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ABSTRACT This review paper focuses on the latest advances and applications of planar microwave
sensors contributed by the most prominent researchers in the field. The paper presents the different working
principles, design approaches, fabrication technologies, materials, and applications of a wide variety of
planar sensors operating at microwave and millimeter-wave frequencies, including contact and contactless
sensors, wired and wireless sensors, microfluidic sensors, ‘“‘green” sensors, wearables, biosensors, physical
sensors, chemical sensors, and more. Advanced techniques for sensor performance optimization (e.g.,
sensitivity, resolution, selectivity, etc.), based on artificial intelligence, active feedback loops, microwave
spectroscopy, losses engineering, etc., will also be discussed in the paper.

INDEX TERMS 3-D printing, active sensors, artificial intelligence, biosensors, chemical sensors, coupled
resonator sensors, dielectric characterization, differential sensors, functional films, green sensors, liquid
sensors, loss engineering, microfluidics, microwave sensors, microwave spectroscopy, permittivity sensors,
physical sensors, planar technology, resonant sensors, RFID sensors, sensitivity/resolution/selectivity
optimization, substrate integrated waveguide (SIW), textile-based sensors, wearables, wireless sensors.

I. INTRODUCTION

The research in planar microwave sensors has experienced
an exponential growth in recent years, mainly pushed by
today’s paradigms of the Internet of Things (IoT), the
Fourth Industrial Revolution (also known as Industry 4.0),
and the Digital Transformation (or Smart World). Thus,
there is an increasing demand for cost-effective, small-sized,
and smart sensors and sensor networks, to be applied in
a wide diversity of scenarios, such as smart cities, smart
health, smart agriculture, civil engineering, structural health
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monitoring, biosensing, agrifood industry, security, motion
control, automotive industry, space, etc.

There are many sensing technologies (e.g., optics/
photonics, acoustics, electrochemical, etc.), but RF/
microwaves (extending the spectrum from UHF up to THz
frequencies) offer a series of unique advantages aligned
with the requirements of the above-cited paradigmatic
concepts [1]. In general, this technology features easy
and cost-effective manufacturing processes and ease of
integration with further electronic equipment. Conversely,
the required driving electronics may become costly for
certain applications, and these devices must face other
drawbacks such as increased conductor and radiation losses,
impact of parasitic effects and fabrication non-idealities or
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susceptibility to electromagnetic interference. Nonetheless,
their high operation speed, compactness, reproducibility,
scalability and robustness, among other advantageous
characteristics, make microwave devices an interesting
option for many applications, including sensing contexts.

Thus, besides their low cost and size, microwave sensors,
and particularly planar sensors, can be implemented in
flexible substrates, including plastics, organic substrates, and
even fabric, by means of subtractive (etching) or additive
(printing) processes, and they are also compatible with other
technologies of interest for sensing, such as microfluidics,
micromachining, 3-D printing, etc. Additionally, microwaves
are very sensitive to the electromagnetic properties of the
materials they interact with. Thus, microwave sensors are
very useful for the dielectric characterization of materials
(solids or liquids), and for the measurement of many physical,
chemical, and biological variables related to material permit-
tivity. Planar microwave sensors can operate by contact or
contactless with the material under test (MUT), or analyte,
and can be wirelessly connected to the reader (of interest in
many IoT applications), in schemes based on the so-called
sensing tags (which act as a “smart skin”, able to provide
information of the material or sample under study).

Another important aspect of planar microwave sensors
is that the necessary associated electronics for signal
generation, processing, and communication purposes can be
seamlessly integrated within the sensor’s substrate, represent-
ing a reduction in system costs and complexity. In summary,
planar microwave sensors constitute an enabling technology
for the deployment of the IoT, Industry 4.0, and Smart
World, where sensing is necessary to obtain information of
the system under consideration, in order to gain insight on
its current state and take appropriate decisions and actions
(either through human intervention or autonomously) when
necessary.

Within this framework, this review paper is intended to
provide the reader an up-to-date state of the art on planar
microwave sensors, including the main working principles,
materials and technologies, performance optimization tech-
niques (mainly focused on sensitivity, resolution and selec-
tivity), and applications. Applications of planar microwave
sensors cover a wide range of scenarios, in fields as diverse
as biosensing [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
smart health care [12], [13], [14], physical sensing (e.g.,
temperature and humidity sensors [15], [16], [17], [18]),
chemical sensing (e.g., gas sensors [19], [20], [21]), structural
health monitoring (SHM) [22], [23], [24], [25], automotive
and space industry [26], [27], [28], motion control [29],
[30], [31], agrifood industry (e.g., for edible oil deterioration
by usage [32], [33], [34], [35], or for the detection of
adulterated food or beverages [36], [37]), smart agricul-
ture [38], etc. To ease the readability, Table 1 lists the main
nomenclature with the associated definitions, in alphabetical
order.

The paper is organized as follows. Section II is devoted
to briefly reviewing the main sensing principles of planar
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microwave sensors, mainly (although not exclusively) deter-
mined by the considered output variable. Section III reviews
the main technologies and materials useful for sensing using
microwaves. The main approaches for sensor performance
optimization are the subject of Section IV. This section
mainly considers strategies for sensitivity, resolution, and
selectivity optimization. Section V is focused on wireless and
radiofrequency identification (RFID) sensors, of increasingly
growing interest within the framework of IoT. Section VI
reports some representative applications of planar microwave
sensors. Finally, Section VII highlights the main relevant
conclusions.

Il. WORKING PRINCIPLES
Planar microwave sensors can be categorized according
to various classification criteria, such as the operat-
ing frequency (i.e., RF, microwave, mm-wave, or THz
sensors), or their application (e.g., physical, chemical,
and biological sensors), among others. There are also
several binary classification schemes, including con-
tact/contactless sensors, wired/wireless sensors, differential-
mode/single-ended sensors, non-resonant/resonant sensors,
reflective-mode/transmission-mode sensors, invasive/non-
invasive sensors, intrusive/non-intrusive sensors, single-
frequency/broadband sensors, etc. However, probably the
most convenient classification of planar microwave sensors
is by their working principle [1]. Thus, according to
such categorization criterion, planar microwave sensors
can be divided into frequency-variation sensors, frequency-
splitting sensors, magnitude-variation sensors, and phase-
variation sensors. Essentially, the considered output variable
determines the working principle. Nevertheless, there are
sensors where several output variables simultaneously can
be used for sensing. Although differential sensing is a
mode of operation, rather than a working principle, we will
also include planar differential sensors in the classification
scheme of the present section (a typical output variable in
such sensors is the cross-mode transmission or reflection
coefficient). The main relevant feature of differential sensors
is their robustness against cross-sensitivities caused by
changes in ambient factors (temperature and humidity).
Planar sensors based on the previous principles have
been applied to the measurement of many types of vari-
ables, mainly correlated with material permittivity, including
also material permittivity itself (dielectric characterization).
It should be noted that, in these cases, signal acquisition is
very simple and it can be achieved with usual RF detection
components, without need for sophisticated processing.
Nevertheless, it should be mentioned that, for dielectric
characterization, most previous sensors are able to provide
the dielectric properties of materials in specific frequency
bands (narrowband dielectric characterization). By contrast,
there are planar microwave sensors devoted to the broadband
characterization of materials, based on the so-called dielectric
spectroscopy, a technique able to provide the real and the
imaginary part of the complex permittivity of materials
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TABLE 1. Nomenclature.

Term Succinct Definition

3-D print Three-Dimensional print.

. Related to agricultural production, food
Agrifood . LS .

processing, distribution and consumption .
Al Artificial Intelligence.
Bi . Sensors devoted to biological and medical
iosensing .
applications.

BIT Bipolar Junction Transistor.
CELC Complementary Electric-LC.
CMOS Complementary Metal Oxide Semiconductor.
CMPA Circular Microstrip Patch Antenna.
CNN Convolutional Neural Network.
CPW Coplanar Waveguide.
CSRR Complementary Split-Ring Resonator.
DEP Dielectrophoresis.
Differential-mode Sensor consisting of two independent sensors,
sensor one of them devoted to a reference load.
DNA Deoxyribonucleic Acid.
ECT Electrochemotherapy.
EMI Electromagnetic Interference.
Frequency-splitting Sensor for which the sample breaks the
sensor symmetry between two resonators.
Frequency-variation Sensor for which the canonical output variable
sensor is the resonance frequency.
FSS Frequency Selective Surface.

Sensor produced with environmentally friendly

Green sensor . .
materials and techniques.

IDC Inter-Digital Capacitor.

IMP Intermodulation Products.

IoT Internet of Things.

JFET Junction Field-Effect Transistor.

LTCC Low Temperature Cofired Ceramic.

LUT Liquid Under Test.

Magnitude-variation  Sensor for which the canonical output variable

sensor is the magnitude of the scattering parameters.

MEMS Microelectromechanical Systems.

ML Machine Learning.

MMIC Monolothic Microwave Integrated Circuit.

MUT Material Under Test.

NDT Non-Destructive Testing.

PCB Printed Circuit Board.

PDMS Polydimethylsiloxane.

PEDOT-PSS Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate.

Phase-variation Sensor for which the canonical output variable

sensor is the phase of the scattering parameters.

pHEMT Pseudpmorphic High Electron Mobility
Transistor.

PTFE Polytetrafluoroethylene (Tefllon®).

Sensor for which the canonical output variable

Qwbased sensor is the unloaded quality factor.

REF Reference.

RF Radiofrequency.

RFID Radiofrequency Identification.
RS(G) Relative Sensitivity to Glucose.
SAR Specific Absorption Rate.
SHM Structural Health Monitoring.
SIR Stepped-Impedance Resonator.
SIW Substrate-Integrated Waveguide.
SMA SubMiniature version A.

SNR Signal-to-Noise Ratio.

SRR Split-Ring Resonator.

TDOA Time Difference of Arrival.
TDR Time-Domain Reflectometry.

Sensor, either flexible or embroidered,

Textile sensor : : . .
integrated into the fabric of a certain garment.

TNT Titanium Dioxide nanoTube.
UHF Ultra-High Frequency.

uv Ultraviolet.

VvCoO Voltage-Controlled Oscillator.
VNA Vector Network Analyzer.
voC Volatile Organic Compounds.
YPD Yeast Peptone Dextrose.

VOLUME 13, 2025

(solids, liquid, bio-samples, etc.) over a broad band of
frequencies. These sensors are also included in this section,
even though dielectric (microwave) spectroscopy is a specific
measurement technique, rather than a working principle.

It should also be mentioned that in certain classification
schemes of planar microwave sensors that obey their working
principle, wireless and RFID sensors are also included (e.g.,
in [1]). Nevertheless, these sensors exhibit so many particu-
larities that bespeak to consider them in an independent and
extended section (Section VI). Next subsections will briefly
review the different sensor types classified by their working
principles, including those based on microwave spectroscopy,
emphasizing their strong and weak points, as well as their
pros and cons.

A. FREQUENCY-VARIATION SENSORS
Frequency variation is probably the most extended working
principle in planar microwave sensors [39], [40], [41], [42],
[43], [44], [45], [46], [47], [48], [49], [501, [51], [52], [53],
[54], [55], [561, [57], (58], [59], [60], [61], [62], [63],
[64], [65], [66], [67], [68]. Frequency-variation sensors are
based on resonant sensing elements. Their canonical output
variable is the resonance frequency. This parameter is highly
dependent on the dielectric properties of the environment
surrounding the sensing resonator. Some examples are a
solid or liquid sample, or a functional film with dielectric
properties highly correlated with the physical, chemical or
biological variables to be measured (measurand), see [1],
Section 7.3, and references therein. Such a resonant element
can be an electrically small semi-lumped resonator, or a
distributed resonator. On the other hand, the sensor can be
implemented by means of a transmission line (the driving
element) loaded with (or coupled to) such sensing resonator
(or a set of sensing resonators), either operating in reflection
or in transmission (see for example, [40], [41], [42], [43],
[44], [45], [46]), or it can be implemented in a wireless
configuration [16], [17], [18], [37], [69], [70], [71], [72],
[73], [74], [75], [76], [77], [78], [79], [80], [81]. In the
latter case, the sensing element can be a resonator, or a
set of resonators, separated from the driving element, the
reader, and operating typically in backscattering (e.g., [16],
[17], [18], [74]). In such wireless sensors, the reader uses
typically a broadband planar or a horn antenna fed by a
frequency sweeping signal. An alternative is to consider the
antenna as sensing element (see, e.g., [82], [83], [84], [85]),
the output variable typically being the resonance frequency
of the transmission coefficient between such antenna and a
wideband receiver. In transmission-line based and wireless
resonant frequency-variation sensors, a frequency varying
signal covering the required input dynamic range of the
sensor is needed. Figure 1 depicts various configurations of
resonant frequency-variation sensors.

There are cases where more than one variable needs to
be measured. For example, fully characterizing a dielectric
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material requires the knowledge of both the dielectric
constant and the loss tangent of such material (or the
real and the imaginary part of its complex permittivity).
In such cases, at least two output variables are needed.
Most frequency-variation sensors consider as an additional
output variable either the magnitude of the resonance peak
or notch, or the quality factor, mainly related to the loss
factor of the sample under study, or analyte [2], [43], [46],
[86]. The resonance frequency mostly correlates with the
dielectric constant of the material under test (MUT) or
environment surrounding the sensing element. Nevertheless,
cross-sensitivities between the output variables (resonance
frequency and magnitude/quality factor) and the input vari-
ables (dielectric constant and loss tangent in the considered
example) are unavoidable. Such cross-sensitivities are mainly
manifested when high-loss materials are involved.

CSRR SIR
(a (b)
CSRR ID resonators

Patch antenna Sensing

resonator
(©) (d

FIGURE 1. Topologies of some possible configurations of resonant
frequency-variation sensors. (a) Transmission line coupled to a
semi-lumped resonant element (complementary split ring resonator,
CSRR); (b) transmission line loaded with a semi-lumped
resonator(stepped-impedance resonator, SIR); (c) patch antenna loaded
with a resonant element (CSRR); (d) back-scattered chipless-RFID sensor
based on a set of resonators for identification, and one resonator for
sensing. The upper metal level is depicted in soft grey, whereas the lower
metal level is depicted in dark grey.

Frequency-variation sensors are robust against electromag-
netic interference (EMI) and noise, as far as such sensors
are based on frequency measurements (the canonical output
variable is the resonance frequency of the sensing element).
However, broadband signals (at least covering the output
dynamic range) are needed for sensing. If a vector network
analyzer (VNA) is used, this aspect does not represent
a limitation. However, even though low-cost VNAs are
commercially available nowadays, there are situations where
their cost is prohibitive. In such cases, a voltage-controlled
oscillator (VCO), or an array of VCOs, typically managed by
a microcontroller, is required, and this increases the cost of
the associated electronics, at least when compared to the cost
of the electronics in the so-called single-frequency sensors
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(mainly phase-variation and magnitude-variation sensors),
to be discussed later.

B. FREQUENCY-SPLITTING SENSORS

Frequency-splitting sensors are a variant of frequency-
variation sensors [87], [88], [89], [90], [91], [92], [93], [94],
[95], [96], [97]. Such sensors consist of a transmission line
loaded with (or coupled to) a pair of identical sensing res-
onators [see Figures 2(a) and (b), where stepped-impedance
resonators (SIRs) are considered]. The resonators can be
located at the same transverse plane in the line [88], [89], [91],
[94], or in a cascaded configuration [90]. The operating prin-
ciple is frequency splitting, generated when the resonators
are asymmetrically loaded. Namely, when the resonators are
identical (same load), a single resonance arises (manifested as
a single notch or peak). However, when the symmetry in res-
onator loading is truncated, two different resonances appear,
and the frequency separation (and magnitude difference)
between such resonances is a measure of the difference in the
dielectric loads of both sensing resonant elements. Typically,
one of the resonators is considered as reference (REF),
whereas the other one is affected by the measurand. Such
sensors are similar to differential-mode sensors and are used,
e.g., as comparators. However, frequency-splitting sensors
are not “‘true” differential sensors, since a single sensor,
rather than two independent sensors, is used. Nevertheless,
frequency-splitting sensors share some advantages with
differential-mode sensors, particularly, they are insensitive
to common-mode stimuli, typically caused by changes in
environmental factors.

Wi
¥ =

Wa 1’3
- 4=

Port 1of §W  Port2
|« l" »
o ©
(a) (b)
Z,,6, -
W,
o- W] -0
ll -— \ + )
T %* ~w, | 2,6,
(©)

FIGURE 2. Typical topologies of frequency splitting sensors. (a) Device
with the sensing resonators (SIRs) located at the same transverse
position; (b)device with the sensing elements (SIRs) separated a half
wavelength(cascaded configuration); (c) device based on the
splitter/combiner configuration.

VOLUME 13, 2025



C. G. Juan et al.: Planar Microwave Sensors: State of the Art and Applications

IEEE Access

A limitative aspect of frequency-splitting sensors based
on resonators located at the same transverse plane is
inter-resonator coupling, which degrades the sensitivity as,
discussed in [91]. For example, in the specific configuration
of Figure 2(a), negative inductive coupling between the SIRs
arises. To circumvent this issue, the cascaded configuration,
with the resonant element separated enough, is a solu-
tion [90]. Another solution is the so-called splitter/combiner
configuration of Figure 2(c) [91], [93]. With such topology,
inter-resonator coupling is prevented, provided the resonators
are separated enough. However, in this case, the notches in the
transmission coefficient are due to signal interference and,
due to this fact, sensitivity is degraded, unless the separation
between the resonator’s position and the T-junctions is
adequately chosen. In particular, it is convenient to translate
a virtual ground at the T-junctions at the resonance frequency
of the SIRs, and this is achieved by choosing the electrical
length 01, see Figure 2(c), as #; = 180° at that frequency [91].
Additional solutions to prevent inter-resonator coupling have
been reported in [94] and [96].

Frequency-splitting sensors, like frequency-variation sen-
sors, need wideband interrogation signals for sensing (a
limitative aspect), but are robust against EMI and noise.
Nevertheless, the solutions to circumvent sensitivity degra-
dation (mainly inter-resonator coupling) either increase the
overall sensor size or add complexity to the sensor. Thus, the
use of such sensors is justified when comparison to a REF
measurand is needed, or when measurements under severe
variations in ambient factors are expected.

C. PHASE-VARIATION SENSORS

In phase-variation sensors, the canonical output variable is
the phase of either the transmission (transmission-mode) or
reflection (reflective-mode) coefficient of a transmission line,
or a transmission line-based structure (e.g., loaded or coupled
to a resonant element), measured at a certain (operating)
frequency [98], [99], [100], [101], [102], [103], [104], [105],
[106], [107], [108], [109], [110], [111], [112], [113], [114],
[115], [116], [117], [118], [119], [120], [121], [122], [123],
[124], [125], [126], [127], [128], [129], [130], [131], [132],
[133], [134], [135], [136], [137], [138], [139]. Thus, unlike
the previous sensors, phase-variation sensors are single-
frequency devices, where the electronics for sensor feeding is
as simple as an RF/microwave oscillator (or a VCO tuned at
the operating frequency). This reduces the overall sensor cost
in operative environment. Additionally, phase measurements,
like frequency measurements, are robust against EMI and
noise. These aspects, combined with the highly achievable
sensitivities and resolutions of these sensors (an aspect to be
discussed later), make them very suitable in scenarios where
tiny variations of a measurand in the vicinity of a certain REF
value should be detected.

Both non-resonant and resonant phase-variation sensors
have been reported [107], [108], [109], [110], [111], [112],
[113], [114], [115], [116], [118], [119], [120], [121], [122],
[123], [124], [125], [126], [127], [128], [129], [130], [131],
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[132], [133], [134], [135], [136], [137], [138], [139]. For
sensitivity optimization, the maximum possible phase slope
of either the reflection or the transmission coefficient at the
operating frequency must be achieved, see Figure 3 [135].
Concerning non-resonant sensors, highly sensitive devices
have been reported by considering long (meandered) sensing
lines [100], [102] or artificial lines (with controllable disper-
sion diagram) [98], [101], [103], [104], [106]. Nevertheless,
these non-resonant phase variation sensors tend to exhibit
large sensing regions, or their designs are relatively complex
(designing composite right/left-handed lines [98], slow-wave
transmission lines [103], [104], [106], or electro-inductive
wave transmission lines [101] with the required dispersion
is not absent of certain difficulty).

Alternatively, high phase slopes can be achieved by consid-
ering resonant phase-variation sensors tuned to the resonance
frequency of the sensing resonator when it is loaded with
the REF sample or affected by the REF measurand. Such
sensors can operate either in reflection [107], [108], [109],
[110], [111], [112], [113], [114], [115], [116], [117], [118],
[119], [120], [121], [122], [123], [124], [125], [126], [127],
[128], [129], [130], [131], [132], [134], [136], [137], [139]
or in transmission [98], [99], [100], [101], [102], [103],
[104], [105], [106], [133], [138], and the relevant aspect to
boost up the sensitivity is to adequately design the sensing
resonator. For example, in one-port reflective-mode phase-
variation sensors merely consisting of the access lines and the
sensing resonant element (either distributed or semi-lumped),
the strategy for sensitivity optimization is to increase the L/C
(inductance to capacitance) ratio in series-type resonators,
or to reduce it in parallel-type resonators (this enhances
the phase slope at resonance) [1], [111], [112]. If the
resonators are distributed, particularly, open-ended quarter-
and half-wavelength sensing resonators, the characteristic
impedance must be high and low, respectively [108]. Note
that a high impedance is equivalent to a high L/C ratio,
the required condition to boost the phase slope (and the
sensitivity) in a series type resonator, like the open-ended
quarter-wavelength resonator. Thus, it is obvious that in
an open-ended half-wavelength resonator (parallel type)
the required impedance to enhance the sensitivity must
be low. Efficient strategies to boost up the sensitivity in
phase-variation sensors will be later discussed.

D. MAGNITUDE-VARIATION SENSORS
Magnitude-variation sensors are also single-frequency sen-
sors. In this case, the output variable is the magnitude
of the transmission or reflection coefficient of the sensing
structure at the operating frequency. Nevertheless, by using
an envelope detector, the magnitude of the transmission or
reflection coefficient can be converted to a voltage.

In these sensors, two categories can be distinguished.
On the one hand, there are magnitude-variation sensors based
on coupling modulation between a host line and a (typically
movable) resonant element. Such sensors are mainly devoted
to the measurement of linear or angular displacements and
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—— Response of a Low Sensitivity Sensor

—— Response of a High Sensitivity Sensor

+Aemur

Adyly,

=== Permittivity Sweep

q I s [ enur
Af
Aemur

FIGURE 3. Illustration of sensitivity enhancement in a reflective-mode
phase-variation sensor related to the increase in the phase slope at the
operating frequency. The variation of the phase of the reflection
coefficient at the operating frequency, f,, as consequence of an overall
shift in the phase response, increases with the phase slope. When the
dielectric constant of the MUT changes a quantity Aepyy, the variation
experienced by the phase of the reflection coefficient at f, for the
high-sensitivity sensor (higher phase slope), Ag, pigh. is larger than for
the low-sensitivity sensor, Ag, |g-

velocities [29], [30], [31], [141], [142], [143], [144], [145],
[146], [147], [148], [149], [150], [151], [152], the stator
(i.e., the static part of the sensor) being the host line. Both,
short-range displacements [140], [141], [142], [143], [144],
[145], [146], [147], [148], as well as moderate-to-long range
displacements [29], [30], [31], [149], [150], [151], [152] can
be measured with these sensors.

In the first case, symmetry disruption between the host
line and the resonant element has been used as the canonical
sensing mechanism, and the sensitivity is mainly determined
by the shape of the sensing resonant element. For example,
if a transmission line exhibiting a magnetic wall in its
axial symmetry plane (i.e., a microstrip line or a CPW) is
symmetrically loaded with a symmetric resonator (etched
in an independent movable substrate) exhibiting an electric
wall in its symmetry plane at the fundamental resonance,
line-to-resonator coupling at that frequency is prevented, see
Figure 4 [1], [153]. The reason is the different nature of the
(aligned) symmetry planes of the line and resonator (one
a magnetic wall and the other one an electric wall). How-
ever, by disrupting the perfect symmetry, line-to-resonator
coupling is activated, and a notch in the transmission or
reflection coefficient is generated. The magnitude of such
a notch depends on the level of coupling and hence on the
relative displacement (linear or angular, or both) between the
line and the resonator.

For moderate and long-range displacements, electromag-
netic encoders constitute a good solution [29], [30], [31],
[149], [150], [151], [152]. In this case, a chain of resonators
(linear in linear encoders and circular in rotary encoders)
etched in a dielectric substrate (a disc in rotary encoders)
constitutes the movable part of the sensor, whereas the
stator is a transmission line fed by means of a harmonic
signal. By encoder motion over the stator at short distance,
the magnitude of the transmission coefficient is modulated,
generating an amplitude-modulated (AM) signal at the output
port of the stator line. Such signal contains the relevant
information relative to the velocity (inferred from the time
lapse between adjacent pulses in the envelope function of
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FIGURE 4. Sketch showing the effects of symmetry disruption in a CPW
transmission line loaded with a SRR etched in the backside of the
substrate. (a) Perfect symmetry, preventing line-to-resonator coupling;
(b)symmetry truncation by means of a lateral displacement of the SRR,
thereby activating coupling. The CPW and the SRR (etched in the back
substrate side) are depicted in cross-sectional and bottom views,
respectively, for better understanding.
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FIGURE 5. Sketch of the electromagnetic rotary encoder, illustrating the
working principle.

the AM signal) and displacement (determined from the
cumulative number of pulses from a reference position).
Figure 5 depicts a sketch of an electromagnetic rotary
encoder.

Besides the previous coupling-modulation sensors, mostly
devoted to motion sensing, there are also magnitude-variation
sensors useful for the dielectric characterization of materials,
or for the measurement of variables related to material
permittivity [154], [155]. In this case, the sensing mechanism
is similar to that in phase-variation sensors. When the
dielectric properties of the medium surrounding the sensing
element (typically, but not necessarily, a resonator) change,
there is an overall shift in the frequency response, which
translates into a variation in the magnitude of the transmission
or reflection coefficient at the operating frequency. A high
slope in the magnitude response at the operating frequency
is useful to boost up the sensitivity (similar to phase-
variation sensors), and, for this purpose, structures that
provide closely spaced transmission and reflection zeros are
convenient [154], [155]. Figure 6 illustrates this aspect.
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FIGURE 6. Sketch showing the strategy for sensitivity optimization in a
magnitude-variation sensor (particularly, a transmission-mode sensor).
A strong variation of the magnitude of the transmission coefficient with
frequency of the operating frequency, f;, generates an important
variation of the magnitude of the transmission coefficient at that
frequency when the dielectric constant of the MUT, ¢y, varies. A pole
and a transmission zero in the magnitude response, closely spaced (as
depicted in the figure), contribute to boost the sensitivity.

There are also magnitude-variation sensors devoted to the
dielectric characterization of materials and to the measure-
ment of related variables that exploit symmetry disruption
in symmetric devices like directional couplers [156], [157].
Sensor feeding in magnitude-variation sensors is simple,
since a single-tone (harmonic) signal suffices for that
purpose (an advantageous aspect shared with phase-variation
sensors). Moreover, a simple envelope detector can be used
to monitor the output signal (thereby avoiding a vector
network analyzer) [154]. Nevertheless, the magnitude of the
transmission or reflection coefficient (or, equivalently, the
generated voltage, provided an envelope detector is used) is
more prone to the effects of EMI and noise than the phase.

E. DIFFERENTIAL-MODE SENSORS

Differential-mode sensors consist of two independent (single-
ended) sensors, one devoted to the so-called reference (REF)
material, and the other one devoted to the material (or mea-
surand) under test (MUT) [4], [5], [10], [158], [159], [160],
[161]. As compared to single-ended sensors, differential
sensors exhibit major robustness against cross-sensitivities
related to environmental factors, i.e., caused by changes
in temperature, humidity, or atmospheric pressure. Namely,
environmental variables are seen as common-mode stimuli
by differential sensors, provided that, at the typical scale of
the sensors, such variables are uniform. Therefore, the effects
of ambient factors, or other undesired common-mode stimuli,
are minimized in differential-mode sensors. This robustness
against potential cross-sensitivities caused by ambient factors
is also an attribute of frequency-splitting sensors, but,
as mentioned in Section II-B, frequency-splitting sensors are
not “‘true” differential sensors, since they are not composed
by two independent (single-ended) sensors (but rather by two
sensing elements, typically resonators, that share one or two
single-ended ports).

The output variable in a differential microwave sensor
can be the differential resonance frequency between the two
sensors constituting the composite device, the differential
phase (measured at a certain frequency), or the differ-
ential magnitude (also measured at a certain frequency).
In applications where two variables should be measured,
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e.g., the dielectric constant and the loss tangent of a MUT,
two differential output variables are used, for example,
the differential resonance frequency and the differential
resonance magnitude (provided the two sensors constituting
the differential pair are resonant).

In differential-mode resonant sensors, the sensing elements
are typically two transmission lines, each loaded with a
planar resonator, either a metallic or a slot resonator. In many
reported implementations of such resonant differential sen-
sors operating in transmission, the cross-mode transmission
coefficient is the considered output variable (e.g., in [4], [5],
[159], [160]). If the sensing elements of the composite pair
are uncoupled, the cross-mode transmission coefficient is
simply:

d _ od
S50 = 857 = S21,MUT — S21,REFs (D)

where S>1 muT and S21 ReF are the transmission coefficients
of the single-ended sensors devoted to the MUT and to
the REF sample, respectively. There are various examples
in the literature where the maximum in the magnitude of
the cross-mode transmission coefficient and, eventually, the
frequency of such maximum, have been the considered
output variables. Very good sensitivities and resolutions
in such sensors have been reported [4], most of them
devoted to the accurate measurement of solute content (e.g.,
glucose, or electrolytes) in aqueous solutions (nevertheless,
the measurement of total electrolyte concentration in bio-
logical samples, particularly, horse urine, has also been
demonstrated [5]).

The most important limitative aspects of differential-mode
sensors are their size and potential imbalances that might be
caused by fabrication-related tolerances or by imperfections
in the fabrication process. Such imbalances might generate
a non-negligible differential output signal in the absence
of a differential input signal, representing a false reading,
or limiting sensor resolution. One possibility to alleviate
sensor imbalances in differential sensing is to perform two
consecutive measurements (one with the REF material and
the other one with the MUT) in a single-ended sensor. This is
not a real-time measurement, but it is reasonable in situations
where changes in the input variable proceed at a temporal
scale much larger that the time lapse between subsequent
measurements (and, of course, if the environmental variables
do not vary during measurement).

F. MICROWAVE SPECTROSCOPY-BASED SENSORS

As indicated at the beginning of this section, microwave
dielectric spectroscopy is a measurement technique devoted
to determining the complex permittivity of samples over a
broad frequency band, rather than a working principle [162],
[163], [164], [165], [166], [167]. Many materials, especially
liquids and biological entities, exhibit strong frequency
dispersion, and therefore, gathering information regarding the
dependence of their dielectric properties with frequency is
of interest. Moreover, microwave spectroscopy can provide
dielectric signatures that can be useful to identify samples,
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to determine material composition, etc. Figure 7 presents an
example of dielectric spectra obtained for two liquids, de-
ionized water and ethanol in aqueous solution. It illustrates
the impact of adding ethanol to water on the permittivity. Such
dielectric responses may then be mathematically modeled
in a more or less complex manner, such as through the
Cole—Cole representation, or the Debye, Cole-Davidson or
Havriliak—Negami models [168]. The physical behavior of
matter is therefore made accessible.
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FIGURE 7. Example of dielectric spectra of de-ionized water and ethanol
in aqueous solution obtained with a miniature microwave coplanar
waveguide.

Most planar sensors based on microwave spectroscopy are
non-resonant and use transmission line sections for sensing.
The idea behind such technique is to infer the complex
propagation constant of the sensing line (dependent on the
dielectric properties of the considered analyte) over the
considered frequency band from the measurement of the S-
parameters, and, from it, obtain the complex permittivity
of the sample [162], [163], [164]. Analytical methods for
retrieving the complex propagation constant have been
reported [163], [164], [169], [170]. Dealing strictly with
microwave dielectric spectroscopy, the variation of the
complex permittivity should only be considered, as illustrated
in Figure 7. However, beyond theory, electrical parameters
such as capacitor and conductance are also taken into
consideration, while the dimension of the object under test
is not defined. This is notably the case of biological materials
in liquids, such as single cells or microtissues in their culture
medium [171], [172].

Moreover, there are also planar resonant sensors devoted to
the broadband dielectric characterization of samples [166],
[167]. These sensors utilize the effects of the dispersive
dielectric constant of the MUT on the multiple resonances
that the sensing resonator exhibits. Namely, the sensor
is based on the changes generated by the analyte at the
fundamental resonance frequency and at its harmonics, and
such strategy has been designated as discrete microwave
spectroscopy in [166]. A clear advantage of this latter
resonant method over the previous non-resonant microwave
dielectric spectroscopy approach is simplicity. The reason
is that, by using a sensing resonator, recording the changes
in the resonance frequency and magnitude of the different
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harmonics suffices to retrieve the dielectric information of the
sample over the considered frequency band.

Ill. NEW MATERIALS AND TECHNOLOGIES

Most planar microwave sensors are implemented in printed
circuit board (PCB) technology, due to its low cost and easy
fabrication. Nevertheless, many microwave sensing devices
have been implemented in alternative modern planar tech-
nologies, such as substrate integrated waveguide (SIW), fab-
ric/textiles, monolithic microwave integrated circuit (MMIC)
technology, and flexible substrates, including new polymeric
and organic substrates (e.g., paper), among others. Moreover,
there are many examples of microwave sensors implemented
in planar form that include additional elements, such as
fluidic channels, liquid holders, or micropipes, usually fab-
ricated by means of specific up-to-the-minute technologies
(microfluidics, 3-D printing, micromachining, etc.). All these
technologies are the subject of the present section, where the
main aim is to highlight their benefits for microwave sensing.
The section also includes a discussion on advanced materials
for microwave sensing (e.g., graphene, liquid metals, and
liquid crystals), as well as on the need to use functional
films (sometimes called smart films), in order to enhance the
sensitivity with certain variables (typically such films exhibit
a high dependence of their permittivity with the variable of
interest).

A. FUNCTIONAL AND SMART FILMS

Functional and smart films are increasingly gaining attention
in the microwave structures, where they are being explored
both as interface layers and as integral components of
fabricated designs [173], [174], [175], [176], [177]. These
advanced films are poised to replace traditional materials
such as carrier substrates and metallic traces, offering
unique advantages in terms of performance and sustainability.
By leveraging their tunable electrical, mechanical, and
thermal properties, these materials open new pathways for the
design of high-performance, lightweight, and environmen-
tally friendly microwave devices [178], [179]. Furthermore,
their compatibility with novel fabrication techniques, such as
printing and additive manufacturing, enables cost-effective
production processes and greater design flexibility [180],
[181], [182], [183], [184].

While metals like copper offer excellent electrical conduc-
tivity, their rigidity and weight limit their use in emerging
applications such as satellite and wearable communica-
tions. MXenes, particularly TizC; films, have emerged as
promising alternatives due to their exceptional conductivity
(1.8 x 10° S/m [185]), tunable surface chemistry, and
mechanical flexibility, offering a compelling replacement
due to their superior conductivity and flexibility. Large-
flake MXenes demonstrate superior electrical conductivity
and reduced inter-flake resistance due to fewer junctions,
resulting in higher quality factors and lower losses. In cyclic
humidity tests, large-flake TizC, films outperformed their
small-flake counterparts, showing more stable resonant
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frequencies (*1.7% shift) and enhanced quality factors
(150 unloaded, 35 loaded), underscoring their robustness
in variable environmental conditions. Additionally, MXene
circular membranes were used to fabricate lightweight
microwave devices, demonstrating comparable performance
to metal-based systems in sub-6 GHz bands, with operation
frequencies tunable via membrane size and a significant
reduction in thickness and weight [185], [186], [187].

B. ADVANCED MATERIALS

TiO, nanotube membranes stand out as free-standing,
semiconducting, and self-organized nanostructures, uniquely
suited for advanced sensing applications. Unlike other
metal oxides, these membranes can be delaminated from
their native substrates and adapted to various surfaces,
enabling smooth integration into diverse sensing systems,
at the expense of more costly and difficult manufac-
turing. Recently, Noothongkaew et al. [188] showcased
their potential by employing TiO, nanotube membranes as
UV (UltraViolet) photoconductors, successfully transferring
them from anodized foil to a transparent ITO substrate.
This flexibility and adaptability highlight TiO;’s promise for
non-contact microwave sensing, especially in UV detection
where material options are often constrained. Their inte-
gration with planar microwave resonators has already been
demonstrated for light detection using microwave resonator
sensors [189].

Wide-band-gap semiconductors such as TiO2, ZnO, and
SnO2 are highly sensitive to UV irradiation and offer cus-
tomizable structures suited for various applications. Several
notable advancements by Zarifi et al. introduced a low-cost,
robust integration of self-organized anodic titanium dioxide
nanotube (TNT) membranes with microwave split ring
resonators (SRRs) to detect UV light. Operating on changes
in permittivity and conductivity induced by UV illumination,
the TNT membrane absorbs light and generates charge
carriers, which alter its dielectric properties. These variations
are tracked via changes in the resonator’s transmission gain
[190], [191], [192]. Building on this concept, further studies
demonstrated the effectiveness of UV-excited TNT-integrated
microwave resonators in detecting humidity, volatile organic
compounds, and self-assembled monolayers. In a more recent
advancement, UV-excited TNT-based sensors were used for
liquid mixture characterization, showing the ability to detect
changes in materials beyond the electric-field sensing region
by analyzing the UV light transmitted through the sample,
highlighting the sensor’s extended range and versatility [193].

Alijani et al. have investigated the microwave photo-
conductivity of titanium dioxide nanotube (TNT) layers of
varying thicknesses for potential applications in sensing and
wireless communication. TNT layers were integrated with
a custom-designed planar microwave resonator to evaluate
their performance under UV illumination. Changes in reso-
nant frequency, amplitude, and quality factor were monitored
over time, revealing a clear dependence on layer thickness.
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The analysis showed that an intermediate TNT thickness
yielded the most effective microwave photoconductivity
response, balancing light absorption and electromagnetic
interaction. Experimental findings were supported by the-
oretical modeling and structural analysis, which confirmed
the relationship between crystallite size, layer thickness,
and photoconductive efficiency. This insight is valuable
for designing high-performance microwave sensors and
components for future wireless and photonic systems [194].

In microwave sensing applications, split ring resonators
(SRRs) are widely employed to detect variations in the
dielectric properties of materials by monitoring shifts in
their resonant frequency and amplitude. However, most
studies focus on single-resonator systems targeting specific
molecular signatures, which underutilizes the rich informa-
tion available across the broader frequency spectrum. One
promising solution involves the use of liquid metals like
Galinstan and EGaln, which provide passive, continuous
tuning without requiring complex fabrication or power
consumption. Liquid metal can alter the electromagnetic
coupling within a resonator, enabling frequency shifts up
to 800 MHz [68], [ 189]. Liquid metals like Galinstan, an alloy
of gallium, indium, and tin, are room-temperature conductive
fluids known for their high electrical and thermal conductiv-
ity, low toxicity, and excellent deformability. Unlike mercury,
Galinstan is non-toxic and remains liquid below freezing,
making it ideal for flexible electronics, stretchable circuits,
and thermal interface applications [195].

Rafi et. al. have proposed a novel architecture for
characterizing liquid mixtures with similar dielectric prop-
erties, which are difficult to distinguish using conventional
single-frequency microwave sensors. The proposed sensor
features a planar, resonant-based design with a tunable
frequency range from 2.1 to 2.8 GHz, achieved by injecting
variable volumes of liquid metal into an integrated fluidic
channel. While traditional dielectric probe measurements at
a fixed 2.82 GHz frequency failed to differentiate between
two test materials, the new sensor successfully distinguished
them by tuning the frequency to 2.72 and 2.68 GHz.
This tunable sensing approach addresses misidentification
issues in materials with overlapping dielectric properties and
offers advantages over noise-prone broadband techniques like
dielectric probes and spectroscopy. Additionally, it holds
potential for more stable performance under temperature
variations. However, the current frequency tuning range is
limited, which constrains overall sensitivity. Further research
is needed to expand this range and enhance the sensor’s
performance and reliability [68].

C. MICROFLUIDIC SENSORS

One of the prominent applications of radiofrequency (RF)
and microwave sensors is in biomedical and biological
monitoring and characterizations [196]. In contrast to the
optical techniques such as fluorescence tagging, microwave
sensors do not require any time-consuming sample prepara-
tion and are capable of detecting materials in a label-free and
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non-invasive manner [4]. Furthermore, microwave planar
sensors are inherently compatible with electronic inte-
gration technologies such as complementary metal oxide
semiconductors (CMOS), Microelectromechanical Systems
(MEMS), low temperature cofired ceramic (LTCC), etc.
Thus, microwave planar sensors can be designed and
fabricated in miniaturized and compact forms suitable
for integration within the lab-on-a-chip platforms suitable
for biological detections. However, a major challenge in
bio-sample detection is usually, the small amount of the
sample (blood, saliva, sweat, etc.) available for sensing and
experiments. Nowadays, such a challenge can be addressed
by the advent of microfluidic technology. In such technology,
the liquids can be accurately processed in micro and even
nano scales and guided to the most sensitive area of the
planar microwave sensors for accurate and high-sensitivity
characterization [197], [198].

On the other hand, the advent of metamaterials in the
last decades opened new avenues for the development of
high-sensitivity microfluidic sensors. In fact, metamaterials-
inspired resonators such as split-ring resonators (SRRs),
complementary split-ring resonators (CSRRs), and electric-
LC (ELC) resonators produce resonances with highly dense
and concentrated electric fields (E-field) within a small area
that is ideal for deployment of microfluidic channels required
for microfluidic dielectric sensing [199]. The initial designs
of metamaterials-inspired microfluidic sensors were simply
composed of SRRs coupled to planar transmission lines such
as microstrip as shown in Figure 8(a). The SRR produces a
highly dense E-field in the capacitive gap area making in the
hot spot for dielectric sensing. Thus, a microfluidic channel
was realized within the gap area as shown in Figure 8(c) for
sensing purposes. Applying the dielectric liquid under test
(LUT) into the channel modifies the resonance frequency
and the quality factor (Q) as indicated in the measured
transmission response (|S21|) for the water-ethanol samples
of various concentrations. Such variations are then used to
develop a mathematical sensing model for retrieving the
complex permittivity of the unknown liquids.

The most important factor in any type of sensor is,
typically, sensitivity. The sensitivity in frequency-variation-
based microwave microfluidic sensors is defined as:

— fé‘r _fempty
! fempty(er_l)

where f;, is the resonance frequency for the LUT, fepsy is
the resonance frequency of the sensor with empty channel,
and &, is the relative permittivity of the LUT. According to
the above equation, the sensitivity is directly proportional
to the frequency shift produced by each liquid sample.
Various strategies were developed in literature to improve
the frequency shift leading to sensitivity enhancement.
An example is the design in [39], where a CSRR was used
instead of the SRR. The CSRR is etched out of the ground
plane below the microstrip transmission line as shown in
Figure 9(a). The electric fields produced by the microstrip
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FIGURE 8. A metamaterial-inspired microfluidic sensor in [199]. (a) A SRR
coupled to a microstrip line. (b) Full-wave simulated transmission
response of the bare sensor together with the E-field distribution at
resonance. (c) The microfluidic channel realized in the SRR gap area.

(d) The fabricated sensor together with the measurement setup.

(e) Measured responses of the sensor for water-ethanol solutions of
various water volume fractions. Reprinted under CC-BY license from [199].

line excite the CSRR in the ground plane. The circuit model
of such a circuit is also presented Figure 9(a), where the
L.C. and R, model the CSRR, the L stands for the inductive
behavior of the microstrip section above the CSRR, and
C models the coupling capacitance between the microstrip
and the CSRR. At the resonance frequency defined by (3),
the combination of C, L.C, is short circuited to the ground
producing a zero in the Sz response of the sensor.

1
C 21 JL(C+Co)

Loading any dielectric sample onto the CSRR modifies
the value of C. capacitance leading to a frequency shift
from which the dielectric sample can be characterized.
In comparison with the SRR, the CSRR offers a larger
capacitive effect since the whole slot area around the
resonator acts as a capacitive gap between the inner metallic
patch of the resonator and the surrounding ground plane.
At resonance, there is a highly dense E-field concentration
at the lower side of the CSRR slot, which is ideal for
microfluidic dielectric sensing. Thus, a microfluidc channel
made of Polydimethylsiloxane (PDMS) is fabricated and
mechanically attached to the sensor aligned with the lower
side of the CSRR for microfluidic dielectric sensing. The
fabricated and assembled sensor is presented in Figure 9(c).
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FIGURE 9. CSRR-based microfluidic sensor in [39]. (a) Sensor layout and
the circuit model. (b) Full-wave simulated transmission response of the
bare sensor together with the E-field distribution at resonance. (c) The
fabricated sensor prototype. (d) Measured responses of the sensor for
water-ethanol solutions of various water volume fractions. Reprinted with
permission from [39]; copyright 2014 IEEE.

For verification of microfluidic dielectric sensing, water-
ethanol solutions of different water fractions were used.
As shown in the measured results, injection of different
samples to the channel modifies the resonance frequency and
depth of |S>;| at resonance and such variations were used
to develop a mathematical model for complex permittivity
measurements. According to the measured results, the
maximum frequency shift produced by the CSRR-based
sensor is four times larger than the one of the SRR-based
sensor in [199], while the bare sensor resonance frequency
and the test samples (water-ethanol solutions) are the same
for both of the sensor. This means that the CSRR-based sensor
offers a fourfold sensitivity improvement compared with the
SRR-based sensor mainly due to the larger effective sensing
area in the CSRR compared with the SRR.

According to the circuit model of the CSRR-based sensor
in Figure 9, and (3), two capacitors (C, and C) contribute
to the resonance frequency however, only the C, capacitor is
modified by loading the microfluidic LUTs onto the channel.
Such a characteristic poses a limit to the frequency shift
and as a result the sensitivity of the CSRR-based sensor.
In order to address such a challenge, a new sensor was
proposed in [56] using a microstrip transmission line loaded
with a step impedance resonator (SIR) as demonstrated in
Figure 10(a) together with its circuit model. In the circuit
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model, the Cg capacitance models the edge capacitance
between the rectangular patch of the SIR and the ground
metallization realized on the top surface, which is electrically
connected to the bottom ground plane using metallic via
holes. Furthermore, the Ly stands for the inductive behavior
of the narrow metallic strip that connects the microstrip line
to the rectangular patch.
At the resonance frequency described by:

1
27 /LrCR’

the combination of LgrCpg is short circuited to the ground
resulting in a bandstop notch in the |S71| response of the
sensor [Figure 10(b)]. There is a high concentration of E-field
in the gap area around the capacitive patch of the sensor
that is ideal for microfluidic dielectric sensing. Based on
the circuit model, there is only one capacitor in the sensor
(CR), which contributes to the resonance frequency and this
capacitor is directly affected by implementing a microfluidic
channel in the gap area of the sensor and injecting LUTs into
the channel. Thus, it is expected that the SIR sensor offers
a higher sensitivity compared with the CSRR-based sensor.
This is verified through the measurement of the SIR sensor
with water-ethanol solutions. According to the measured
results in Figure 10, the SIR-based sensor produces larger
frequency shift compared to the CSRR-based sensor, while
the resonance frequency for the empty channel is almost the
same for the two and the sensors were tested with identical
LUTs. The average sensitivity of the SIR sensor is 1.7 times
larger than the CSRR-based sensor.

This section studied microwave-based microfluidic sen-
sors and some methods for improving the overall frequency
shift and sensitivity in such sensors. A more detailed study
of the sensitivity enhancement in microwave-based planar
sensors will be discussed in Section IV of this article.

Ir “

D. 3-D PRINTING
Additive manufacturing methods are drawing an increased
attention among the researchers and electronic designers
due to the low-cost manufacturing and offering additional
freedom degrees in realization of complex structures that are
not realizable using conventional fabrication methods [200].
Likewise, microwave engineering and sensor technology
are also benefiting from the recent advances in three-
dimensional (3)-D) printing fabrication methods. Such tech-
nology led to the development of various novel microwave
components and antennas with novel geometries that are
challenging to implement using the other existing fabrication
technologies [200]. More importantly, new generation of
3-D microwave sensors have recently been designed and
developed offering fast and cheap alternatives to sensors used
for various health care and IoT applications [199], [201],
[202], [203], [204], [205], [206], [207].

One of the most prominent advantages of the 3-D printing
fabrication is in the design and realization of microfluidic
sensors. As discussed in the previous section, in microfluidic
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FIGURE 10. SIR-based microfluidic sensor in [56]. (a) Sensor layout and
the circuit model. (b) Full-wave simulated transmission response of the
bare sensor together with the E-field distribution at resonance. (c) The
fabricated sensor prototype. (d) Measured responses of the sensor for
water-ethanol solutions of various water volume fractions. Reprinted with
permission from [56]; copyright 2019 IEEE.

sensors, a dedicated fluidic network is required to manipulate
and guide the microfluidic test samples to the most sensitive
area of the sensor. In conventional technologies, the microflu-
idic network is fabricated on PDMS or other biocompatible
materials and then attached to the main microwave sensor
circuit. In the majority of microfluidic sensors, a mechanical
fixture is required to push the microfluidic network against
the microwave circuit substrate and keep it in place to
enhance consistency of the measurements. However, the
addition of the fixture increases the total profile of the
device and this is not desired specially for the integrated
applications, where there is high necessity to have compact
sensor for deployment within a small electronic package.
3-D printing can be of high advantage here since it allows
the design and fabrication of both microwave circuit and
microfluidic sections of the sensor within a single compact
structure.

A sample prototype of the 3-D printed microwave
microfluidic sensor is the one designed in [206] that is
based on a SIW cavity resonator. A schematic view of
this sensor is presented in Figure 11 together with the
fabricated sensor prototype. The fundamental structure of the
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FIGURE 11. (a) Schematic view of the 3-D printed SIW-based microwave
microfluidic sensor in [206]. (b) The 3-D printed substrate with the
integrated microfluidic channel. (c) The final sensor prototype after
adding the metallization layers, metallic vias, and the SMA port.
Reprinted with permission from [206]; copyright 2020 IEEE.

sensor is a rectangular SIW resonator, where the multifolded
microfluidic channel is integrated within the main dielectric
substrate of the SIW using 3-D printing technology as shown
in Figure 11(a) and (b). As seen, using such a design, the
microfluidic network is directly integrated within the sensor
structure alleviating the need for additional mechanical
package to hold the microfluidic and the microwave resonator
together. In fact, the microfluidic liquid-under-test (LUT) fills
part of the SIW cavity and thus, the complex permittivity of
the LUT contributes to the total effective permittivity of the
SIW cavity and, in this way, the resonance frequency and the
quality factor of the resonance is affected by the complex
permittivity of the LUT. Such an effect is used in [206] for
retrieving the complex permittivity of the unknown LUTSs
by measuring the resonance frequency and unloaded quality
factor (Q,).

3-D printing technique has also been used for the design of
microwave sensors for complex permittivity of microfluidic
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FIGURE 12. Conceptual schematic of the 3D printed microwave sensor
in [207]. (a) Side view of the broad side coupled strip lines together with
the 3D printed micro-cavity for microfluidic samples. (b) Representing the
distributed capacitive network of the sensor. (c) The capacitive network
under even-mode excitation. (d) Capacitive network under odd-mode
excitation. Reprinted with permission from [207]; copyright 2020 IEEE.

samples over broadband. An example of such application
was presented in [207], where broadside coupled strip lines
were used for complex permittivity measurements. As shown
in the conceptual view of the sensor in Figure 12(a), The
LUT is sandwiched in between the two coupled strip lines
using a 3-D printed insert layer, while the strip lines on
the top and bottom layers are fabricated using conventional
printed circuit board (PCB) technology. Plastic ports are
attached to the 3-D printed insert acting as the in/outlets for
the dielectric LUT as shown in Figure 13(d). By inserting
the LUT in the channel between the strip lines, the sensor
response can be analyzed under the even and odd-mode
excitations. For the even mode, the pair of strip lines are
excited symmetrically meaning that the magnitude and phase
of the voltage distribution along the strip lines are the same.
In this case, the symmetry line between the lines acts a
magnetic wall and the total even-mode capacitance is:

Ce = Cy, )

where C is the distributed capacitance between each of the
strip lines and the ground plane. On the other hand, for the odd
mode, the two strip lines are excited with equal magnitude but
with 180° phase difference. This means that the symmetry
line in between the strips acts as an electric wall and the total
odd-mode capacitance is:

Co=C1+2 (Cm + Cmp) s (6)

where the C,, capacitance is attributed to the dielectric LUT

and Cy, is attributed to the electric field fringing into the 3D-

printed insert on the sides of the LUT. The relation between

the complex permittivity of the LUT (e yr) and the Cy, is

described as:

EoeLuTwW
hy

This means that the g7 yr has direct effect on the odd-mode
characteristic impedance (Z,) of the broadside coupled
transmission lines. Therefore, the frequency dependent e, yr
has been obtained by even and odd-mode analysis of the
coupled strip pairs. The fabricated and assembled sensor

Cn = N
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prototype is shown in Figure 13 presenting the top, bottom,
the 3-D printed middle layer as well as the assembled sensor.
This sensor was used to measure complex permittivity of
various liquids such as Ethanol, Methanol, Isopropanol, etc.
The measurements in [207] prove a high precision of the
sensor in wideband complex permittivity measurements up
to 3 GHz.

FIGURE 13. The fabricated broadside coupled strip line sensor in [207].
(a) 3D printed middle insert with plastic liquid in/outlets. (b) Top layer
stripe line PCB. (c) Bottom strip line PCB. (d) The 3D printed insert placed
on top of the bottom strip line PCB. (e) The final assembled sensor
prototype. Reprinted with permission from [207]; copyright 2020 IEEE.

E. SUBSTRATE INTEGRATED WAVEGUIDE (SIW) SENSORS
When designing microwave sensors, most of the strategies
to attain the desired sensitivity focus on the optimization of
the topology of the sensor and its electrical characteristics,
as shown in prior sections. While important, these factors
are not the only ones impacting the final performance of the
device. The sensing structure, including the position of the
MUT and its influence on the response of the sensor plays
also a crucial role. Indeed, this is often a limiting aspect for
general microstrip sensors, characterized by an electric field
chiefly confined into the substrate. When the MUT is placed
in the upper volume of the sensor, as usual, its presence has
a moderated influence on the weak radiated fields (fringing
fields), thereby posing a limit for the sensitivity.

Trying to overcome this issue, other technologies were
researched. Part of the scientific community placed their
interest on the so-called substrate-integrated waveguide
(SIW) configurations. A SIW structure is achieved with
two copper-clad planes (top and bottom) and side rows of
metallized vias, overall forming an effective cavity or waveg-
uide inside the substrate [208], [209]. This configuration
yields field distributions and responses akin to rectangular
waveguides, including high Q factors, while considerably
reducing the cost [208], [210]. As it will be shown in the next
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paragraphs, the unique characteristics of these structures can
be used for intriguing sensing purposes [211].

Indeed, SIW structures can be strategically conceived in
order to generate considerable fields at interesting points
close or next to the MUT, thus increasing the interaction
with the sample. An example is the use of SIW sensors with
slotted resonators in the sensing region, allowing the field
lines to travel across the MUT, being therefore perturbed by
the properties of the sample. These sensors are convenient
for dielectric characterization of solid small-sized samples
placed onto the slots [212]. A square slot was used for
broadband characterization of the complex permittivity of
small solid samples through the excitation of different TE
modes [213]. Custom slotted resonators can be engineered on
the top (or bottom) plane of the SIW, such as CSRRs, in order
to have a response characterized by transmission zeros highly
sensitive to the dielectric permittivity of a sample placed
onto the slotted resonators [214]. This use of CSRR-loaded
SIW was also proved effective for complex permittivity
determination of solid slabs through the associated variations
in the resonance frequency and quality factor [215].

This technique has been also used for microfluidic char-
acterization with good sensitivities, placing the microfluidic
channel just on top of the slot [216], or soaking the slot region
into the liquid [217]. In another approach, two extensions
were soldered to the top and bottom copper-clad planes of a
SIW in order to have an empty-substrate prolongation of the
structure, to be soaked into the liquid under test, providing
for liquid characterization [218]. The CSRR-loaded SIW
strategy has also found application in other contexts. For
instance, a remote high temperature sensor for industry
applications was proposed thanks to the microwave scattering
read by an interrogating coplanar waveguide antenna [219].
In a different work, the CSRR structure was placed above
an embedded sealed cavity inside the SIW, this cavity being
sensitive to pressure, for remote pressure detection in high-
temperature scenarios [220].

Another possibility of great interest, based on the cavity
resonator technique, consists in directly embedding the
MUT into the substrate thanks to the modern manufacturing
techniques. This technique has been mainly exploited for
microfluidic measurements, having the microfluidic channel
(or pipes) flowing through the substrate in the SIW [221], as it
can be seen in Figure 14. A usual cavity sensor is made of a
cavity resonator with a hole drilled through the cavity. This
hole is filled with the MUT or with the channel for liquid
characterization [222], [223]. The presence of samples with
different properties inside the cavity yields a perturbation
noticeable enough to be characterized from the changes in
the response of the sensor.

This idea has been applied with liquid pipes travelling
vertically through the SIW. The integration of a metallic
sheath covering the pipe before and after entering the SIW,
as shown in Figure 14, was proved convenient for sensi-
tivity improvement in complex dielectric characterization of
liquids [221]. A similar approach exploited the propagation of
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FIGURE 14. Example of a SIW cavity resonator sensor for characterization
of permittivity in liquids, including a vertical pipe travelling through the
SIW cavity and a metal sheath covering it. Reprinted with permission
from [221]; copyright 2018 IEEE.

several TM modes for complex dielectric characterization of
liquids applied to solute concentration detection, such as glu-
cose concentration determination in aqueous solutions [224]
or water—ethanol volume fraction [225].

In addition to the vertical crossing of the channel through
the SIW, other re-entrant configurations have been proposed.
This time, the input and output points for the channel lay in
the same plane, the top or bottom plane of the SIW. This
implies that that channel bends inside the substrate, and it
might travel longer distances inside the SIW, thus facilitating
a greater interaction with the inner fields, depending on the
design. Sophisticated designs based on this concept were used
for complex permittivity estimation in liquids [226], [227]
and solute concentration detection [228]. Sensitive humidity
sensors have also been developed under this scheme [229],
[230].

F. TEXTILE SENSORS AND WEARABLES

The advancements in modern implementation techniques
have notably pushed the boundaries of fabrication possi-
bilities during the last years, allowing now for new ways
of circuitry production that can seamlessly adapt to the
requirements of certain applications, hitherto unimaginable.
A good example is the recent development of textile and
wearable pieces of sophisticated electronics. These devices
can be integrated into garments or textile pieces, hence easing
their use for specific sensing purposes in certain applications,
such as quotidian or biomedical ones.

One of these enabling techniques was the printing
of flexible electronics [231], [232]. This development
allowed for passive flexible electronics devoted to certain
applications, such as signal conditioning [233] or energy
harvesting [234], [235], among others, leading to good
performances. In addition to material characterization [236],
soon these flexible electronic devices found application
in wearable contexts [237] since they can be integrated
into textiles thanks to its non-rigidity and low size [238].
For example, a wearable button antenna was produced
using the fabric itself as substrate, intended for WLAN
communications in multi-sensor systems [239]. Indeed,
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textile-integrated body area networks are of great interest
for advanced healthcare monitoring techniques [240]. The
involved sensors can provide valuable information about
many health variables and biomarkers, such as breath rate
thanks to a wearable flexible spiral resonator tag [13], for
example. A recent work proposed the use of a flexible
monopole antenna for adaptive ablation in lung cancer
treatment [241]. Other approaches used flexible microwave
resonators as humidity sensors [242], [243], or sensors
integrated into the fabric for detection of sweat and urine
leakage [244].

As a complementary technology, the recent years have wit-
nessed the development of directly embroidered microwave
circuitry thanks to conductive threads, providing for perfect
integration into garments [245]. As these electronic textiles
or e-textiles feature seamless integration with clothes, they
open the door for new sensing scenarios [246], [247]. The
usual technique consists in implementing the layout directly
into the fabric with a sewing machine and silver-plated
nylon yarn [248]. There are several factors that will have an
influence on the final results, such as the properties of the
yarn and the fabric or the stitch filling pattern and dimensions,
among others [249], [250], [251]. For instance, this technique
was applied with a two-layer non-woven 100% polyester
textile material (approximate thickness of 1.60 mm, &, =
1.30, tan 6 = 0.0045), covering the bottom layer (plane)
with 35 um thick adhesive copper tape (conductivity of
5.8 x 107 S/m) [97]. With a resonant frequency-splitting
sensing scheme (see Sect. II-B), this e-textile microwave
sensor demonstrated effective water absorption detection
capabilities with good sensitivity, as shown in Figure 15.
Humidity e-textile sensors were proposed based on these
principles [252].
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FIGURE 15. Picture (left) and results (right) for the frequency-splitting
embroidered e-textile water absorption sensor in [97]. Reprinted with
permission from [97]; copyright 2022 IEEE.

Making use of similar techniques, the possibilities of
microwave embroidered e-textile sensors have been explored
for several contexts in recent publications. A triangular patch
broadband antenna loaded with shorting pins was proved
effective for communications in the ISM band [253], which
could benefit, for example, from an embroidered e-textile
microwave bandpass filter [254]. Embroidered antennas for
wearable applications based on double ring resonators were
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proved to have specific absorption rates (SAR) meeting
the strict medical standards [255]. Considering more spe-
cific medical applications, an embroidered low-frequency
capacitive spiral was shown to have sucrose concentration
determination properties when poured with different solu-
tions [256], or an e-textile ultrawideband monopole antenna
on cotton substrate was proved to perfectly adapt to any
woman’s breast shape for microwave imaging and breast
cancer screening [257], among others.

Apart from the evident biomedical interest, these sensors
have also been shown useful for general material character-
ization [258]. In general, in addition to their consummate
integration into clothes or adaptation to the required shapes,
these devices possess other interesting features such as
washable or stretchable properties [259], [260]. As a matter
of fact, although still facing some challenging limitations
such as restricted conductivity in the yarns, lack of absolute
robustness or occasional need for ‘‘non-embroiderable”
elements (connectors, wires. .. ) [261], [262], this technology
is definitely positioning itself as an active frontier for
microwave sensors in many daily life and biomedical
applications.

G. GREEN SENSORS

The current trends on planar microwave sensors show
several aspects to put the focus on. Optimization of certain
performance metrics, such as sensitivity or resolution is
always sought (see Sect. IV), and also implementation
techniques adapted to any situation. In the latter sense,
a relatively new research line seeks the production of more
environmentally friendly microwave sensors, also known as
green sensors. The basic principle of these sensors lays on the
utilization of paper substrates and organic conductive ink for
the layout.

The use of cellulose materials as substrate, besides eco-
friendly, also shows some advantages such as low cost and
thin implementations, at the expense of a high porosity and
roughness [263]. The layout can be achieved by deposition
inkjet printing with conductive ink, featuring high accuracy
and good adaptation to the material [264], [265]. Instead of
a traditional metallic ink, biocompatible organic conducting
polymers can be used to obtain organic ink, one of the
most common ones being Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (usually referred to as PEDOT:PSS)
[266], [267]. Although PEDOT:PSS-doped inks show lower
conductivities than those of metallic inks, they hold other
beneficial characteristics such as organic, biocompatible or
easy of processing [268]. The marriage of paper substrate
and organic ink results in environmentally friendly and fully
recyclable sensors, i.e., green sensors.

This concept has been applied chiefly for the production of
green RFID sensors [269]. As an example, a green wireless
gas sensor was achieved by integrating a flexible RFID tag
with a single wall carbon nanotube with these techniques,
proved effective for detecting toxic quantities of ammonia
or nitrogen oxide [270]. Using similar techniques, carbon
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dioxide and humidity RFID sensors were implemented for
air pollution detection purposes with good results [271]. In a
different approach, although with implementation techniques
akin to the ones exposed here, green chipless RFID tags were
demonstrated effective for authentication purposes thanks to
chains of resonators interrogated by a bespoke reader [272].
It is therefore easy to see the wide possibilities of this
technology, while providing undoubted advancement towards
a more respectful and eco-friendlier electronics industry
[273].

IV. PERFORMANCE OPTIMIZATION TECHNIQUES

Sensor performance optimization is the main target of
researchers involved in planar microwave sensors. There are
many sensor performance indicators, but those that have
been the subject of a more intensive research activity (with
researchers pursuing their optimization) are probably sensor
sensitivity, resolution, and selectivity.

A. SENSITIVITY OPTIMIZATION

There are several techniques for sensitivity optimization in
planar microwave sensors. Most of them are based on the
design of the sensor, but there are also strategies related to
the specific arrangement of the analyte, or MUT, with respect
to the sensitive part of the device. These techniques will be
reviewed next.

1) COUPLED RESONATORS

The use of coupled structures has been proved conducive
for boosting the sensitivity in certain configurations [274],
[275]. The concept comes from the band-pass filter design
realm, where the frequency response of the final device is
remarkably sensitive to the different couplings between the
involved resonators [276]. Contrarily to the filtering appli-
cations, where a higher order (larger number of resonators)
means a better performance, for sensing purposes usually
two coupled resonators are enough (e.g. [116], [278], [279],
[280], ) since this sensitive effect can still be attained while
keeping compactness.

Without loss of generality, let us consider a two-port
network composed of two identical lumped-element shunt
RLC tanks electrically and magnetically coupled, where the
input/output coupling is relatively low in comparison with the
inter-resonator coupling, as described in [281] and shown in
Figure 16. For a given resonance frequency in the resonators,
the S»1 response, both in magnitude and phase, will depend
on the external Q factor (Q.y), the unloaded Q factor (Q,)
and the coupling factor (k), as analyzed in [282]. As shown
in [281] and illustrated in Figure 16(b)—(e), the variations of
any of these parameters yield notable changes in the response.
If the MUT is placed within the inter-resonator region or in
any position so that its presence has an impact on the value of
these parameters, in addition to the impact on each isolated
resonator, the device can leverage these aggregate effects for
a synergic increase of the sensitivity.
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Some works have researched these effects with different
approaches. Close scrutiny of the plots in Figure 16 reveals
that most of the benefits of the coupled structure come from
variations in the quality factors, which are of special interest
for solute concentration sensing in aqueous solutions [283],
as introduced in Sect. II-a. Particularly, the use of a Q,-based
coupled-resonator sensor was demonstrated to outperform
the single-resonator analogue case for glucose concentration
measurement in water solutions [284], reaching 298%
sensitivity increase with a sample volume 5 times smaller
[277]. The convenience of this approach has also been
acknowledged and exploited for general permittivity sensing
in solids [278], [279], [285], [286], [287], [288], including
anisotropy measurements [288], [289]. It is worthwhile to
mention that the seminal sensor in [277] also demonstrated
measurement capabilities by means of the coupling factor
(k) variation, as anticipated from Figure 16(b), which could
be of interest for certain applications. Indeed, the possibility
of having aggregate effects visible through different metrics
from the response of the sensor, as shown in Figure 16,
places the coupled-resonator sensors as potential candidates
for multi-sensing and enhanced selectivity applications [3],
[280], [290], [291], [292], [293], as it will be discussed in
Sect. IV-c.

The plot in Figure 16(e) also bespeaks the potential of
the coupled paradigm for increasing the sensitivity of the
phase-variation sensors introduced in Sect. II-c. Particularly,
for reflective-mode phase-variation sensors, a good strategy
emerges from the use of a weak coupling between the
resonators, which yields split-resonances close to each other,
experiencing the phase of the reflection coefficient a notable
shift (360° neglecting losses) between these frequencies, i.e.,
a notably sharp phase slope in a relatively narrow frequency
span. This aspect effectively boosts the sensitivity for these
sensors tuned between the split-resonances. This concept
was in-depth analyzed with weakly coupled distributed
resonators [116] and with weakly coupled semi-lumped
resonators [117], [123], demonstrating high sensitivities of
up to 736° and 818° per unit of dielectric permittivity,
respectively. As it can be seen, this is an elegant alter-
native to the impedance inverters cascading technique for
sensitivity enhancement that will be described in Sect. I'V-
A-II, since comparable sensitivities can be achieved while
avoiding the overall sensor size increase imposed by that
technique [294].

Concerning transmission-mode devices, an interesting
technique consists on coupling resonators to a two-port trans-
mission line, with proved sensitivity improvement effect [51],
[56], [89], [295]. This results in transmission zeros in the final
response, each one associated with a resonant mode. If an
extra resonator with a high Q-factor is coupled to one of those
low Q-factor resonators, with overlapping frequencies, their
strong coupling shifts the original transmission zero into a
sharp transmission peak surrounded by a pair of transmission
zeros. The variations of the resonance frequency and
Q-factor of this transmission peak were proved highly
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FIGURE 16. Illustration of the interest of coupled-resonator structures for
sensitivity boosting. (a) Schematic of a two-port network with two
identical lumped-element shunt RLC tanks electrically and magnetically
coupled, where Y is the characteristic admittance of the ports,

J elements are admittance inverters modelling input/output couplings
and Ceoup and Leoup are the lumped elements modelling the electric and
magnetic inter-resonator couplings; (b) transmission response for fixed
Qu = 400, Q¢,; =200 and different values of k; (c) transmission response
for fixed Qu = 400, k = 0.20 and different values of Qg,;; (d) transmission
response for fixed Qqy¢ = 200, k = 0.20 and different values of Qy;

(e) phase of the transmission response for fixed Qy = oo (lossless case,
for simplicity), Qext = 100 and different values of k.
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sensitive to the complex permittivity of liquid samples with
different configurations [296], [297].

Other approaches have made use of coupled-line sections
acting as dielectric permittivity sensor. By putting the sample
on the top of the coupled-line section, its dielectric constant
can be retrieved from the analysis of certain parameters of
the response of the device. A computation method from the
differential scattering parameters for differential excitation
coupled-line sensors was proved to yield high sensitivity for
considerably small solid [298], [299] and microfluidic [207]
samples. The isolation level resonance frequency of a high-
isolation coupled-line directional coupler was shown to be
remarkably sensitive to the changes in the dielectric constant
of solid and liquid samples [156].

2) PHASE/MAGNITUDE SLOPE CONTROL

In single-frequency sensors (i.e., phase-variation and
magnitude-variation sensors), either the magnitude or the
phase of the transmission or reflection coefficient is the
typical output variable. As anticipated in Sections II-C
and II-D, a high slope in the frequency response of the
considered output variable (the magnitude or the phase) is
instrumental in achieving a high sensitivity (see Figures 3
and 6). In magnitude-variation sensors, enhancement of
the magnitude slope can be achieved through designs that
provide closely spaced zeros and poles [154], [155]. In phase-
variation sensors, there is typically a significant variation
in the phase between a zero and a pole (regardless of
whether the sensor operates in reflection or transmission).
Thus, designs based on sensing resonators exhibiting closely
spaced resonance and antiresonance frequencies have been
reported [131], [136]. Nevertheless, there are other strategies
for enhancing the phase slope at the operating frequency (and
hence the sensitivity), to be briefly discussed next.

One of such techniques is based on the use of a sensing
resonator cascaded to a set of impedance inverters with
alternating high and low impedances (as compared to the
reference impedance of the ports, typically, Zg = 50 Q).
Most of these reported sensors operate in reflection [108],
[109], [110], [111], [112], [121], [124], [126], but this
technique can also be applied to transmission-mode phase-
variation sensors [133], [138]. Figure 17 illustrates this
sensitivity optimization technique in a transmission-mode
sensing structure, based on an openended quarter-wavelength
sensing line (in shunt connection) and either one or three
inverter stages (implemented by means of quarter-wavelength
line sections at the operating frequency) cascaded to it. The
sensitivity in the vicinity of the REF dielectric constant is
much higher for the sensor that includes three inverter stages
since there is a multiplicative effect that depends on the
normalized impedances of the inverters, this effect being
increased with the number of inverters, as detailed in [133].

Although effective, the previous sensitivity enhancement
approach in phase-variation sensors presents a limitation,
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namely, the presence of inverters increases the overall sensor
size (but not the size of the sensing region). A high phase
slope, and hence high sensitivity, can be achieved by merely
coupling an identical resonator to the sensing resonator [116],
[117], [122], [123], [124], [125], [126], [127], [128], [129],
[130], [131], [132], [133], [134]. Typically, this does not
significantly increase the sensor size. This phase slope
enhancing strategy is illustrated in Figure 18, in regard to
a reflective-mode device with coupled resonators described
by means of series LC tanks electrically coupled. Due to
interresonator coupling, the resonance of the uncoupled
resonator splits into two frequencies, f— and fy, with a
phase excursion of 360° (provided losses are small) between
such frequencies. Therefore, by weakly coupling the sensing
resonators, the phase slope is expected to be very high,
since closely spaced split resonances will be generated under
weak coupling. The frequency of operation must be tuned
in between the two resonances, the optimum point being
roughly the one where the phase slope is a maximum
(approximately f,, in Figure 18).

A relevant advantage of this technique is that, since
inverters are not used, changing the frequency of operation
(dictated by the dielectric constant of the REF sample) does
not require a sensor redesign. Moreover, such sensitivity
optimization technique is very efficient, as illustrated in
Figure 19, where a specific sensor based on a pair of coupled
resonators, as well as its phase response and sensitivity
are depicted [123]. Note that the maximum sensitivity,
inferred from the simulated data points (by including losses),
is Szossy = —818° per unit of dielectric constant variation,
a very high value. Although the reported example is specific
of a pair of electrically coupled resonators, described by a
series LC tank, a similar behavior is obtained regardless of
the coupling mechanism (electric or magnetic) and resonator
configuration (series or parallel) [139]. Moreover, highly
sensitive reflective-mode phase-variation sensors based on
coupled distributed resonators have also been reported [116].

Inspection of Figure 19(c) indicates that the maximum
sensitivity inferred from the lossy electromagnetic simula-
tions is superior to that obtained when losses are excluded
(SLosstess = —774°), very similar to the theoretical prediction
(Stn = —775° see the analytical model by excluding
losses that provides such result in [123]). Indeed, with an
adequate design, losses help to boost the maximum sensitivity
in reflective-mode phase-variation sensors, because losses
contribute to enhance the phase slope at resonance, as it
was demonstrated in [121], [122], [126], [130], and [137].
Moreover, losses can be engineered, and tuned, to control
the sensitivity, as pointed out in [130] and [137], where
a junction field effect transistor (JFET) was used as a
variable conductance in a reflective-mode phase-variation
sensor based on a transmission line terminated with a simple
stepped-impedance resonator (SIR). That sensor was applied
to submillimeter scale proximity measurements (based on
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FIGURE 17. lllustration of the sensitivity optimization technique based on
cascaded inverters with alternating high and low impedances applied to a
transmission-mode phase-variation permittivity sensor. The output
variable is the phase of the transmission coefficient at the resonance
frequency of the open-ended quarter-wavelength sensing resonator
when it is loaded with the REF sample (a semi-infinite MUT with a
dielectric constant of 3.55). (a) Layout of the device with a single inverter;
(b)photograph of the device with three inverters; (c) Simulated phase
response of the sensor in (a) and sensitivity; (d) simulated phase
response of the sensor in (b) and sensitivity, as well as measured phases
at the operation frequency, for the indicated samples. In (d), the black
symbols correspond to the measured phases for specific samples,
whereas the red symbols correspond to the phases measured when the
sensitive region is coated with the REF sample with different densities of
holes(emulating defects). Note that we have actually represented

A¢1 = ¢1 — é1,REF, Where ¢1,ger is the phase of the transmission
coefficient at the operating frequency for the REF sample (in such a way,
the effects of the access lines are eliminated). Dimensions(in mm) are

Ws = 0.2, Is =19.7, W; = 7,1; =22.09, W, = 0.2, |, = 24.339, W5 = 7,5 =
22.09, W, =3.36, |y = 25.64. Reprinted with permission from [133];
copyright 2025 IEEE.
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FIGURE 18. (a) Isolated series resonator connected to ground and phase
of the reflection coefficient; (b) Two (electrically) coupled resonators and
phase of the reflection coefficient. C;; is the capacitance of the isolated
resonator, C is the self-capacitance of the uncoupled resonator (i.e., with
the presence of the other resonator short-circuited to ground), L is the
inductance of the resonators, and Cy, is the coupling capacitance.

the changes in the effective dielectric constant consequence
of separating a dielectric slab from the sensing region), and
the maximum achieved sensitivity was as high as Sy, =
2291°/mm. Nevertheless, it should be mentioned that this
losses-assisted sensitivity optimization technique does not
apply to transmission-mode sensors, where losses tend to
degrade the sensitivity, as discussed, e.g., in [133]. The
reflective-mode phase-variation sensors reported in [130]
and [137], where the sensitivity is enhanced by engineering
losses, were designated as lossy sensors in those works.

3) RESONATOR PATTERN OPTIMIZATION

As discussed in Section III-C, in order to enhance the
sensitivity in planar microwave sensors, a particular effort
was dedicated to increase the effective sensitive area of the
sensor or to increase the E-field concentration within the
sensing region. A simple and efficient approach that was first
proposed in [39] is to use complementary (or slot) resonators
instead of the conventional planar resonators. Generally,
complementary resonators produce a larger capacitive effect
resulting in larger effective sensing areas through which
the active sensitive region would be increased resulting
in a higher interaction between the fringing E-field at
resonance and the material-under-test (MUT) resulting in
higher sensitivities.

Over time, resonators with more complicated geometries
have evolved to increase the E-field concentration or to
further increase the effective sensing area. Examples of
such approaches are the integration of interdigital capac-
itors within the CSRR structure coupled to a microstrip
transmission line in [300]. A schematic of this design is
presented in Figure 20. As seen, by embedding interdigital
capacitor within the CSRR slot, the effective sensitive area
(area with large E-field concentration) is increased. This
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FIGURE 19. Layout (a) and photograph (b) of the fabricated sensor based
on a pair of weakly coupled SIRs in CPW technology, and phase
dependence of the sensor with ¢y yy, and sensitivity (c). The phase is the
one in reference to the phase when the sensor is loaded with the REF
sample, i.e.Ap, = ¢y — ¢, ref- Dimensions (in mm), are: Iy = 6.0 mm,
Wo = 3.39 mm, gy =0.305 mm, |; = 6.40 mm, w; = 0.3 mm, g; =

1.85 mm, I¢ = 4.86 mm, w¢e =3.8 mm, g¢ = 0.2 mm, g =0.62 mm, and

Isc = 0.29 mm. Reprinted with permission from [123]; copyright 2024 IEEE.

sensor was used for microfluidic dielectric characterizations
by implementing a meandered microfluidic channel along
the sensitive slot of the sensor [Figure 20(c)]. The measured
results of the sensor with fluidic dielectric samples prove a
higher sensitivity compared with the other sensors for a large
range of the permittivity values.

Another example of shape optimization for sensitivity
enhancement is the microfluidic sensor presented in [301]
using a hybrid slot resonator formed by embedding an
interdigital capacitor and two CSRRs within a comple-
mentary electric-LC (CELC) resonator. As proved in [302]
through circuit analysis of the (CELC) resonators coupled
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FIGURE 20. Sensitivity enhancement in planar microfluidic sensor
through integration of interdigital capacitor with a CSRR resonator [300].
(a) Layout of the sensor. (b) Full-wave simulated |S, | together with
E-field distribution at resonance. (c) 3D view of the designed sensor.
(d) Sensitivity comparison with the other sensors. Reprinted with
permission from [300]; copyright 2020 IEEE.

to microstrip transmission lines, the CELC shows even- and
odd-mode resonances, where there is a high concentration of
E-field around the middle slot of the resonator in odd-mode
resonance as shown in Figure 21(a). By integrating an
interdigital capacitor along the middle slot, the effective
sensing area is increased with a higher E-field concentration
and as indicated in Figure 21(b), the E-field density is
further improved by embedding two CSRR slots within
the two halves of the CELC resonator. A microstrip line
coupled to the final shape optimized resonator was used
in [301] for microfluidic dielectric sensing, by integrating a
PDMS channel around the interdigital slot of the resonator
as shown in Figure 21(b). The sensitivity enhancement for
microfluidic dielectric characterization was investigated by
performing measurements with water-ethanol solutions. The
measurements shown in Figure 21(c) prove significant sensi-
tivity enhancement compared to the other planar microfluidic
Sensors.

Shape optimization has also been applied to the other
non-complementary resonators for sensitivity enhancements.
Majority of the designers focused on the design of meandered
resonator patterns [303], [304], integration of interdigital
shapes within the capacitive part of the resonators [305] and
using cross-bridges within the capacitive part of the resonator
to form parallel plate capacitances for improving the
interaction between the fringing E-field and the MUT [306].
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FIGURE 21. Sensitivity enhancement in planar microfluidic sensor Using a
modified CELC resonator [301]. (a) E-field enhancement through shape
optimization. (b) 3D view of the designed sensor. (c) Sensitivity
comparison with the other sensors. Reprinted with permission from [301];
copyright 2021 IEEE.

As explained before, the major goal in these attempts is
increasing the effective sensing area and improving the
concentration of the fringing E-field at resonance to enhance
the sensitivity.

4) EMBEDDED CHANNELS
Another approach for sensitivity enhancement in microwave
microfluidic sensors is embedding the channels containing
the dielectric liquids into the main sensor substrate. Gen-
erally, higher sensitivity can be obtained if a larger part of
the electric field from the resonators interacts with the LUT.
In conventional designs of the planar resonators, a significant
part of the generated E-field is confined within the main
dielectric substrate of the sensor especially in the sensors
designed in microstrip technology. Such an effect produces
parasitic capacitances that do not contribute to sensing and
reduce the overall sensitivity. In order to alleviate such
challenges, in some designs such as [56] and [155], the
ground metallization is removed around the main resonator
to remove such parasitic effects. However, the parallel plate
capacitance formed between the main metallization of the
resonator and the ground plane can be used for sensing if
the microfluidic channels are embedded within the sensor
substrate.

Implementation of such structures is challenging using
conventional printed circuit board (PCB) technology.
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In conventional PCB sensors, usually a cavity is milled
through the substrate and a capillary is inserted in the
cavity to contain and guide the liquid into the sensitive
part of the resonator. Such an approach is used in [66] and
[307] as shown in Figure 22. However, the realization of
more complicated channel geometries such as meandered
and spiral structures is challenging using simple milling
techniques.

=':w

Pluidie
¥ Channel*

FIGURE 22. Microfluidic channel embedded within the sensor substrate
by micro-milling a cavity within the dielectric substrate of the sensor
in [66]. Reprinted with permission from [66]; copyright 2022 IEEE.

Recently, by the advent of advanced fabrication tech-
nologies such as 3-D printing, and low temperature cofired
ceramic (LTCC) the microfluidic channels of arbitrary
shapes can be easily embedded within the sensor substrate.
An example of meandered microfluidic channel integrated
within the 3-D printed SIW cavity sensor for sensitivity
enhancement was presented in Section III-D. Another
example of embedding the channel within the substrate of
a planar sensor through 3-D printing is the sensor in [308],
which is based on stub-loaded microstrip transmission line.
As shown in Figure 23, the sensor substrate is 3-D-printed
with embedded channels using SLA that is water-tight
material. Next, the top metallization pattern was dispenser
printed on a flexible substrate and then attached to the
top surface of the 3-D printed substrate. This sensor can
simultaneously characterize three different liquid samples at
three different frequency bands using three resonant stubs
loaded on a microstrip transmission line.

| ¢,
(a) (b)

FIGURE 23. Embedding the microfluidic channel within the planar sensor

substrate using 3D printing in [308]. (a) Schematic of the sensor and

(b) the fabricated and assembled sensor. Reprinted under CC-BY license
from [308].

Microfluidic channels can be integrated within the sensor
substrate using the LTCC technology as well. In LTCC
technology, electronic circuits can be implemented using a
multi-layer fabrication of metallic and dielectric materials.
Such technology enables the integration of micro-channels
together with electronic circuits. A sample realization of
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FIGURE 24. Embedding the microfluidic channel within the planar sensor
substrate in LTCC technology [309]. (a) Layout and stack up view of the
resonator. (b) The fabricated resonator together with X-ray image showing
the embedded channel. Reprinted under CC-BY-NCND license from [309].

the microfluidic channels within the main substrate of
a microwave sensor was presented in [309], where a
semilumped parallel LC resonator (Figure 24) coupled to
an inductive loop was used for detection of heavy metal
pollutants in drinking water.

5) INTERMODULATION PRODUCTS

An interesting approach for sensitivity optimization in
frequency-variation sensors was proposed based on inter-
modulation products (IMP), proved able to multiply by an
integer number the frequency shift associated to a change in
the permittivity of the sample [58], [310]. The idea leverages
the non-linearity of active components such as transistors.
This non-linearity may yield IMP of two tones, resulting
in a more pronounced frequency shift due to permittivity
variations in the sample than the one seen in a conventional
frequency-variation sensor, as long as at least one of those
tones belongs to the signal coming from the sensor.

The mixing capabilities of regenerative active resonators
place them as good candidates for the realization of the IMP.
To achieve mixer operation, one of the tones (let f1) is driven
from an oscillator, whilst the other one (let f>) is originated
in a feedback oscillator loop including a bandpass filter
devoted to tune this second oscillation frequency, as shown
in Figure 25. As shown in the figure, the non-linearity of the
transistor in the feedback loop makes harmonics and IMP
appear. Some of the IMP components are located at 2f] —
f =0 - AF, 31 =20 =f - 201, 41 =32 =fi = 3Af ...,
where Af = f» — fi. Consequently, when a change in the
permittivity of the sample leads to a shift in fi, this shift is
magnified by the IMP index as 2Af;, 3Af1, 4Afi... While the
first stage (as sensing element, see Figure 25) shows a shift
of only Afj, the 7" IMP (for example) shifts by 4Afi. As a
result, advantage can be taken from these IMP and mixing
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features in order to multiply the frequency shift by an integer
number, with undoubted sensing potential.

Output nf, nf,

Harmonics and
Cross Modulations

Bandpass
Filter

Mixing and
* Inf| + nf: Intermodulations

1st
Stage

Oscillator Active Resonator

FIGURE 25. Concept of mixing/intermodulation using double stage active
resonator. Reprinted with permission from [58]; copyright 2020 IEEE.

This approach was put into practice with a two-stage
sensor, including a sensing oscillator and an active resonator,
with double SRRs (dubbed DSRR) as resonators [58], [310].
Signals at f> &~ 5.00 GHz and f; =~ 4.75 GHz were generated
using the DSRRs as the tank of oscillators. Each DSRR was
included in the feedback loop of a regenerative amplifier,
its operation being transformed into a feedback oscillator
after loss compensation. Mixing stage followed by using
the second sensing oscillator as both generator of f> and
mixing element for the injected f1. Wideband high-gain linear
antennas were also included for remote sensing capabilities.
The concept was proved with measurements of liquids such as
ethanol, methanol, acetone and others [58], [310], as well as
water—glucose solutions [58]. The results showed effectively
multiplied downshifts in the 3¢, 5 and 7" IMP proportional
to the IMP index, thus proving the sensitivity enhancement
effect.

B. RESOLUTION OPTIMIZATION

Resolution, defined as the minimum amount of input variable,
or the minimum change in this input variable, that can
be reliably detected, is an important parameter indicator
in many applications. Resolution is intimately related to
sensitivity. Usually, highly sensitive sensors provide also a
good resolution. Nevertheless, in analog sensors, resolution is
ultimately dictated by the noise level. In frequency-variation
resonant sensors, well defined peaks or notches (related to
their quality factor) contribute to improved sensor resolution.
To achieve such high-quality factors, loss compensation by
using active feedback loops has been proposed, with the
result of active sensors. Alternatively, differential techniques,
based on the measurement of the cross-mode transmission
or reflection coefficient, have been considered for the
implementation of a specific type of sensors exhibiting a good
resolution. These techniques are succinctly reviewed next.

1) ACTIVE SENSORS

Currently, the resolution of the planar microwave ring
resonator sensors is mainly determined by their quality factor.
This is while typically ring resonator sensors suffer from
moderate quality factors, which will consequently decrease
their resolution when exposed to material with similar
dielectric properties. The addition of active feedback circuits
to a planar ring resonator can drastically improve the quality
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factor [311]. In the method of regenerative feedback loop
with an active device such as BJT to a passive resonator
[Figure 26(a)], a 180° phase shift is created on the output
while another 180° phase shift is introduced by the passive
resonator. Therefore, constructive feedback compensates the
power loss and increases the quality factor. Consequently, the
resolution and minimum detectable signal, which are the two
main features of a high-quality sensor, are enhanced by orders
of magnitude. This concept, due to its ability to significantly
enhance sensitivity and resolution, has been explored across
various applications of microwave ring resonator sensors,
including liquid characterization, microfluidic analysis, gas
sensing, and wireless communication [312], [313], [314].

Zarifi et al. demonstrated the implementation of active
feedback assisted microwave split ring resonators (SRR)
in liquids with different dielectric properties and various
concentrations of KOH in water as low as 0.1 mM.
The quality factor of the bare resonator structure was
measured as 220 while it increased to 22,000 at 1.4 GHz
after applying active feedback [Figure 26(b)] [315]. Addi-
tionally, in a proposed SRR with active feedback loop,
a substrate-embedded microfluidic channel was fabricated
with the frequency of operation of 2.63 GHz. The proposed
SRR consisted of a gallium arsenide (GaAs) monolithic
microwave integrated circuit,p HEMT transistor, operating as
a voltage-controlled variable gain amplifier, and a manually
tunable phase shifter. In addition, attenuators were used to
feed the signal from the network analyzer to the SRR while
preventing the amplified microwave signal from returning
to the source. A 60% improvement in sensitivity and an
increase from 116 to 13,000 in quality factor was reported
[Figure 26(c)] [66].

Furthermore, implementing active feedback in microwave
SRR sensors is significantly advantageous in gas sensing,
particularly where the relative permittivity of the medium
shows less variation at low gas concentrations. Zarifi et al.
demonstrated active feedback loop assisted SRRs as a
non-contact gas sensor for organic vapor detection employing
microbeads, beaded activated carbon, and polymer-based
beads. The quality factor increased from 200 in no active
feedback (i.e. passive) mode to ~1 M when the active
feedback loop was enabled, allowing resolution of frequency
shifts, in the S>1 parameter measurement, as small as 10 kHz
in response to 35 ppm of 2-Butoxyethanol at 1.42 GHz
[316]. Moreover, CO; sensing in the dry CO,/He mixture
media was proposed with active feedback SRR imple-
mented by embedding Zeolite 13X, and two synthesized
MOF-199 where a maximum sensitivity of 24 kHz/% CO»
for MOF-199-M2 and minimum of 10 kHz/% CO, for
Zeolite 13 X Figure 26(d)] was achieved [317].

Besides the conventional metallic SRRs, the concept of
integrating active feedback is expanded to non-metallic and
organic SRRs where the intrinsic losses further degrade
the quality factor. In [67], the quality factor was increased
from 1.5 to 600 where, by integrating a manually tunable
phase shifter and a wideband LNA, the quality factor of
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a polymer-based SRR was continuously tuned to achieve
higher values compared to passive metal-based resonators.
As shown, the abovementioned advancements demonstrate
that active feedback is a practical and effective technique to
significantly enhance the performance of SRR sensors.

2) DIFFERENTIAL TECHNIQUES

Differential sensors do not intrinsically provide a good
resolution (resolution in differential sensors is related to the
imbalance generated by the differential input variable, and by
the noise level of the measuring instrument). Nevertheless,
it has been found that resonant-type differential sensors
devoted to the measurement of electrolytes in liquid (typically
water) solutions exhibit excellent resolutions. Electrolytes are
present as ions (e.g., NaT, KT, Ca’t, CI™, etc.), thereby
contributing significantly to alter the conductivity and the
loss factor of the solution. Thus, it has been found that by
measuring the magnitude of the cross-mode transmission
coefficient in differential sensors based on resonant elements,
tiny concentrations of electrolytes, e.g., in aqueous solutions,
can be resolved.

Figure 27(a) reports a differential-mode microfluidic
sensor, where the sensing resonators are split ring resonators
(SRRs), highly sensitive to variation in the complex per-
mittivity of its surrounding [4]. The sensor was devoted to
the measurement of KCI concentration in pure deionized
(DI) water (see further details concerning sensor fabrication,
dimensions, etc., in [4]). One fluidic channel, located on top
of one of the SRRs, contains the REF liquid (DI water),
whereas the other fluidic channel drives the considered
solution in contact with the other SRR (it should be clarified
that to avoid liquid absorption by the substrate, a dry
film of polyester was deposited on top of the SRRs).
Figure 27(c) depicts the measured sensor responses (cross-
mode transmission coefficient) for different concentrations
of KCl, whereas Figure 27(d) depicts the dependence of the
maximum value of the cross-mode transmission coefficient
with the concentration of KCIl. The sensor can detect
concentrations as small as 0.25g/L, whereas the maximum
sensitivity, achieved in the limit of small concentrations, was
found to be 0.032 (g/L)~!.

3) ELECTIVITY AND ROBUSTNESS OPTIMIZATION BASED ON
ARTIFICIAL INTELLIGENCE (AI) AND RELATED TECHNIQUES

The sensors reported here, primarily related to permittivity
changes in the MUT, suffer inherent limitations as for
selectivity (specificity) or multi-parameter measurement
capabilities. When multiple simultaneous changes occur in
the MUT, with cross-influences, it is hard to quantify all
the specific variables (or even discern a selected one) just
from the overall resulting dielectric footprint. Since several
phenomena happening at the same time (such as simultaneous
change of several components or solutes in the sample)
will lead to a single change in the dielectric permittivity,
the individual contribution of each phenomenon might be
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masked. The capability of the sensor to be selective to a given
single phenomenon is therefore undermined. Recent efforts
have been made to bypass this limitation for applications
requiring the extraction of multiple pieces of information
with planar microwave sensors. For example, analytical
methods have been proposed for the simultaneous detection
of two (complex permittivity) [86], [318], [319] or even three
(complex permittivity and thickness) [293] characteristics
from solid samples with coupled resonator techniques. Dou-
ble parameter extraction (complex permittivity) for liquid
samples has also been achieved analytically [320], [321],
[322], [323], [324], as well as analytical multi-parameter
determination with muli-frequency measurement in liquid
samples [280], [292], [325].

Despite those efforts, for certain applications and contexts
the analytical methods may become intractable. In this regard,
the use of artificial intelligence (AI) techniques has been
found to be quite useful. The microfluidic applications are
a good example, particularly when multiple solutes are
involved [326] or when highly accurate characterization is
required [327]. A usual case of study is the characterization
of alcohol mixtures [328]. An optimal design simultaneously
integrating the sensor and the fluidic channel or container
is crucial. The use of reinforcement learning techniques
has been proved effective for automatic optimization of this
design [329]. Neural networks were also proved conducive to
sensitivity enhancement [330].

Notwithstanding those progresses, the selectivity remains
a significant challenge, being intrinsically limited as simul-
taneous changes in different solutes are masked beneath
the effective permittivity of the solution. Currently under
study, some recent advancements have shown the potential
of machine learning for complex permittivity characterization
in alcohol microfluidics [331] or for multicomponent concen-
tration identification in complex solutions [326], [332].

Due to its intrinsic complexity, the biomedical domain is
one of the main fields of application of these techniques,
with a special emphasis on glucose concentration sensing.
Several approaches have shown resolution and robustness
enhancement for glucose detection in binary mixtures with
microwave planar sensors and machine learning techniques,
such as artificial neural networks, random forest regression
or principal components analysis [333], [334], [335], [336],
[337]. Other recent approaches addressed the selectivity
challenge with these sophisticated techniques, achieving
multiple solute concentrations measurement [326] and robust
glucose measurement in human trials [338], [339], [340],
although with limited number of test subjects, by now.
The demonstrated potential has motivated research of these
concepts on other biomedical areas, such as oedema severity
determination [341], among others [342]. The concept has
also raised attention in other realms in addition to biomedical
domain, such as quantification of contamination in fuel
oil [343] or detection of volatile organic compounds [344],
to name a few.
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copyright 2022 IEEE. (d) experimental setup with the microwave active resonator sensor, resonant profile (S,;) of the sensor without any
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MOF-199 and Zeolite 13X samples, T = 20°C. Reprinted with permission from [317]; copyright 2018 IEEE.

As discussed, achieving high selectivity and robust perfor-
mance in industrial environments using microwave sensors
remains a continuing challenge, limiting their industrial adop-
tion, requiring further research in data processing techniques
including Al-based methods [345]. Here, the poor selectivity
in microwave sensors arises from the overlapping dielectric
properties of materials under test, while limited robustness is
primarily due to their susceptibility to environmental effects
such as temperature, humidity, and vibrations. As an example,
traditional microwave sensors struggle to distinguish between
materials in complex mixtures (e.g., water-methanol-ethanol)
since their resonant frequency or amplitude depends on the
effective permittivity of the entire medium [346], [347].
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Similarly, thermal noise and environmental fluctuations
further degrade amplitude-based measurements [347].
Selectivity in microwave sensors can be improved either
through electromagnetic design modifications to enhance
field confinement and sensitivity to specific targets, while the
second, more practical approach, uses data processing using
Al, which can be applied on existing sensor architectures
without the need for hardware redesign. Convolutional neural
networks (CNNs) and similar models have been effectively
used for complex permittivity estimation, using their ability
to learn non-linear relationships from S-parameter data with
high accuracy [47], [348], [349], [350], [351] (Figure 28).
For instance, Al models have demonstrated the capability

VOLUME 13, 2025



C. G. Juan et al.: Planar Microwave Sensors: State of the Art and Applications

IEEE Access

(a) (b)

—e—60g/L
—=—40g/L
————— 20 g/L
10 g/L
""""" 5g/L
--e= 2.5 gl
1g/L
0.5g/L
----0.25g/L
ref.

0.7 0.8 0.9 1.0 11 12

Frequency (GHz)
(©

® Measurement 1

0.02+ *  Measurement 2
Curve fitting
0.00-r T T T T T T
0 10 20 50 60

30 40
[KCI] g/L
(d

FIGURE 27. Differential-mode fluidic sensor based on a pair of
SRR-loaded lines for electrolyte concentration measurements.
(a)Topology of the microwave structure; (b) photograph of the sensor,
including the microwave structure, the fluidic channels, the mechanical
accessories, and connectors; (c) cross-mode transmission coefficient for
different values of KCl concentration; (d)variation of|Sznf|max with[KCI].
Dimensions (in mm) are: L1 = 76.5, Wy = 2.79, | =24, c =1, w =8.17,
g = 0.2. The ground plane in (a) is depicted in grey. Reprinted with
permission from [4]; copyright 2019 IEEE.

to convert raw S-parameters into distinguishable features
(frequency, amplitude, and Q-factor) [293], wherein sensors
with multiple resonances (3.5-5.5 GHz) provide richer data,
which CNNs parse to isolate target materials [346], [347],
Figure 28(c). However, there exists the threat of low dataset
sizes that can underfit the model, for which data augmentation
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methods have been used to synthesize Al-generated sensor
responses for intermediate values existing between two actual
measurement data points [346]. Through the first approach,
active sensors with high quality factors (Q = 2700) have
been used, with an improved SNR, enabling CNNss to achieve
0.7 % error [347]. Similarly, neural network-based data
processing for microwave sensor data [Figure 28(b)] was
used to detect and differentiate between ice, water and air,
using 4 frequency points, with an accuracy of 98.8 % [352].

A range of machine learning (ML) models have also been
developed to enhance selectivity and robustness, especially
in data-limited scenarios. ML-based LightGBM were used to
classify different S-parameter responses in real-time [353],
for coating damage localization application, Figure 28(a).
The same technique was also developed to analyze biofuel
mixtures comprising water, ethanol, and gasoline [332].
By processing both magnitude and phase of the S-parameters,
the Al model achieved high selectivity, with a low concen-
tration estimation error of just 0.09 %. Similarly, without
the need for feature extraction, directly analyzing S»; or
S11 magnitude-phase data have been used and deployed for
edge devices [354]. Despite these results, the selectivity of
planar microwave sensors remains a significant challenge and
further research is required to tackle it.

V. REMOTE WIRELESS SENSORS AND
ANTENNA-ASSISTED SENSORS

In microwave-based sensing applications, the move towards
wireless architecture designs eliminates the need for physical
interconnects and wired transmission lines. This enables
remote measurement, in addition to easier integration, long
distance monitoring, and deployment in inaccessible or
harsh environments. Several approaches exist for remote
and wireless microwave sensing, including antenna-based
sensors, RFID sensors, and waveguide-integrated designs
(Figure 29) [353], [355], [356]. These technologies not only
support far-field, passive and battery-free operation but also
enable remote sensing mechanisms wherein the sensing unit
behaves both as the sensor and data transmission, while
the excitation unit (antenna or waveguide) behaves as an
interrogator or reading device.

A key advantage of wireless microwave sensors is out-
of-sight monitoring capability, which can be useful in
industrial applications including oil and gas and turbines.
In the past, wireless RFID sensors have been used for
pipeline integrity monitoring wherein the passive sensor was
capable of detecting coating lift-off via resonant frequency
shifts as observed using an interrogating circuitry [357].
However, the reading range in the work was limited to
a few centimeters. For a longer reading distance, active
photovoltaic powered RFID sensors have been developed
with a reading range of tens of meters, making it suitable
for remote IoT applications [358]. Beyond RFID-based
designs, alternative passive antenna structures have also
been explored to enable wireless sensing with improved
sensitivity, mechanical robustness, and greater flexibility
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in integration, particularly in structural health monitoring
applications. Folded patch antennas were developed as low-
cost, passive, wireless smart sensors for monitoring strain
in metallic structures. The antenna’s resonance frequency
shifted linearly with applied strain and could be wirelessly
interrogated [359].
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Apart from RFID, frequency selective surface (FSS) based
microwave sensors are of particular interest due to their
low profile, while exhibiting strong frequency-dependent
transmission and reflection characteristics. When used as
sensors, FSS structures act as resonant elements whose
response shifts with changes in permittivity, conductivity,
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or mechanical deformation (like bending, and rotation),
which can be used to detect physical parameters such as
humidity, strain, or dielectric loading. In the past, FSS
sensors, combined with an antenna-based reader circuit
have been used for remote solid [360], liquid dielectric
property characterization [361], pressure sensing [362],
and biological applications [363]. They have also been
used for wireless coating health monitoring using periodic
array of resonators [364]. In all the works, the resonant
frequency of the sensing unit (FSS) was monitored, which
was dependent on the structural integrity of the coating
layer. Additionally, the FSS-based sensors demonstrated
high sensitivity to dielectric permittivity variations and were
typically interrogated wirelessly from distances of at least one
meter, making them well-suited for passive, remote sensing
applications.

Waveguide-based wireless microwave sensors have also
gained interest for their high sensitivity, and compatibility
with external excitation over a smaller region in comparison
to antennas. In wearable health monitoring, waveguide-
integrated sensors have enabled real-time, wireless tracking
of sweat secretion and composition, supporting continuous,
non-invasive diagnostics [365]. Similarly, SIW designs have
also been explored for gas sensing, demonstrating stable
selective detection of volatile compounds through material-
analyte interactions [366]. Additionally, coplanar waveguide
sensors have demonstrated label-free, real-time biochemical
detection, such as glucose monitoring, using planar fabrica-
tion on low-cost substrates [367].

VI. APPLICATIONS

The applications of planar microwave sensors are innumer-
able. This section highlights some representative applications
grouped by strategic sectors, from the perspective of the
authors.

A. BIOSENSING
Planar microwave sensors are widely developed for biologi-
cal and medical applications. As expressed in Section III-C,
this has been facilitated by the advent of micro and nan-
otechnologies of microwave circuits and their compatibility
with microfluidic systems, opening new perspectives for
the non-invasive and non-destructive analysis of ultra-small
living organisms at a previously inaccessible scale. Large
samples and equipment dominated this research domain
until the article of Stuchly et al. in 1998, who pioneered
the concept of integrating planar waveguides topped with a
fluid container to dielectrically characterize liquids such as
water and alcohols [368]. Since then, the development of
microwave circuits for chemical and biological detections,
as well as for healthcare applications has been growing
steadily.

Interest ranges from in vitro molecular and cellular char-
acterizations to organs and in vivo investigations. This is due
to two key features brought by the microwave range. First,
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water molecules, the major constituent of living organisms,
play an important role in intracellular biological processes as
well as in the global functioning of the organism or body.
Water molecules present indeed a strong affinity with ions
and molecules and are involved in biological exchanges, at the
cellular level with intra and extracellular transfers, as well as
in the internal circulation of bioliquids. Highly sensitive to
the water molecules network and associated modifications,
electromagnetic waves may be considered as an intrinsic
marker of living organisms in the microwave range. Another
important characteristic is directly related to the frequency
band. Microwaves indeed penetrate the lipid membrane of
cells, allowing for the sensing of intracellular mechanisms.
Depending on the frequency and dielectric properties of
the crossed biomaterials, electromagnetic waves also pen-
etrate inside the body. Non-destructive and non-invasive
analysis, and even imaging of internal organs, is made
possible.

Accordingly, a wide variety of microwave sensor configu-
rations and sizes have been established and tested, including
planar ones. Their design is defined based on their end use.
If the dielectric properties of the material under test are
desired, broadband sensors based on microwave dielectric
spectroscopy are then preferred, while resonant structures are
usually chosen for ultra-sensitive and ultra-rapid detection,
as required for the analysis of individual cells in suspension
during flow cytometry, for instance. To better highlight
these approaches and the selected topologies, examples are
provided in this section for different types of biological
elements.

Regarding molecular sensing, one of the main stud-
ied molecules is glucose, whose detection aims at the
non-invasive diagnosis of diabetes. The literature is domi-
nated by resonant sensors to reach the level of sensitivity
encountered with diabetes [369], [370], [371]. As a first
illustration, a detection threshold for glucose in aqueous
solution is defined at 0.3 g/l at a resonant frequency of
7.5 GHz, using a microstrip quarter wavelength stub termi-
nated by an interdigitated capacitor [370]. More recently,
glucose detection ranging from 0.8 to 1.2 g/l has been
demonstrated with a multi frequency sensor configuration
based on three circular-shaped complementary split ring
resonators, using a more complex and realistic liquid model
with synthetic blood samples [371]. Given that a normal
blood glucose level is considered between 0.7 and 1.1 g/l of
fasting blood and diagnosed diabetes is above 1.26 g/l, these
demonstrations with planar microwave sensors make this
sensing technique remarkable. Another example of sensor is a
microstrip transmission line terminated by a semi-lumped LC
resonator used to detect the concentration of sepia melanin in
water solutions ranging from 5 to 100 g/1 [372]. Detection and
quantification of such a biomolecule are achieved.

In addition, broadband investigations are also carried out
to complete the dielectric library of biological materials and
also contribute to a better understanding from a physical
point of view of living organisms and their interactions at the
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FIGURE 30. Broadband microwave dielectric spectroscopy: a) microfluidic
microwave coplanar sensor; b) dielectric contrasts of five amino acids in
aqueous solution at a concentration of 0.1M. Reprinted with permission
from [374]; copyright 2018 IEEE.

microscopic scale. This dielectric spectroscopy is performed
with microfluidic microwave coplanar waveguides for both
molecular, cellular and tissue studies [162], [163], [169],
[170], [171], [172], [373], [374], [375], [376], [377],
[378], [379], [380], [381], [382], [383], [384]. Figure 30(a)
illustrates the configuration of such a sensor. In this case,
a liquid volume of only 1 plis needed to perform the analysis
from 40 MHz to 40 GHz [162]. Examples of dielectric
spectra measured for different biological materials are also
indicated in Figure 30(b), which shows the dielectric response
of five amino acids measured in aqueous solution at a
concentration of 0.1 M [374]. Due to the large variation
in permittivity dominated by the aqueous medium over
the considered frequency range, a mathematical differential
approach is applied. It consists of subtracting the impact
of water when the sensor is only loaded with the host
medium from the dielectric response of the molecules in
aqueous solution. Obtaining distinct dielectric spectra shows
the possible discrimination of these small molecules (of 100
Da approximately) due to their variation in composition and
their affinity with the water molecule network.

Similar broadband sensors have also been applied to
the characterization of other proteins such as tubulin and
microtubules made of tubulin molecules [381], as well as
for the detection of conformational modifications [376],
[378]. The analysis of suspended DNA tweezer solutions
exhibiting two conformational structures and the denaturation

144012

of the large albumin molecule by urea used as a chaotropic
agent have been demonstrated in [376] and [378] respec-
tively. It highlights the ability of microwave sensing to
detect molecular conformational variations. The detection
of albumin denaturation has also been demonstrated with
a narrowband differential configuration [10], which allows
moving from expensive and cumbersome experiments with
large vector network analyzer and probe station to low-cost
equipment and SMA connected sensors, once the appropriate
frequency range for detection has been identified with the
broadband solution. Noteworthy, a narrowband interferom-
eter operating near 10 GHz has been applied to analyze
DNA strands with different structural compositions [385].
The chosen differential approach enables the measurement of
nanoliter liquids with molecular concentrations down to tens
of ng/ml.

As far as cellular investigations are concerned, several
considerations have to be taken into account. Unlike most
molecular research involving homogeneous liquid solutions,
cells exhibit several features induced by their living nature.
First, they have an intrinsic cycle, which lasts for a few
tens of minutes for prokaryotic cells to hours or even days
for eukaryotic cells. To keep them alive, cells must be kept
in a medium, ideally a culture medium rich in ions and
nutrients, to allow them to live normally without stress. This
implies that this medium is gradually consumed by the cells,
which can also release molecules. Finally, cells can exhibit
very diverse individual responses, which should be taken
into account depending on whether one is studying cells in
suspension or at a single scale.

Due to these different considerations, various sensing
strategies exist. Similar to the traditional optical flow
cytometer, microwave sensors have been developed to
analyze individual cells in flow in order to account for
the heterogeneity of cell suspensions. Given the analysis
speed required for this type of application, which involves
thousands of cells to be probed, narrowband resonant sensors
are preferred. A first microwave interferometric sensor
operating at a frequency close to 5 GHz allowed the analysis
of single yeast cells in deionized water and the identification
of their pathological state, i.e. viable and non-viable [387].
The resonance peak shifts by approximately 50 MHz between
the two states, while a quality factor of several thousand
is required. A broadband microwave cytometer using notch
frequencies also demonstrated the dielectric heterogeneity of
single bacteria cells at 1.85 GHz in Yeast Peptone Dextrose
(YPD) medium diluted 1:40 in de-ionized water, as illustrated
in Figure 31 [386].

This heterogeneity is mainly dominated by the size and
shape variabilities of the measured cells. Other resonant
based sensors have also been developed in the MHz and
GHz ranges to analyze single eukaryotic cells, which are
larger than yeast or bacteria cells [388], [389], [390],
[391], [392], [393]. Single-frequency [388], [389] and
multi-frequency [390], [391] dielectrophoresis (DEP) flow
cytometers have focused on the B-dispersion in the MHz
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FIGURE 31. Microwave flow cytometer: a) Schematic of the test setup;
b) measured example of the amplitude of S21 with notch frequencies;
c) Picture of the sensing electrode and microfluidic channel, and its cross
section; d) Permittivity variations of single C. tropicalis cells at 1.85 GHz.
Reprinted with permission from [386]; copyright 2022 IEEE.

range, which is related to the cell membrane polarization.
Cell viability and discrimination of mesenchymal stem cells
during their differentiation in the osteoblastic pathway have
been demonstrated with such sensors. Due to the frequency
range, a depleted medium must be used to avoid ion
screening. Other sensors also involved a resonant circuit
design in the GHz frequencies, dealing with the y-dispersion,
which is dominated by water relaxation [392], [393]. The
majority of cellular studies in the GHz range have focused
on static measurements, i.e., the cell sample is stopped in
the fluidic channel allowing broadband measurements [162],
[373], [374], [375], [3761, [3771, [378], [379], [380], [381],
[382], [383], [384]. Due to this configuration, a differential
approach becomes mandatory to avoid any impact of the
medium variability and to allow sufficient detection sensitiv-
ity compared to the dominant impact of water molecules on
the dielectric response.

Figure 32 presents a broadband microwave sensor, which
integrates a gold coplanar waveguide with a perpendicu-
larly placed microfluidic channel [162]. A de-embedding
technique first enables to extract the permittivity of the
liquid under test, whilst a differential calculation using the
measured permittivities of the culture medium and of the cell
suspension is then applied to obtain the dielectric contrasts.
Figure 32(b) illustrates the possible discrimination of cellular
viability at the population level. Distinct dielectric spectra
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are obtained for two cell suspensions exhibiting the same
cell concentration, one containing viable cells and the other
cells treated with saponin, a detergent that creates pores in
the cell membrane and causes artificial cell death [384].
An important feature of this dielectric characterization is that
the cells are maintained in their culture medium with the
presence of ions. The broadband characterization is also rich
in information, highlighting the frequency range offering the
highest dielectric contrast, approximately 5 GHz in this case.
Applied to the analysis of B-lymphoma cell subpopulations,
it has also been shown that different dielectric responses may
be obtained for three similar cell lines, OCI-LY7, OCI-LY 10
and OCI-LY 18 [cf. Figure 32(c)] [375]. To discriminate these
cells, optical techniques are not sufficient, and cytogenetic
analysis has to be employed. This result demonstrates that
the microwave detection technique is not only sensitive to
viability or size, but also to the internal molecular content.
This has also been confirmed by a study dedicated to
the monitoring of apoptosis, which highlighted the early
detection of the biological phenomenon after only 2 hours of
treatment, compared to 6 hours with the traditional biomarker
technique [377]. It has also been shown that the microwave
method is sensitive to mitochondrial depolarization.

Broadband microwave sensors suitable for single cell
analysis have also been reported. They typically focus
electromagnetic waves at the cell level with a narrow
capacitive gap adapted to the size of the cells being measured
[373], [379], [380], [383] or with a narrowed CPW [382].
The approach followed to trap individual cells may differ
depending on the application. In [373], [382], and [383], a
mechanical trap based on hydrodynamic flow in the channel
is used, as illustrated in Figure 33(a). Cells may then be
measured directly into their culture medium, which can be
easily modified to monitor the impact of drugs in real time,
for example. For tests over several days, time-lapse analyses
are also possible [383]. Quantitative study of biological
phenomena induced by chemical or electrical stress, as well
as monitoring morphological or structural modifications are
enabled. In [379] and [380], dielectrophoretic trapping is
employed, which imposes a depleted host medium. It has
been used to analyze the size of nucleus. To illustrate
the sensitivity required to detect single eukaryotic cells,
Figure 33(b) presents the measured capacitive contrasts of
several THP-1 cells submitted to electrochemotherapy (ECT)
treatment [171]. The obtained values are of the order of
several tenths of a femtofarad. Each curve corresponds to
an individual cell undergoing ECT treatment. The level of
the capacitive contrast compared to the threshold indicated
by the purple line allows to distinguish affected cells from
unaffected ones.

Similar to the single cell microwave sensor architecture
described in [375], a broadband device suitable for the
analysis of spherical multicellular microtissues has been
defined to complete the arsenal of microwave planar sensors
for all biological model configurations [172]. Also addressing
the analysis of cell clusters, resonant sensors based on split
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FIGURE 32. Microfluidic microwave planar sensor suitable for cell
suspensions analysis: a) Picture of the sensor loaded with a cellular
suspension; b) Measured mean permittivity contrasts of two DoHH2 cell
suspensions in their culture medium (Roswell Park Memorial Institute
medium - RPMI), viable cells and treated cells with saponin to induce
cells poration; c) Measured permittivity contrasts of three different
B-lymphoma cell lines in suspension maintained in their culture
medium(RPMI), OCI-LY7, OCI-LY10 and OCI-LY18. Each cell lines have been
measured 4 times independently.

ring resonators have been defined for monitoring bacterial
proliferation and the impact of antibiotics [7], [8].

Numerous planar microwave sensors have been developed
for biological and medical applications, with the aim of better
understanding biological mechanisms and contributing to
early diseases diagnosis and personalized medicine through
rapid drug evaluation on patient cells. Future impacts on
global healthcare are therefore expected.

B. SMART HEALTH
The electromagnetic waves oscillating at frequencies within
the microwave region show interesting properties for several
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FIGURE 33. Microfluidic microwave planar sensor: a) Picture of the
sensor loaded with a trapped individual cell; b). Measured capacitive
contrasts of individual cells undergoing electrochemotherapy.

contexts, amid which the biomedical domain can be under-
scored. As reviewed here, microwave sensors are sensitive to
variations of the complex permittivity in their vicinity. Since
this complex permittivity indeed depends on the chemical
composition of the materials, these sensors can perform
as chemical composition sensors. When this circumstance
is mingled with non-invasive measurement capabilities, the
potential use of this technology for medical and smart health
purposes seems enticing.

The dielectric properties of most biological tissues
have been painstakingly inspected for a wide frequency
range [394], [395], [396]. Particularly, in addition to the
general benefits of ease of integration, cost-effectiveness and
compactness, at microwave frequencies up to roughly 20 GHz
there are some unique advantages such as reduced MUT
size (in the range of the wavelength), significant penetration
depths in living matter and, most importantly, the dielectric
relaxation processes of water and most biological systems are
covered, yielding to a plethora of application possibilities of
these sensors for health monitoring [397].

Relying on these principles, several biomedical and
smart health uses of microwave sensors have been investi-
gated, such as the quintessential sensing of blood glucose
level [284], [398], [399]. As thoroughly characterized,
a change in the glucose content of any solution, such as water
or blood, leads to variations of the complex permittivity of
the solution [400], [401], [402], [403], [404], [405], [406].
Essentially, for a fixed temperature, an increment in the
glucose concentration in a pure water—glucose solution yields
an increment of the viscosity of the solution [407], associated
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with an increment of its dielectric relaxation time [408] with
the consequent variations in the complex permittivity of the
solution [409]. Microwave sensors are able to track these
permittivity variations for indirect extraction of the glucose
level.

A remarkable amount of works has been published as
a result of the thoroughgoing efforts devoted to research
this concept [284]. A ground-breaking work made use of a
spiral resonator for such a purpose, tracking the changes in
the resonance frequency [410], further investigated in [411].
Another seminal work, although out of a planar configuration,
proposed the use of a SRR for resonance frequency-based
measurements while having a second spatially-separated
SRR for reference [197], [412]. These and other related
works, while lacking enough accuracy to meet medical
standards, showed evidence enough to attract the interest of
a certain part of the microwave community for developing
glucose content sensors for diabetes purposes.

Pursuing this objective, several measurement principles
and metrics have been investigated with a heterogeneity
of approaches and techniques. Frequency-variation and
frequency-splitting sensors based on the variations of the
resonance frequency have been proposed, both with static
sample holders [413], [414], [415], [416], [417], [418], [419],
[420], [421], [422], [423] or microfluidic channels [424],
[425], [426], [427]. Magnitude-variation sensors have also
been studied with static sample holders [418], [428],
[429], [430], [431], [432], [433], [434] or microfluidic
channels [370], [435], [436], [437], [438]. With a reduced
amount, phase-variation sensors have also been analyzed
[439], [440], [441], [442], [443]. In order to unify criteria and
ease the comparison of the results, even between sensors lying
on different principles, a Relative Sensitivity to Glucose,
RS(G), was proposed [284].

The application of glucose detection shows certain par-
ticularities. Specifically, water or blood are highly lossy
liquids from the dielectric point of view [444], [445], which
contrasts with the usual low-permittivity substrates available
and makes it difficult for approaches based on perturbation
theory, such as most of the resonant ones. Furthermore,
in the case of glucose content variation, the change in the
imaginary part of the permittivity is considerably higher than
that on its real part and with inverse trend [402], [404],
[406], thus making more noticeable the changes in the loss
tangent, directly related to the unloaded quality factor (Q,)
of the resonator. All these circumstances bespeak a high
convenience of frequency-splitting variation sensors based on
the O, as sensing metric, the so-called Q,-based sensors [2],
[446], [447].

Under this approach, low-cost certified biocompatible
implementations were made with good results for diabetes
management [2], as shown by the Clarke error grid test (a
usual test for glucose sensors in clinical setups [448]), as can
be seen in Figure 34. These sensors have been assessed with
blood solutions [449] and even in real clinical trials [450],
[451]. As described in Sect. IV-A, the use of coupled
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resonators can also act as a sensitivity booster for this sensing
paradigm [277], [283]. The last results suggest that currently
these sensors will have to face several challenges for practical
applicability, such as temperature correction [436], or dry
layers (or dry films) compensation [453], [454], in addition
to selective sensing [3].

Clarke Error Grid for adherent copper tape sensor
50 3

100 200 300 400 500
Reference Concentration [mg/dl]

FIGURE 34. Picture (left) and results of the Clarke error grid test(right) for
the Qu-based glucose sensor in [2] made with the surgical guide
stereolithography resin FLSGAMO1 from FormLabs (UE and USA certified
biocompatible material). Reprinted with permission from [2];

copyright 2021 IEEE.

The overriding selectivity issue definitely poses a limit for
real clinical use of these sensors, and efforts are nowadays
being made to circumvent it. Thanks to coupled-resonator
structures, multi-phenomena sensing was achieved with the
simultaneous extraction of the concentrations of an ionic
substance (NaCl) and a non-ionic one (sucrose) by defining
ad hoc sensing metrics [280], [455]. This technique was also
proved effective for temperature correction [292]. Modern
machine learning techniques have also been used with opti-
mistic results [456], [457], [458], and analytical simultaneous
multi-parameter sensing is being researched [293]. Other
current approaches include the measurement of glucose
from saliva [201], surface plasmonic microwave glucose
sensors [459], [460], [461] and microgel-based microwave
glucose sensors [462].

Apart from glucose detection, similar techniques have been
used for detecting other relevant compounds or analytes
for general health monitoring or specific disease control.
For example, blood lactate is a key indicator of muscular
fatigue during physical exertion, and it is also used for fast
diagnosis and prognosis of septic patients during medical
emergencies. Thus, research on non-invasive microwave
planar lactate sensors is active [292], [463], [464], [465].
Another interesting field is the detection of urea level [466],
[467], [468], which is related to several symptoms and
impairments, such as uremic neuropathy, urinary tract
obstruction, renal failure, liver failure, cachexia, etc. [469],
as well as treatments such as dialysis, in addition to edible
milk and dairy products impurity assessment [470], [471],
[472], [473], [474]. Following kindred principles, other
applications of these sensors include, but are not limited
to: detection of bovine serum albumin (BSA) concentration
(used in many protein assays and in studies of the circulatory
system) [3], [10], [475], [476], [477], characterization of
electrolyte content in urine samples for screening hydration
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and blood pH-related disorders [5] or detection or sweat or
urine leakages [244].

Nowadays, the advances on sophisticated signal processing
techniques have opened new research lines based on planar
antenna sensors through the analysis of the transmitted and
backscattered signals. In the smart health and biomedical
realm, two main lines are thriving. On the one hand, medical
microwave imaging (MWI) techniques show great interest
for detection of several cancers [478], [479], [480] and other
surgical applications [481], [482], [483], [484]. On the other
hand, recent advances have been made for the non-invasive
detection of vital signs, such as heart rate, respiration rate
and even lung water level by means of microwave antenna
sensors [485], [486], [487] (a breath rate monitoring system
based on a stretchable planar sensor is reported in [127]).

In addition to the technical specifications, the devices
devoted to health or medical realm, devoted to be used on
humans, must comply with specific regulations. In general,
the devices reported here operate with electromagnetic
exposure durations of no more than one minute (much less in
most of the cases), and the radiated waves at these frequencies
are non-ionizing. Additionally, the radiating elements usually
radiate at power levels near to 0 dBm (1 mW), which is
10 to 100 times lower than the typical output of a modern
smartphone. This power level is also 100 times below
the threshold needed to achieve the maximum permissible
Specific Absorption Rate (SAR) under U. S. and European
Union regulatory standards [480]. Given these factors, these
sensors and systems can be considered safe for human
exposure and fully compliant with SAR regulations.

C. SMART AGRICULTURE AND AGRIFOOD INDUSTRY

The advent of novel smart electronic processes of agricultural
products and food products necessitate new smart and
low-cost sensors for continuous monitoring of the product
quality attributes [488]. Planar microwave sensors are ideal
candidates for such applications because of their compati-
bility with low cost and flexible electronics, high-sensitivity
and non-invasive detection together with their real-time
response [489]. Furthermore, due to the wide microwave
frequency spectrum and diversity of microwave-based mea-
surement techniques (i.e. free space, waveguide, planar
sensors), the microwave techniques offer high flexibility and
adaptability to the requirements of the specific product [490].
Microwave-based dielectric sensors are of great importance
in these applications as water is a fundamental constituent in
agrifood products. With this background, a major category
of microwave sensors has been developed for monitoring
the moisture content in agricultural goods. In fact, the water
content is a key indicative parameter in quality monitoring
of food and agricultural products. On the other hand, it is
well-known that the water content has a direct effect on
the effective dielectric properties of the materials. Thus,
measuring the dielectric properties is of high interest for
quality monitoring in the agrifood industry [491], [492],
[493].
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FIGURE 35. Handheld sensor for quality monitoring of corn ears in [493].
(a) Conceptual schematic of the sensor. (b) The fabricated handheld
sensor prototype. Reprinted with permission from [493];copyright

2020 IEEE.

An example of the planar microwave sensor for product
quality monitoring based on the moisture content is the
handheld sensor designed in [493] using a dual ring probe
shown in Figure 35. The sensor is designed using two ring
electrodes printed on a Teflon® (PTFE) substrate. When
applied on a corn ear, the water content of the corn has a
direct effect on the total capacitance in between the probe
at microwave frequencies. Such an effect modulates the
reflection phase and amplitude of the sensor. A dedicated
readout circuit was designed to perform the measurement
in a portable manner and the sensor offers dynamic range
of 15.7%-31.5% moisture content in corn samples with
maximum measurement error of 3.4%.

Planar microwave sensors have also been applied in
process and quality monitoring of food and beverages.
An example is the sensor in [494] that was designed for
monitoring the fermentation process in alcoholic beverages.
During the fermentation process the sugar and alcohol
content vary in a dynamic fashion resulting in variation
of the dielectric properties of the beverage. Such process
can be monitored in real-time using a microwave dielectric
sensor as proved in [494]. The sensor in [494] is designed
using a combination of U-shaped and trapezoidal-shaped
SRR coupled to a microstrip transmission line as shown
in Figure 36. For fermentation monitoring, the sugar and
ethanol content should be monitored simultaneously within
the solution. This requires at least two resonance modes
produced by the two resonators. The resonance frequency
shifts of the two resonant modes are used for sugar and
alcohol content detection in water enabling the fermentation
process monitoring.

Another application of planar microwave sensors in smart
agriculture is real-time monitoring of soil moisture. The
soil moisture level is highly important for smart water
management in advanced agriculture technologies [495].
The water content affects the dielectric properties of soil.
Thus, planar microwave-based permittivity sensors can be
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FIGURE 36. Microwave planar sensor developed in [494] for alcohol and
sugar content measurement in beverages. (a) Layout of the sensor. (b) The

fabricated sensor prototype. (c) Measured sensor response for different
solutions. Reprinted with permission from [494]; copyright 2021 Elsevier.

adopted for monitoring the soil moisture content. Various
types of sensors such as interdigital electrodes [496], and
planar resonators (SRRs) coupled to transmission lines [497],
[498], [499] are developed in the literature for moisture
level monitoring of soil. The principle of operation in all
these sensors is variation of the S-parameters signatures (i.e.
resonance frequency, phase, and amplitude) due to the change
of the dielectric properties of soil, which is a function of the
water content.

D. AMBIENT MONITORING

Due to their real-time response, low-cost, and adoptability
with mass electronic fabrication technologies, microwave
sensors have found their way into ambient condition
monitoring in various scenarios and applications. The
microwave sensors can be deployed as passive or active
tags in the IoT networks offering a cheap and efficient
platform for monitoring various environmental factors such
as temperature, humidity, UV radiation level, water and
air pollution levels. In some of the applications such as
ambient temperature sensors, the measurement is performed
in a mediator-free manner using the microwave circuits
and resonators since the temperature directly affects the
resonance frequency of the resonators due to the size
expansions as a result of the temperature variations [500],
[501], [502], [503]. An example of this type of sensor
is presented in [502], where a ring resonator coupled to
strip lines were implemented for high temperature sensing.
A schematic of the designed sensor together with a fabricated
prototype are presented in Figure 37. Realization of the sensor
in strip line technology helps in preserving the sensor against
environmental disturbances such as dust, debris, humidity
that might produce cross-sensitivity and measurement error.
The experimental measurements shown around 25 MHz
variation in the resonance frequency as a result of the
temperature variation between 30°C — 80°C.

VOLUME 13, 2025

Resonant Frequency
O Temperature

~N
@
@
S

~

S

2.385

x
3

2.380

M
MR |

I
IRIRIH
0 10 20 30 40 50 60 70

Time (h)

(©)
FIGURE 37. The strip line sensor in [502] for high temperature sensing.
(a) Expanded schematic of the sensor. (b) The fabricated sensor
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license from [502].
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The measurements in another category of the environ-
mental monitoring sensors is performed by integration of
advanced functional materials such as carbon nanotubes,
graphene, and functional polymers into the microwave planar
sensors [174], [291], [504], [505], [506]. The functional
materials help in improving the sensitivity and selectivity
of the microwave sensors to a specific environmental factor.
The changes in the environmental signatures (i.e. gas content,
UV level, humidity) modify the dielectric and/or conductivity
of the functional materials. Such variations can be detected
through the resonance frequency changes or phase and
amplitude variations in the scattering parameters of the
microwave sensors. A clear example of such sensors are the
microwave-based gas sensors that will be studied in detail in
Section VI-H. Another example application is the UV level
monitoring [193], [314]. The UV radiation level detection is
of high importance for skin care purposes. The sensorin [314]
is designed using a SRR coupled to microstrip feedlines as
shown in Figure 38, where a positive feedback loop using
a transistor is used to improve the resonance quality factor
and thus the sensitivity. TiO2 nanotube is embedded within
the capacitive gap of the SRR as a functional UV sensitive
material. The measurement results show resonance frequency
shift as well as peak amplitude variation as a result of varying
the UV radiation level [Figure 38(c)].

E. STRUCTURAL HEALTH MONITORING AND CIVIL
ENGINEERING

During the last decades, microwave technology has also
proved useful for certain non-destructive testing (NDT)
applications, chiefly leveraging the dispersive penetration
features of electromagnetic fields [507]. NDT techniques
are essential for many verification and monitoring contexts
where an assessment of the quality or integrity of the product
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FIGURE 38. Microwave planar sensor in [314] for UV level detection.
(a) Layout of the sensor. (b) The fabricated sensor prototype. (c)Measured
resonance frequency and amplitude variations during the illumination
and relaxation time periods. Reprinted with permission from [314];
copyright 2018 RSC.

or sample is required, and they became particularly relevant
for structural health monitoring (SHM). Identifying as soon
as possible when the integrity of a civil structure is in jeopardy
is of paramount importance for preventing it from imperiling
the lives of people nearby. Microwave NDT instruments are
able to retrieve pertinent data about the composition and
current state of materials or structures, which are fundamental
for evaluating or identifying potential damages in civil and
urban infrastructures.

Aware of this, the microwave community is actively
endeavoring to develop sensors for continuous SHM in civil
and urban infrastructures. The inclusion of pervasive embed-
ded sensors at critical points or locations in the structure
can be useful for condition-based real-time monitoring of
civil structures such as buildings, bridges, docks, dams,
military structures or railway tracks, among others [S08]. The
structures deteriorate with time due to multiple factors such
as aging of materials, overload, overuse, poor maintenance
or external events (earthquakes, collisions. .. ), thereby posing
safety concerns [81].

SHM techniques can screen from the first deterioration
symptoms by means of crack and strain sensing systems.
However, the traditional techniques for such a purpose require
lengthy communication cables (with protective pipelines)
for data transmission, which entail high installation and
maintenance costs [509]. Any valid wireless alternative
will therefore save notable amounts of money while
increasing flexibility and efficiency. It is in this context
where microwave chipless RFID sensors are attracting an
exponentially-growing attention [81]. These sensors can
be easily attached to the structure and their information
can be wirelessly obtained by means of an interrogating
antenna [510].

Crack/defect detection epitomizes the application of NDT
techniques [22]. The research on RFID crack detection
sensors for SHM is therefore a remarkably active field [25].
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The RFID tag is composed of a broadband antenna (usually
a circular microstrip patch antenna, CMPA) and a meander
transmission line terminated with an open or short circuit.
The interrogating antenna, or RFID reader, sends a broadband
RF pulse and measures the backscatter from the RFID tag
sensor. When the pulse reaches the sensor, a portion is
immediately reflected and another portion is harnessed by the
RFID antenna, which then travels through the meander line,
being finally reflected back at the open- or short-circuited
termination. The interrogating antenna thereby receives two
echoes (namely the initial reflection off the sensor and
the secondary re-transmission of the harnessed energy).
By means of the computation of the time difference of arrival
(TDOA) between the echoes it can be identified whether the
secondary signal travelled through the entire meander line (in
the absence of cracks) or if the meander line is prematurely
interrupted with a new open-circuited termination due to a
crack or defect in the material it is attached to [S11] and [512],
as shown in Figure 39.
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FIGURE 39. Working principle of RFID wireless crack detection. Operation
in the absence (top) and presence (bottom) of crack. Reprinted with
permission from [511]; copyright 2012 IEEE.
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Following these principles, several approaches and designs
have been proposed [75]. For example, multiresonance RFID
sensor tags were proved effective for crack and corrosion
detection in metallic structures by means of Principal Compo-
nent Analysis algorithms [513]. These multiresonant arrays,
with their characteristic spatial signatures, are of particular
interest for pipeline integrity monitoring [514] and coating
defect detection [24]. Frequency selective surface RFID tags
were combined with feature fusion techniques (simple sum
and confidence weighted averaging) with good results [515].
Proposals have been made in the modern context of the
IoT, such as a 7-bit chipless RFID multiparameter sensor
for temperature and crack sensing [80], or novel frequency
selective surface strips effective for uninterrupted detection
of cracks with 0.5 mm width resolution [81].

Similar to crack detection and equally crucial is strain
sensing. Proposals relying on resistive strain gauges inside a
Wheatstone bridge integrated into a resistance-to-frequency
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converter have been made, wirelessly read by RFID commu-
nication channels [516], although requiring constant voltage
supply, which entails battery-based maintenance. This draw-
back, accentuated by the requirements of IoT context, led
in the recent years to the development of chipless RFID
strain sensors [517]. Thanks to sophisticated aerosolized
nanocomposites printing techniques, an IDC (Inter-Digital
Capacitor) structure was printed into a stretchable RFID tag
for effective sensing of normal and shear strain [518]. Other
flexible implementations were researched for wide-range
strain sensing through electric-LC resonators [519] and LC
structures with a parallel-plate capacitance unit (likely to be
cracked due to strain) [520] printed into RFID tags. The
last advancements achieved passive RFID strain sensing for
directional-independent structural deformation monitoring
and crack detection by means of mutually coupled resonant
rings [521], [522].

Last, but not least, the fundamental principles reviewed
here as for material characterization through permittivity
variations were also applied to SHM realm. In particular,
monitoring of concrete mixture composition (with special
emphasis on its water content) is essential for punctual control
of the curing and dying phases and also for humidity content
sensing, related to aging and corrosion of concrete [523],
which can be achieved by usual planar resonating sensors
[524]. For long-term concrete testing in SHM, chipless RFID
solutions have been shown [525], for example based on
meander delay lines, the introduced delay depending on the
effective permittivity, it depending in turn on the concrete
mixture composition [526]. In a different approach, the
sensing tag was made of a depolarizing dipole resonator
loaded with printed capacitors, the capacitance of which
depends on the effective permittivity [74]. These principles
have also been applied for steel pipeline health monitoring
[23]. A recent developed sensor based on a slot resonator
has been proposed to detect the onset of corrosion in
urban metallic infrastructures, such as streetlights and traffic
lamps [527]. Such sensor is sensitive to changes in the
permittivity caused by oxidation and by other chemical
processes on the corroded samples.

F. AUTOMOTIVE AND SPACE INDUSTRY
Planar microwave resonators hold significant potential for
use in industrial settings and platforms due to their high
sensitivity, mechanical flexibility, and the ability to integrate
electronics on the same substrate [1]. Their planar geometry
supports fabrication of compact sensors on both rigid and
flexible substrates, making them ideal for miniaturized
sensing systems. Their compatibility with CMOS technol-
ogy further enables integration with signal processing and
wireless communication circuits [528]. The localized sensing
feature of planar microwave sensors makes them a good
candidate in ice and snow sensing applications.

For location-based sensing, Shah et al. [529] developed
a network of three planar complementary split ring
resonator (CSRR) sensors, utilizing radar-inspired
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time-domain reflectometry (TDR) techniques. These epoxy-
coated sensors exhibited a sensitivity of 60 MHz in response
to a 0.1 ml frozen droplet and about 35 MHz for a
1 mm thick layer of dry snow. The system can effectively
differentiate between identical microwave sensors within a
cascaded sensor configuration. Subsequently, Shah et al.
[27] introduced a dual-frequency sensor for in-flight ice
detection on critical aircraft surfaces using microwave split-
ring resonator (SRR) sensors. This sensor effectively detected
the onset of icing, tracked the growth of ice accretion, and
identified the point of ice shedding.

On the other hand, the outer surfaces of structures
such as aircraft and automobiles are susceptible to erosive
wear, which causes irreversible surface degradation and
poses significant safety risks. To address this, Balasubra-
manian et al. [345] developed a real-time planar microwave
sensor integrated with a smart, embedded monitoring circuit
for detecting erosive wear in coatings. Balasubramanian and
Zarifi [364] later introduced a novel passive and battery-free
array of SRR sensors integrated with cloud-based augmented
reality for the inspection of coating damage. This integration
allows for real-time visualization of damage assessments,
offering a low-cost and efficient solution for monitoring areas
that are typically difficult to access or evaluate.

While planar microwave resonators are well-suited for
embedded sensing applications, remote detection remains
essential in situations where sensor placement is impractical.
To address such need, Niknahad et al. [530] introduced a
microwave waveguide sensor capable of detecting thin ice
layers on metallic surfaces without the need for embedded
components. This sensor, based on a WR-62 waveguide with
an engineered slit by machining aluminum serving as an
impedance-matching element, was designed to operate at
a resonant frequency of 15.6 GHz. The developed sensor
demonstrated high sensitivity not only to the presence of
ice but also to variations in ice thickness and salt content.
Experimental results revealed that the sensor could detect as
little as 100 uL of ice with a frequency shift of 87 MHz.

G. MOTION CONTROL

Motion control is a transverse discipline, necessary in sce-
narios as diverse as civil engineering, industrial engineering,
heavy industry, automotive/space industry, robotics, etc. The
idea behind motion control is to gather information of certain
motion variables in a mechanical system (typically displace-
ments —linear, angular, or combined— and velocities) to
take corrective actions, or other actions, from the retrieved
information. Thus, motion sensors are key components in any
motion control system.

Motion sensors can be classified according to many
criteria, but concerning motion sensors based on microwave
technology, the interest in this review paper, an impor-
tant categorization differentiates between short-range and
medium/long-range sensors. By short-range motion sensors,
we refer to sensors able to measure displacements in the
cm and sub-cm range, whereas medium/long-range motion
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sensors are those devoted to measuring displacements in the
scale of various cm and beyond. This distinction is made
according to the typical dimensions of planar microwave
resonators operating at microwave frequencies, few cm or
below. Namely, for the measurement of short-range displace-
ments (linear or angular), as defined, sensor topologies based
on a transmission line structure and a movable resonator
coupled to it have been considered [140], [141], [142], [143],
[144], [145], [146], [147], [148]. The motion of the movable
resonator in proximity to the line perturbs the transmission or
reflection coefficient, generating an output variable related to
its relative motion. Sensors of this kind have been applied
to the measurement of linear and angular displacements and
velocities [140], [141], [142], [143], [144], [145], [146],
[147], [148].

When medium/long range measurements are needed, one
solution is to implement an electromagnetic encoder system,
a device where the static part is a harmonic-fed transmission
line, and the movable part is a chain, or various chains,
of metallic or dielectric inclusions [29], [30], [31], [149],
[150], [151], [152]. Such chain/s is/are linear in the so-called
linear encoders, and circular (located in the periphery of a
dielectric disc) in rotary encoders. When the chain moves
on top of the line at short vertical distance, pulses in
either the magnitude or phase of the transmission coefficient
at the operating frequency are generated, and the relative
position and velocity between the encoder and the static part
(sometime called reader) can be inferred.

To illustrate the potential of electromagnetic encoders in
industrial engineering, Figure 40 reports a sensor system
where the encoder is implemented in a rubber elevator belt
(emulating e.g., a conveyor belt) [31]. The inclusions are
rectangular patches, and two parallel chains are visible in
the encoder. One chain is periodic, whereas the other one
contains only some of the patches present in the positions
of the patches of the other chain. That is, this second
chain is equipped with a certain ID code (with the logic
state determined by the presence or absence of patch),
which is used to determine the absolute position of the
encoder (for that purpose, the ID code of the whole encoder
must follow the so-called De Bruijn sequence, where any
subset of adjacent N-bits does not repeat, see further details
in [31]). When the patches cross the complementary split ring
resonators (CSRRs) of the reader line, pulses are generated
in the envelope function of the harmonic signals that feed
the line (a harmonic signal per each CSRR). One of the
three signals at the output port is periodic and is used as
clock signal and to determine the encoder velocity (from the
time lapse between adjacent pulses in the envelope function).
A second signal provides the ID code, from which the encoder
position can be inferred (by reading each bit plus the previous
N — 1 bits). Finally, the third signal is redundant, but with a
lead or lag as compared to the clock signal and is used to
determine the motion direction of the encoder. In the sketch
of Figure 40(d), it is shown that the three harmonic signals are
generated by means of a VCO managed by a microcontroller,
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FIGURE 40. Electromagnetic encoder system based on a reader line
loaded with three CSRRs, and encoder implemented on a rubber elevator
belt by means of two chains of metallic patches. (a) Photograph of the top
view of the reader line; (b) photograph of the bottom view of the reader
line; (c) photograph of the encoder; (d) sketch of the complete system,
managed by means of a microcontroller to feed the line with the three
harmonic signals at different instants of time; (e) envelope functions for
the three harmonic signals of the encoder. Substrate characteristics and
dimensions of the reader and encoder are given in [31]. In(e), fop, fod.
and foc are the carrier frequencies of the position signal, direction signal,
and clock signal, respectively. The pulses in the envelope function of the
position signal correlate with the ID code of the encoder. In the reported
result, the encoder was displaced at a constant velocity of 10 mm/s.
Reprinted with permission from [31]; copyright 2023 IEEE.

which separates also the three envelope functions that result
at the output port of the reader line [Figure 40(e)].
Electromagnetic encoders cannot compete against optical
encoders [531], [532], [533], [534], [535], [536] in terms
of resolution, dictated by the period of the chain. However,
such optical encoders are more prone to the effects of
pollution and dirtiness, encountered in many industrial
environments. There are also magnetic encoders and Hall-
effect sensors [537], [538], [539], [540], [541], [542],
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TABLE 2. Summary of representative examples for different sensor types and applications.

Frequency of

Ref. Sensor type operation Sensitivity Proposed application Remarks
[56] Freq_uepcy 1.91 GHz 0.90 % Volume fr_actlon detection in water— Mlcros.trlp transmission line loa_ded with
variation methanol mixtures an SIR; low sample volume required
Frequenc, Volume fraction detection in water— A circular SIW resonator housing in its
[221] quency 2.45 GHz 0.68 % . . center a transversal glass pipe covered
variation isopropanol mixtures ; .
with a metallic sheath
Frequency 19.95 Volume fraction detection in water—ethanol A mlcroﬂmd%c channel embedded into ‘the
[66] - 2.63 GHz . substrate, with a SRR and an active
variation MHz/vol% and water—NaCl mixtures
feedback loop
Frequency Glucose concentration detection in aqueous 5.0 Printed Qu-based SRR with a certified
[2] variation 4.62 GHz 2.73 %/vol% lution q biocompatible material for biomedical
(Qy-based) sotutions applications
Frequenc Detection of deionized water absorption; Microstrip transmission line loaded with
[97] quency 3.00 GHz 2.70 MHz/uL . . L TPHOM o SIRs; embroidered in fabric with
splitting quantification of deionized water drops .
conductive yarn
[27] Frequ;ncy 2.13 GHz 30.00 In-flight ice detection on aircraft surfaces Microstrip line loaded with two SRRs
splitting ’ MHz/melt%
[108] PI_lasp 200 GHz 528.70° Dielectric constant characterization in solid Two ce}scad_ed mlcrostr_lp section lines
variation samples alternating high and low impedance
Phase o Detection of submillimeter —proximity JFET-driven losses-assisted sensor made
[130] L 2.64 GHz 2291°/mm . . of a microstrip transmission line
variation changes with a solid sample . .
terminated with an SIR
Maenitude Dielectric constant characterization in solid ~ Microstrip transmission line loaded with a
[155] va;giation 2.12 GHz 0.28 dB/vol% and liquid samples, volume fraction shunt connection to a SIR and a grounded
detection in liquid samples inductive strip
. . 1 0,
[556] Mag'mt.ude 4.94 GHz 0.045 dB/ppm  Gas sensing: ammonia detection in air A SRR made of PE.DOT'PSS with 8%
variation (v/v) dimethyl sulfoxide
Magnitude -0.26 Complex permittivity characterization for 3-D printed structure with the liquid
[207] and phase 6.00 GHz dB/vol% liquid samples, including wide permittivity = sandwiched between two coupled strip
variation —0.04°/vol%  ranges lines
[160] Differential 1.05 GHz 10.08 dB-L/g Detection gf NacCl concentration in diluted Mlcrostrlp defected ground structure made
mode water solutions with two dumbbell slots
[375] Microwave Up to 40.00 . Discrimination between three different B Coplanar waveguide with integrated
spectroscopy GHz lymphoma cell lines microfluidic sensor, as shown in [162]
Multi- Un t0 3.00 Simultaneous analytical determination of Three mutually-coupled SRRs in two
[293] parameter p GHZ. — dielectric  constant, loss tangent and PCBs with the solid sample sandwiched
sensing thickness of solid samples between the PCBs

[543], [544], [545], [546], [547], [548], [549], but such
motion sensors typically utilize inductive coils or magnets.
By contrast electromagnetic encoders are merely based on a
reader line fed by a harmonic signal (or a set of harmonic
signals) and the encoder (made of a dielectric substrate with
metallic inclusions etched or printed on it). It is worth noting
that electromagnetic encoders can also be used as near-
field chipless-RFID tags, see [550] and references therein.
In such an application, tag reading by proximity and proper
alignment is a due, but the number of bits is only limited by
the size of the tag, a competitive advantage as compared to
far-field backscattered or retransmission chipless-RFID tags,
as discussed in [550].

To end this subsection, it should be mentioned that
there are also microwave proximity sensors able to measure
vertical distances, between the reader and the movable
part, at the micrometer scale [130], [132], [133]. It is
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worth to highlight a recent work [132], consisting of a
capacitive proximity sensor, that uses microwave technology
for sensing, particularly the phase of the reflection coefficient
at a fixed frequency, in a CPW transmission line terminated
with a coupled (vertically movable) SIR. That sensor exhibits
a maximum sensitivity of 3722°/mm, and it can detect
separations as small as 10 um. Proximity sensors based
on the vertical motion of a dielectric slab, based on the
change in the effective dielectric constant ‘“seen” by the
sensor [130], [133], do not exhibit, in general such excellent
sensitivities. The reason is that a vertical motion of an element
constituting a broadside capacitance, like the one of the SIR
coupled to the CPW line, generates a dramatic variation in
the capacitance of the resonant element, much higher than the
capacitance variation generated by motion of a dielectric slab
on top of a resonator. Nevertheless, remarkable sensitivities
and resolutions have also been achieved with such proximity
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(actually permittivity) sensors based on the vertical motion of
a dielectric slab (especially with the sensor in [130], which
exhibits a maximum sensitivity of 2291°/mm, as indicated
before).

H. GAS SENSING

Planar microwave resonator structures exhibit notable sen-
sitivity and selectivity when detecting liquids and solid
materials. However, their inherent limitation in accurately
monitoring gas concentrations in the surrounding envi-
ronment highlights the need for integrating gas-sensitive
interface layers [177], [551], [552], [553]. By incorpo-
rating gas-sensitive materials into microwave structures,
target gas molecules are attracted to the sensitive layer,
where they are absorbed or adsorbed onto the material
interface [176], [554]. This interaction between the sensitive
material and the target gas perturbs the electromagnetic
field in the vicinity, resulting in measurable changes in the
dielectric properties of the material-coated planar microwave
structures [356].

The gas detection mechanism in polymer-integrated planar
microwave structures primarily arises from changes in
electrical conductivity, swelling of the polymer layer, or both.
For instance, exposing DMSO-doped PEDOT:PSS polymer
to ammonia gas leads to reduced electrical conductivity
through two key processes: (1) Electron-donating ammonia
interacts with the p-doped PEDOT:PSS backbone, immo-
bilizing charge carriers and lowering their mobility and
density, a common phenomenon in conductive polymers
like polyaniline and polypyrrole. (2) Ammonia absorption
increases the spacing between PEDOT layers, introducing
potential barriers that further hinder conductivity. Unlike
frequency shifts, these conductivity changes directly influ-
ence the magnitude of scattering parameters of microwave
devices [555], [556].

In swelling-based detection, the absorption of a compatible
solvent gas by a polymer like PDMS induces swelling,
resulting in a volumetric expansion of the PDMS structure.
This change in volume is reliably detected using planar
microwave structures, which monitor correlated alterations
in permittivity and electromagnetic loss. Several factors
influence PDMS swelling, including the compatibility and
solubility parameters of PDMS and the target gas, gas
volume, and environmental temperature. Variations in gas
concentration and type within the PDMS directly affect the
polymer’s effective permittivity, leading to change in the
response of the planar microwave sensor, enabling precise
gas detection [176], [557]. Polymer-based sensing can be
effectively integrated with microwave design techniques,
such as low-cost and robust differential microwave res-
onators, to make it suitable for VOC monitoring. By utilizing
differential planar resonators combined with a Wilkinson
power divider and a thin PDMS layer, this approach
enables precise and accurate gas detection while being
less prone to the impact of environmental parameters
such as temperature and humidity, enhancing the system’s
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reliability and practicality for various monitoring applications
[558].

Recent studies in material integrated microwave planar
structures emphasize the significant impact of porosity on
polymer-gas interactions and their detection. Porous poly-
dimethylsiloxane (PDMS) structures, due to their increased
surface area and interconnected voids, exhibit enhanced
gas absorption compared to solid PDMS. This results in
more pronounced shifts in the resonant frequency of the
split ring resonator (SRR), reflecting greater sensitivity to
gas concentration. Additionally, porosity facilitates faster
diffusion and interaction of gases, improving both response
time and measurement accuracy. These findings underscore
the potential of leveraging porosity to optimize microwave
resonator-based sensors for studying gas-polymer interac-
tions and for developing advanced applications in environ-
mental monitoring and material characterization [557].

VII. CONCLUSION

In conclusion, this paper has reviewed the recent advances
and applications of planar microwave sensors from the
perspective and experience of the authors. As a summary,
Table 2 compares some representative examples of the dif-
ferent sensor types and applications reviewed here. The work
has discussed the main working principles, with emphasis
on their advantages and limitations, it has presented the
main materials and technologies for sensing (e.g., functional
films, liquid metals, organic materials, microfluidics, SIW,
3-D printing, textile-based technology, etc.), and it has
presented several strategies for sensor performance optimiza-
tion, including sensitivity, resolution, and selectivity (in the
latter case with special emphasis on artificial intelligence-
based approaches). A section has also been dedicated to
wireless and antenna-assisted sensors, due to exponentially
growing interest for such sensors within the framework
of the IoT. Finally, the last section has been focused on
highlighting some applications of planar microwave sensors,
including biosensors, sensors for smart healthcare, sensors
for smart agriculture and agrifood industry, sensors for
ambient monitoring, sensors for structural health monitoring,
sensors for the automotive and space industry, sensors for
motion control applications and gas sensors.
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