-[31].
Microwave devices have been successfully implemented for characterization of materials in solid, liquid,
and gaseous phases [32]. These types of microwave sensors are compatible with wireless communication
protocols and allow for communication and implementation of wireless sensing mechanisms [33]. These
sensors are capable of reliable operation in harsh environments and are easily implemented due to their low
fabrication cost. One of the most prominent industrial implementations of microwave sensors is for
moisture and humidity sensing in the pulp and wood industry [34]. In addition, microwave flowrate sensors
for oil, gas, and water measurements are also commercially available [35]. Microwave sensors see
widespread use in wireless downhole monitoring, corrosion monitoring, and subsea oil and gas applications
[36]. As biomedical sensors, microwave devices see wide application in non-invasive sensing, diagnostics,
and therapy due to the relatively innocuous nature of microwave radiation and its ability to penetrate
biological media [37].

Specifically, resonant microwave structures have demonstrated extreme sensitivity, accuracy, and
repeatability, as well as high quality-factors [33]. These various attributes make microwave sensors great
candidates for further investigation as wireless, low-cost, and low-power sensors for highly accurate,
targeted ice and snow detection.

Far-Field Remote Microwave Ice Detection

Microwave technology also enables the remote detection of ice, water, and snow. This is achieved by
measuring and differentiating passively generated scattering or actively generated backscattered microwave
signals, often referred to as “doppler measurements of echoed signals” or “radiometry” [38]. These
techniques have been widely implemented on satellites which conduct various measurements of
atmospheric and global phenomena [39]. These instruments allow for large scale measurement of material,
like the approximate amount of polar sea ice [40], and are used to monitor climate change related
phenomena [41]. Numerous studies, with one of the earliest reported in [42], have been conducted on
accurate electromagnetic modeling of ice and snow with C-band radiometry. Similar to RADAR
technology, radiometric sensing technology has been constrained by the spatial resolution in ice detection
and the power requirements for space-borne missions. In a paper published in 2018, Mousavi et al.
demonstrated the feasibility of a passive, low-power system for time-domain measurement of ice and
snowpack [43]. This development allowed for ice and snowpack thickness detection as the travel time of
microwaves within these mediums of interest was differentiated.

Remote microwave sensing is a very useful implementation of microwave technology for detecting and
tracking atmospheric, environmental, and large-scale phenomena. For localized measurement of thin ice
accretion at the onset of icing, microwave resonant and wireless structures show far more accurate results
and hence are proposed as sensors for real-time detection of ice and snow accretion on surfaces of interest.
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Fundamental Background

A material’s interaction with electromagnetic waves can be characterized by two distinct properties, its
degree of polarization or real permittivity, and its dielectric loss or imaginary permittivity [44]. Materials
can undergo molecular displacement when exposed to time-harmonic (alternating) electromagnetic fields.
Exploiting this phenomenon, the field of microwave sensing differentiates materials based on their
interaction with electromagnetic fields [45].

A microwave sensor can be viewed as a “resonator” which displays a predictable, characteristic
electromagnetic resonance as a function of a structure’s geometry and nearby material. These measurable
characteristics are highly accurate for optimized structures [46]. When materials are introduced into the
sensor’s local environment, its resonant characteristics are perturbed [47]. Exploiting this phenomenon,
microwave sensor designers detect materials in the vicinity of these resonant structures by characterizing
the change in resonant frequency, resonant amplitude, and general frequency response [48].

A thoroughly developed microwave resonator for sensing applications is the split ring resonator (SRR). An
SRR is a conductive ring structure with a gap cut out. These microwave structures have been applied
extensively in the field of microwave sensing and have shown robust and highly accurate results for material
characterization and sensing. The resonant mechanism of an SRR can be explained by Eq. 1, where its
characteristic resonant frequency, f.s, s determined as a function of its length, L, wave velocity in vacuum,
Vp, and the effective permittivity of the medium, &7 [49]. For a first-order mode resonance, Eq.1 requires
the resonator length to be equal to half the wavelength (L = 4/2) [50].

fi ' [HZz]
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SRRs implemented as microstrip structures can be excited with microstrip transmission lines that
conventionally support quasi-TEM mode propagation. For ease of interpretation and design, such
implementations require a model that can accurately predict the sensor response. The operation of such a
microwave sensor can be modeled using a lumped-element equivalent circuit model. A circuit model of the
presented sensor and its transmittance are observed in Fig. 2. The resonant behavior of such a microstrip
line fed SRR can be monitored with respect to three variables: resonant frequency, f;..¢, resonant amplitude,
A, s, and a -3dB or half-power quality factor, QF_345 = fres/fn — fi-
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Figure 2: Split Ring Resonator (SRR) (a) depicted circuit model, (b) observed transmission gain (S»; (dB)
response and parameters to monitor
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The split region of a microwave resonator can be modeled as a capacitive region due to charge accumulation
on the edges of the split. This capacitive section will result in a relatively high concentration of E-fields
along the gap. Perturbation of the electric fields in this capacitive region can be regarded as a change in the
effective permittivity (See Eq. 1), &5, and results in a shift in the resonant characteristics, as seen in Fig.
3. The perturbation of field distributions can be modeled by changes in the capacitive element of an LC
resonant circuit. Not only can different materials be characterized based on this change in resonant features,
but also real-time changes in properties and the evolution of processes can be monitored. It is this unique
property among various others that make such microwave sensors ideal for low power, conformal, real-
time monitoring of ice/snow accretion and frost formation.
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Figure 3: Split Ring Resonator (SRR) with (a) material placed on its sensitive gap, (b) change in
transmission gain or S»; response of a sensor with application of material.
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Electromagnetic Properties of Ice and Snow

Microwave measurement and characterization of ice, water, and snow have been thoroughly studied over
the last century. Various methods of characterizing ice and snow as materials, defining parameters that
describe their behavior, and extracting working models to predict them were applied. A comprehensive
document, the “Engineering Properties of Ice and Snow”, was published by Malcom Mellor in 1977 [51].

Ice and water each have distinct electromagnetic properties in the microwave regime. Considering these
materials separately, we can obtain a dielectric permittivity and loss tangent value for each. Water has a
real relative permittivity of 90 (at 0°C and SGHz), and a very high loss tangent due to the water O-H bond
polarization at microwave frequencies [52]. Ice has a dielectric permittivity of 3.2 (at 0°C and SGHz) [52],
[53]. This large difference in permittivity, as indicated in Fig.4, is very useful in clearly differentiating ice
and water.

Ice accretion characteristics are far more complex and are determined based on local temperature, pressure,
relative humidity, and water-ice mixtures. This results in ice formations with different densities, structures,
and mixtures of ice, water, and air. Snow is a very good example of a mixture of ice, water and air where
different environmental conditions affect its type and accretion characteristics. This makes ice and snow
detection challenging, requiring thorough consideration for each variation of the material.

As microwave sensors detect material based on changes in effective permittivity, they can detect differences
in accreted ice and snow based on densities and liquid water content [54], [55]. These relationships can be
modeled using various microwave dielectric mixing theories [56]. In the field, empirical models can be
used to obtain various characteristics of the snow depending on the frequency of operation and required
accuracy. For frequencies between 10 MHz and 1 GHz, a first order approximation can be used to model
the dielectric permittivity of accreted snow as a linear function of density, p, and a quadratic function of
volumetric liquid water content W [55].

g=1+ap+bW+cW?

Such simple models allow for easy characterization through the constants a, b, and c for different types
and conditions of ice and snow depending on the sensing application. Using such empirical models,
different environments at risk of dangerous accumulation of ice and snow, such as roadways, bridge cables,
wind turbines, and airplanes, can be modeled and characterized.
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Figure 4: Real permittivity and dielectric loss of ice and water plotted against frequency.

Microwave Resonators for Ice Sensing

Microwave resonators can be geometrically tailored to function as a sensing element. These resonators can
be implemented in a planar structure to provide a flat platform for ice buildup/accumulation. Microwave
resonators can be incorporated into various topologies. Wiltshire et al. investigated SRRs for detecting ice
formation on the split section and frost buildup on the entire surface of a passive sensor [57]. The sensor
consisted of a double SRR structure that was electromagnetically coupled to two open-ended transmission
lines. This component topology resulted in a band-pass frequency response of the passive sensor. This
resonant structure had a resonant frequency of 4.85 GHz, a 3 dB quality factor of 250, and a peak S (dB)
value of -14.5 dB. The sensitivity of the device’s resonant response to frost formation was investigated by
placing it on a Peltier device and cooling it to reach sub-zero temperatures (=—10 °C) on the sensor’s
surface. The Peltier’s temperature was controlled using a PID controller. The results of this investigation
indicated that within only 15 secs of frost build-up, the entire resonant profile, including resonant frequency,
resonant amplitude, and quality factor, changed with a noticeable trend as observed in Fig. 5. The formation
of frost on the sensor changed the effective permittivity of the SRR’s capacitive regions, ultimately
changing the characteristics of the band-pass response. During the thawing process, with water (¢=80) on
the resonator, the resonant quality factor was significantly degraded in the monitored frequency range since
water’s high permittivity substantially changed the effective permittivity in the resonator’s nearby region.
The split ring resonator’s sensitivity to the effective permittivity of its nearby region was further confirmed
by drop-casting a water droplet (&,=80) on the rings. Further icing of the droplet on the resonator was
detected by monitoring the resonant profile over time as the sensor cooled. For droplet freezing, the sensor’s
resonant frequency had a of 220 MHz shift in the resonant frequency. The work presented by Wiltshire et
al. showed the capability of microwave SRR sensors for monitoring ice, and frost formation, with the further
ability of detecting transition states (i.e., ice to water and water to ice) in cold climatic conditions. Applying
this technique, modified resonant structures have also been published for optimized ice thickness sensing
[58].
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Figure 6: Frost formation on an SRR sensor. (a) time based Sz, response of the freezing and thawing
process, (b) resonant amplitude versus time, (c) resonant frequency versus time, and (d) quality factor
versus time [57]

As mentioned earlier, the presence of water on the gap region of an SRR-based sensor can significantly
decrease both the loaded and the un-loaded quality factor, which are monitorable in the bandpass response.
This degradation in the quality factor was more pronounced when the dielectric loss factor of the water

Figure 5: Salty ice detection based on modified coupling of SRR structures [59]
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droplets increased. Such an increase can be attributed to the inclusion of conductive materials, most often
salt and water mixture. The inclusion will remain after freezing (saline ice), and the loading effect of the
salt-ice mixture will continue to degrade the bandpass resonant response. Consequently, a capacitance-
dominant, split section of SRRs cannot be employed to monitor saline ice formation from salt water.

This issue was solved by Luckasavitch et al. [59], when they utilized the coupling mechanism between two
SRRs to detect saline ice. By configuring the placement of the two SRRs, with their maximum current
densities adjacent to each other, the dominant coupling mechanism occurred through magnetic fields. This
configuration with the coupled SRR elements is shown in Fig. 7. This topology slightly reduced the
sensitivity to permittivity variations in the coupled region, while introducing the capability of detecting
conduction current variations for saline ice and water. For 80 pL of a 5% salt-water mixture, the coupled
resonator sensor demonstrated a 119 MHz shift in resonant frequency upon ice formation. The results
suggested that the “magnetically” coupled SRRs maintained the band-pass resonant profile necessary to
distinguish saltwater and saline ice. This work, therefore, indicates that the coupling mechanism between
adjacent resonators can be utilized to broaden the range of detectable materials, including but not limited
to, saline ice and water.
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Figure 7: Measured bare, ice, and water response for the (a) uncoated, (b) 0.5 mm epoxy, and (c) 1 mm
epoxy coated sensors. The red dotted circles indicate the placement of the material under test for each
experiment. [60]

In real-world ice detection applications, it is common to apply coating layers to sensing instruments to
increase their structural durability. Similarly, such coatings can be applied directly to the surface of a planar
microwave sensor. It can be anticipated that a coating on the resonator might interfere with the operation
of a planar microwave resonator sensor. To demonstrate the reliable functionality of a microwave sensor
with an additional coating layer, Kozak et al. [60] developed an SRR-based (bandpass) ice sensor with
protective (coated) epoxy on the surface of the resonator. This sensor comprised a circular split ring
resonator operating at ~1.3 GHz, probed by two microstrip transmission lines that resulted in a loaded
quality factor of 175. Fig. 7 demonstrates the SRR sensor with the protective epoxy covering the resonator
surface. In this work, coating thicknesses of 0.5 mm and 1 mm were chosen and their effects on the resonant
characteristics were studied. This sensor's resonant frequency shifted by 34, 12, and 6 MHz for ~50 pL of
ice formed on the uncoated surface, on a 0.5 mm thick coating, and on a 1 mm thick coating, respectively.
The coating layers with thicknesses of 0.5 mm and 1 mm on the surface of the resonator prevented the
complete degradation of the band-pass response (within the monitored spectra) when water was present on
the ring surface. By demonstrating resonator sensors functioning with a coating layer, this work showed
the adaptability of microwave resonators to structural alteration and addition of materials.

Microwave resonator sensors based on microstrip transmission line excitation mechanisms have been
shown to effectively detect ice, water, and salty ice, mimicking real-world scenarios. In addition, it has
been demonstrated that the non-contact operation of microwave sensors can accommodate protective
coating layers that improve their mechanical durability. Yet, for all the mentioned microwave resonator
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sensors, the resonators are energized by transmission lines, which necessitate cabling to the resonator/sensor
platform. In certain ice detection applications, the sensor can be exposed to harsh climatic conditions, and
requirements like cabling and integrated electronic components may hinder sensor development. As a
result, wireless methods of ice sensing are recommended for use in challenging environments.

Wireless Ice Sensing

The key motivation behind most microwave sensing approaches is to enable a seamless wireless readout of
the measurands without the need for additional complex sensor-sampling circuitry [61]-[63]. Ice is a
measurand which can be detected wirelessly in the far field through a change in the antenna’s radiation
properties and input impedance [61]. Like the planar resonator in Fig. 3, the effective permittivity of the
medium surrounding the antenna will shift its resonance when an ice layer builds up. Given that ice is
almost loss-less [52], the antenna’s radiation efficiency can be maintained even in the presence of an
ice layer [64].

Battery-Less RFID Sensors

The choice of the sensing antenna is dictated by the reading mechanism and the associated circuitry. For
instance, UHF RFID dipoles have been widely applied in remote sensing applications [65]. The antennas
in this case are tuned to the complex conjugate impedance of the RFID IC. Considering the permittivity of
ice, should an ice “superstrate” build up on the antenna, a resonance shift and consequently a gain change
are anticipated. In the lab, this can be differentially measured using a two-port VNA and a balanced
common-ground jig [66], as shown in Fig. 8(a), for an antenna covered in ice. A key advantage of utilizing
UHF RFID is that it significantly reduces the complexity of the wireless readout circuit and can be replaced
by a handheld reader, as shown in Fig. 8(b), which can operate in harsh environments.
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Figure 8: Battery-less positive-gain ice-sensing using RFID tags: (a) antenna impedance measurements
with a soldered coaxial jig [66], (b) outdoor RSSI measurements, (c) measured (solid) and (dashed)
impedance of the ice-loaded and unloaded RFID antenna showing the improved matching under loading;
(d) the tag’s measured RSSI before and after ice-loading showing up to 5 to 15 dB RSSI change.[63]

Dipole-based complex-impedance RFID tag antennas have been proposed as long-range battery-free ice
sensors with a very high accuracy in various deployment environments [63]. By tuning the antennas to
resonate at a higher frequency f than the frequency of interrogation f;, the “detuning” effect introduced by
the ice superstrate improves the matching of the tags, thus increasing the Received Signal Strength Indicator
(RSSI). This concept of “positive sensing” is illustrated in Fig. 8(c), where the antenna’s resonance shifts
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toward the desired IC impedance when the ice builds up. This translates to an improved RSSI, as in Fig.
8(d); the large change, over +5 dB, in the RSSI enables the sensor to be read using any low-cost RFID
reader. The thickness of the ice layer directly correlated with the frequency shift up to a certain point where
the effect on the antenna’s near-field plateaued. Moreover, given the large difference between the real
permittivity of ice and water, see Fig. 4, a false match cannot be caused by the presence of water. To explain,
water is highly lossy in the UHF spectrum, which degrades the antenna’s gain, reducing the RSSI.
Furthermore, the high permittivity will cause the resonance to shift to a lower frequency than f;, leading to
a further decay in the RSSI.

Antenna-Based Sensors

50 Q-matched antennas were also investigated in ice-sensing applications. While the interaction of the
antennas’ near- and far-field with the ice layer will not, in principle, change based on the antenna’s input
impedance, the choice between a 50 Q antenna and a complex-conjugate antenna will dictate the choice of
the read-out circuit [61]. The advantage of 50 Q antennas is their ability to integrate with commercial
transceivers, voltage-controlled oscillators (VCOs) [60], and amplifiers or voltage detectors [67], enabling
them to be a versatile platform for RF sensing. Similarly, they can be combined with an impedance
matching network, which is insensitive to the ice layer, to match RFID ICs or rectennas [68]. Fig. 9 M2(a)
illustrates an example sensing network that leverages 50 € antennas as the ice sensor.
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Figure 9:Wireless ice detection using 50 Q-matched antennas: (a) example read-out circuit showing how
multiple nodes could be read by a single gateway, (b) a flexible printed loop antenna designed for
linearized gain-based sensing [61], (c) a miniaturized patch antenna utilizing a loading slot for ice

sensing [64], (d) time-varying far-field channel gain (RSSI) of the loop antenna inside a climatic chamber

with added water droplets [61], (e) wireless measurement of the ice thickness using the loop antenna
based on the simulated ice-gain relation [61].

Both aperture-type [64] and wire-type antennas [61] matched to 50 Q have been used for wireless ice
sensing. Wagih and Shi proposed the loop antenna shown in Fig 9 (b), fabricated using direct-write printing
on a flexible substrate. The dimensions of the loop were optimized to maximize the sensitivity of the loop’s
resonance to the ice superstrate, which varies the capacitance and far-field radiation properties over the
antenna’s top plane. Kozak et al. proposed the patch shown in Fig. 9(c) which relied on T-slots to increase
the sensitivity to small droplets of ice. For both antennas, the ice response manifested in the far-field gain,
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which was measured in the lab environment using a two-port VNA; the S»; between the ice-sensing antenna
and an insensitive reference was measured in the far-field. The S,; serves as an indicator of the expected
RSSI value in a real-world setup. However, it is crucial to note that the receivers’ resolution will limit that
of the quantized RSSI.

In Fig. 9. (d), the real-time detection mechanism can be visualized following two freezing events. The
sensing antenna was kept at -20°C and water droplets were added to emulate condensation on the antenna.
Shortly after the water is added, the RSSI drops due to the increase in the water’s imaginary permittivity as
it cools, as shown in Fig. 4. The freezing event is then observed as soon as the RSSI starts rising. When the
ice thickness increases, around minutes 2 to 4, a further increase in the RSSI is observed, which correlates
to the expected increase in the gain as a result of improved matching under ice loading. This phenomenon
was exploited to remotely quantify the thickness of the ice based on the antenna’s gain change. As seen in
Fig. 9(e), a thickness error below +20% was observed. The ice-gain relation was obtained using the curve-
fitted full-wave simulation results, and the sensor was tuned post-fabrication using a load of known
dimensions [61].

Wagih and Shi extended the antenna design process to present a step-by-step methodology to designing a
wireless antenna-based sensor [61] which can be summarized as:

1. Consider the practical limitations in terms of the available bandwidth, read-out circuit (discussed
in the next section), and wireless range.

2. Choose the optimal RF parameter for sensing (i.e., the gain, S;1/Sz1), as well as whether to measure
the structure using the magnitude or the phase of the parameter under test.

3. Evaluate the linearity of the chosen parameter for varying ice thicknesses and iteratively optimize
the parameter-under-test choice based on the electromagnetic simulations.

Targeting radome applications, standard geometry microstrip patch antennas were explored for ice sensing
using their S1; magnitude [69]. While [69] used an antenna as the sensor, the sensor is not wireless, as the
sensor’s response is sampled at its input, through the Si;, as opposed to remotely, through the far-field
properties. In a later implementation, a substrate with stable dielectric properties over temperature was
chosen to ensure any resonance shifts observed were predominantly due to the ice and not the substrate’s
permittivity [76]. A similar study was performed in [61] showing that the variation in the permittivity of
the antennas’ substrate (Kapton) due to humidity changes was insignificant compared to the thickness of
the ice.

Beyond the near-field interaction between the RFID antenna and the ice, the far-field channel response of
RFID tags was also used to measure snow levels for environmental monitoring [70] or avalanche
forecasting. The phase delay of a signal propagating through a thick layer of snow or ice could be used to
extract information about the snowpack. This includes its density, moisture content, and any variation in
the density of the accumulating layers. However, clearly differentiating the near-field “detuning” effects of
the ice and snow building up on the tag from the additional phase delay in the channel requires further
research to optimize the tags.
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Passive Wireless Ice Detection

Sensor on
~_ blade
.

~

T
Sensor on

wing

Artificial
Neural
Network

Reflection \ /
> Coefficient

3

t

Figure 10: Passive wireless resonant tag for accurate chip-less sensing [71]

In order to avoid the need to integrate cabling, RFID chips, and batteries with the ice sensing platform,
Niksan et al. demonstrated a fully passive frequency selective surface that was interrogated by an antenna
for detecting ice and frost. An abstract representation of this process is depicted in Fig. 10. The frequency
selective surface comprised 24 unit cells, uniformly arranged in an area of 13x6.5 cm?, and monitoring was
performed by interrogating the surface with a horn antenna [71]. Each frequency selecting unit cell
consisted of a coupled arrangement of two standard split ring resonators. At resonant frequency, the
designed array’s surface impedance was matched to 377, resulting in a notch in the reflection coefficient of
a normally incident plane wave. Yet, the presence of ice and water on the array altered the resonant
characteristics of this surface, resulting in a sensitivity mechanism. This frequency selective array of SRRs,
mounted on a substrate, was backed by a conductive material (copper) which effectively shielded the
resonant characteristics from the effects of the background installation platform. It was shown that ~30 pL
of water/ice droplets on the split section of the resonators caused a 150 MHz shift in the resonant frequency
of this surface. In addition, when frost formed on the surface as a result of a temperature drop, there was a
19 MHz shift in the resonance frequency. This work highlighted the versatility of microwave ice sensing
in a variety of installation circumstances, as a resonant surface sensitive to ice and frost formation was
developed that did not require any cable connections or RFID chips (and batteries) attached to the sensing
platform.
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Readout Circuit for Microwave Ice Sensing

Planar and wireless microwave sensors have demonstrated the ability to detect ice and frost accretion. For
implementation in real-world environments, bulky and expensive vector network analyzers must be
replaced. To achieve this a portable readout circuit was demonstrated by Kozak et.al to detect and
differentiate ice through 0.5 mm of protective coating. The schematic of the readout circuit is shown in Fig.
11(a) and the fabricated readout circuit is shown in Fig. 11(b). The readout circuit consisted of a voltage-
controlled oscillator (ZX95-1480-S+ from Mini-Circuits) tuned to generate a signal at 1.17 GHz, which
excited the SRR. A wideband power detector (ZX47-40LN-S+ from Mini-Circuits) was used to convert the
high-frequency output signal from the SRR sensor into a measurable DC signal. The power detector’s
output was subtracted from a DC reference voltage using a differential amplifier and was further amplified
using a tunable non-inverting amplifier to achieve maximum dynamic range while avoiding saturation. The
read-out circuit was tuned to have an output of -3.586 V in the presence of ice and 1.359 V in an unloaded
state [60]. The power detector's output DC voltage can then be passed to a microcontroller such as an ESP32
or an Arduino Nano to determine the sensor's status (presence or absence of ice and water) and to transfer
this information to a remote base station or smart phone via wired or wireless communication. This work
highlighted the ease with which a microwave sensor can be integrated with a portable and wireless readout
system capable of monitoring the formation of ice in real time. The readout system can be further integrated
with systems and algorithms to lower the impact of noise and temperature variation on readout telemetry
performance.
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Figure 11: (a) Schematic of a readout circuit to detect ice and water on an SRR sensor using a VCO,
power detector, and microcontroller, and (b) fabricated readout circuit. [60]
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Machine Learning Applied

In non-ideal environments, readout telemetry performance can degrade rapidly as noise and temperature
variations cause jumps, non-linear responses, and discontinuities in the data. Recently, Artificial Neural
Networks (ANN) and machine learning models have gained significant attention in microwave engineering
due to their ability to solve complex problems and are being applied for real time compensation in decision
making [72]. Kazemi et al. produced two solutions to the problem of temperature variation causing
erroneous measurements in microwave sensors by applying an ANN to accurately detect various liquids
under a variety of temperatures [73][74]. Niksan et al. demonstrated post-processing advancements by
incorporating an artificial neural network for ice detection [71]. The artificial neural network differentiated
the microwave array’s three test conditions of bare, ice, and water to a high accuracy of 96.49% in stable
conditions. However, due to the proposed wireless method of sensing, an artificial neural network was
employed to compensate for outside noise, temperature variation, and signal interference. The ANN was
tested under various noise conditions in increments of 5% signal interference with the associated confusion
matrix for 5% interference shown in Fig. 12. The trained ANN successfully identified the test responses
with an accuracy of 93.33% up to 5% interference while deteriorating to 62% accuracy at an extreme of
20% interference. Because of the success and ongoing advancements of artificial neural networks, examples
such as Niksan et al. can now be embedded into smartphone apps to create fully remote, reliable, and
automated detection systems in the palm of your hand.

-10 -10 10
— 5% Noise e 5% Noise 5% Noise
e NOiSElESS e NOiSElESS e NOiSElESS
-15 -15 -15
) a &
2 2 2
2] -20 2] -20 2] -20
Bare Ice on Water
array array on array
25 -25 25
2.8 29 3 3.1 2.8 29 3 3.1 2.8 29 3 3.1
Frequency (GHz) Frequency (GHz) Frequency (GHz)
5% Noise
Air 24 0 1
Ice 0 21 4
Water 0 0 25
Air Ice Water

Figure 12: (a) Simulated response with 5% additive noise for all three test cases (b) ANN’s associated
confusion matrix for 5% of incremental noise [71]
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Encapsulation, Materials, and Packaging

Microwave ice sensors would typically operate outdoors in a harsh environment. Therefore, proper
packaging is key to ensure that the sensors’ lifetime matches that of the surface they are attached to (e.g.,
wind turbines). In some of the reported systems, RFICs, such as packaged commercial RFID ICs [62], [63],
were used. More complex systems using an S-parameter (S11) readout circuit based on a voltage control
oscillator (VCO), couplers, and detectors have also been reported. The complexity of these readout circuits
makes it necessary to consider not only size, cost, and power consumption, but also the mechanical
reliability and ability to conform to the deployment surface.

A conformable vacuum-forming coating process using thin polyimide (Kapton) films was used in [63] to
waterproof the ice-sensing RFID dipoles and to improve the mechanical reliability of the tags. This
packaging technique was originally proposed for textile-integrated machine-washable RFID tags and
flexible circuit filaments and has been shown to withstand over 30 washing cycles [63]. The advantage of
UHF “Gen-2” RFID sensors is an increased mechanical reliability, as well as a flexible and conformable
form-factor very similar to its chipless counterpart [71]. A model of this novel encapsulation method is

Top moulded Kapton cover

Embedded silicon die Top adhesive layer

Adhesive under-fill

Conductive adhesive

Substrate Kapton layer with
conductive track

Adhesive

IC die
Adhesive under-fill

Flexible substrate

. —
~ -

hg of 1C chip;d;@ ﬂexile substrates [63]

Figure 13: Novel rﬁuitila}er packagi

17

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Microwave Magazine. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/MMM.2023.3293617

presented in Fig. 13. The fabricated sensor and a cross-section of the IC protection on the sensor is also
displayed.

To protect PCB-based resonant microwave ice sensors, epoxy coatings of varying thicknesses were
investigated in [60]. The epoxy loading varied both the resonant frequency and the Q-factor of a two-port
resonator, owing to the high E-field density in the epoxy layer. However, thin epoxy coatings have little
effect on the Q-factor and the sensor can still be read reliably. Chipless planar and conformable PCB sensors
are expected to have the highest mechanical and environmental reliability and stability [71]. This is because,
the absence of discrete rigid ICs reduces the mechanical forces on the components and all-passive planar
structures have a higher resilience to bending and mechanical stress [75].

Integrated Ice-Sensing Solutions

Integrated Electrothermal De-icing

Sensing ice is only part of the challenge with ice and snow. After ice is detected, a system must begin
applying de-icing measures. Electrothermal de-icing is a modern method of de-icing applied in various
applications like airplanes, wind turbines, and driveways. Kozak et al. presented a planar SRR resonator
sensor with embedded resistive heating within the microstrip ground plane in [76].

Figure 14: Superhydrophobic coated modified microwave sensor with a patterned

ground heater for detection and prevention of ice accumulation. [76] Reprinted with
permission from R. Kozak, B. D. Wiltshire, Md. A. R. Khandoker, K. Golovin, and M. H. Zarifi, “Modified
Microwave Sensor with a Patterned Ground Heater for Detection and Prevention of Ice Accumulation,” ACS Applied
Materials & Interfaces, vol. 12, no. 49, pp. 55483-55492, Nov. 2020, doi: https://doi.org/10.1021/acsami.0Oc17173..
Copyright 2020 American Chemical Society.

The planar structure of the SRR sensor further allows the additional functionality of “heating” for the
prevention of ice accumulation. Compared to conventional SRR structures, this work replaced the intact
ground plane with patterned traces to increase the DC resistance of the ground plane to effectively utilize
it as a heater.

Coatings for De-icing

Furthermore, the planar topology of the SRR sensor allowed the application of an ice-phobic coating on its
surface to investigate the effectiveness of such engineered materials. Kozak et al. investigated the freezing
rates of droplets on superhydrophobic treated and untreated SRRs. The treated surface was able to delay
freezing time by 250s, which is equivalent to a decrease in the freezing rate by a factor of three. Moreover,
by fitting the melting curves and extracting the time constants of heated and unheated sensors, it was found
that the heating decreased the normal melting time by a factor of two. This work demonstrated the overall
multi-functionality of an SRR-based sensing structure and the ability to incorporate de-icing and anti-icing
capabilities into a single sensor device.

Integrated System
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Azimi Dijvejin et al. demonstrate an integrated smart, hybrid (passive and active) de-icing system through
the combination of low interfacial toughness (LIT) coatings, printed circuit board heaters, and an ice-
detecting microwave sensor in [77]. Upon sensing ice and snow with the installed microwave sensor, the
integrated system applies minimal heating to induce crack propagation and subsequent de-icing at low
temperatures and forces without melting the ice (shown in Fig. 15).
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Figure 15: (a) Prototype panel on a Peltier stage with a 3D printed mold for ice testing. (b) ice with
embedded thermocouple frozen on the prototype panel. Infrared images showing the heat map of the
prototype panel (c) before switching on the heater and (d) after switching on the heater. (e) Recorded
resonant amplitude and (f) resonant frequency vs. time depicting the water being frozen to the LIT
coating covering the sensor, heating the surface locally from -21°C to -5°C, detaching the ice at -5°C with
a shear force, and then thawing the system. [77]

to sensor

This low-power integrated system, which applies materials technology and integrated sensing and heating

capabilities for de-icing, is a clear step toward the next phase of localized, optimized ice sensing and de-
icing.
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Conclusion

Microwave sensors have demonstrated highly accurate measurement of frost formation and ice and snow
accretion. Ice and snow are complex mixtures that display different behaviors based on different real-world
ambient conditions. Microwave sensors offer accurate ways of measuring the various parameters of interest
from the accreted mixture and can be used for future optimization of integrated localized ice sensing and
de-icing systems.

These sensors offer real time sensing of the monitored accretion location from under protective and de-
icing coatings. The low-cost fabrication and conformal implementation of these devices make them ideal
for applications that range from roadway de-icing to airplane and wind turbine monitoring. The versatility
of these sensors allows for operation as low-power wireless sensors, with considerations for coatings and
environmental conditions surrounding the sensing challenge. For real-world deployment, microwave-based
ice sensors can be scaled to be compatible with wireless communication standards and protocols like
Bluetooth, Zigbee, and LoRa. The complexity of the readout circuitry can be minimized through large scale
integration in CMOS technology for extremely low power consumption and a miniaturized form factor. By
combining such sensors with machine learning algorithms and material models, powerful smart-sensor
devices can be implemented in the harshest of environments.

Various projects to design microwave ice sensors for roadways, airplanes, and wind turbines are currently
underway and this patented technology [78] is expected to pave the way toward wireless, integrated ice
sensing and de-icing systems of tomorrow.
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