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Microwave transduction is a novel research eld in gas sensig owing to its simplicity, low
cost, passive, and non-contact operations that indicate a lnge potential in applications
for gas sensing. At present, the study of microwave gas senss is limited to testing the
macroscopic performance of materials. Although the permiivity change of materials is
the reason for microwave transduction, the knowledge of thdundamental mechanism
is an urgent requirement for boosting the development of mimwave gas sensors.
In this review, we summarized the presented progresses of miowave gas sensors,
including the performance of the different materials and ppagative structures, as
well as their sensitive signal. We have attempted to explaithe sensitive mechanism
of these materials, discuss the function of the propagativestructure, and analyze
the sensitive signal extracted from the parameters of elemimagnetic waves. Finally,
the challenges in the study of sensitive materials and proggtive structures used in
microwave gas sensors are analyzed. It is clear from the pubhed literatures that
microwave transduction provide a new route for gas detectin, and it is expected that
commercial manifestation will occur. The future research ro microwave gas sensors
will continue to exploit their sensitive materials and praggative structure for different
applications. The understanding of the microscopic polazation interactions with gases
will assist in and guide the fabrication of high-performare microwave gas sensors in
the future.

Keywords: gas sensor, microwave transduction, polarizatio n, propagative structure, electromagnetic wave

INTRODUCTION

In the recent decade, increasing interest in detectinggase their composition have resulted
in intensive studies applied to various elds, such as indastemission control, household
security, medical diagnostics, and environmental monitgr(Korotcenkov, 2012 Generally,
gas sensing is the process of converting gas sensitivedtitersito a measurable signal, which
involves two di erent processesydmazoe and Shimanoe, 200Fhe rst process is to sense
gas via physical or chemical interactions with sensitiveemals, which is called the sensitive
process; the second process is to transduce the interactamigrials, which is called transduction.
Various transduction technologies have been employed ingéh® sensors, e.g., conductometric
transduction converts redox reactions of gas molecules @éctrical signalsXing et al., 2015;
Wang et al., 2019 optical transduction utilizes infrared spectral charaistécs of gas molecules
(Babeva et al., 20);7mass transduction measures weight of gas molecules usitigrabalance,
and converts it to a vibration frequency signdlu( et al., 2015; Lv et al., 20j&lectrochemical
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Lietal. Microwave Gas Sensor

transduction is based on electron transfer between elgggand “s is the static permittivity,"1 is the permittivity at the high
gas moleculesZheng et al., 2005 frequency limit,! is the angular frequency,is the characteristic
Although the performance parameters (sensitivity, selégfiv relaxation time, and is the conductivity of the material. The
and stability) of gas sensors based on conventional trastamiu  real part of the permittivity (9 represents the energy stored in
were constantly improved\oos et al., 2009; Kim et al., 2013 the material. The imaginary part of the permittivity‘% is linked
the use of the electromagnetic waves for sensing purposestésthe conductivity of the material.
an actively researched approach with considerable potential The evolution of permittivity with the frequency of electric
for commercialization Alshamma'a et al., 20)4In particular,  eld indicates the change of dominant polarization process,
microwave is an important frequency band for communicationwhich is shown in theFigure 1 If a polarization process
and remote sensing applications; it is a fast-growing teabgyl follows the oscillation frequency of the eld, its permittiyit
and has been successfully applied in industrial and medicdlecome dominant; otherwise, it decreases. The averaged
applications Barochi et al., 2091 time for a polarization process is characteristic relaxation
The microwave transduction is based on the dielectridime. Thus, according to the relaxation time from slow
response of sensitive materials incorporated with propagativie fast, the polarization processes are ionic conduction,
structures in the presence of gas that is subjected to a marew dipolar polarization, ionic polarization, atomic polarizatioand
signal Fonseca et al., 201pBatteryless and wireless operationselectronic polarization. Further, there is no clear boundary
are suggested to be the major advantages of microwave das di erent polarizations. When the frequency is above the
sensors; however, the lack of fundamental understandirtgef ultraviolet range, the permittivity approaches the constagt
sensitive mechanism hinders the development of microwavenhich is the permittivity of free space.
gas sensors. Several challenges were presented in the $tudy oThe permittivity is in uenced by the dipolar polarization in
microwave transduction. There is the need of areview togamu  the low microwave frequency range and ionic polarization in
the presented progress and challenges of microwave gas sensdhe high microwave frequency range. The dipolar polarization
Table 1 summaries the reported microwave gas sensor. This orientation of permanent dipoles in materials responsed to
review article will start by describing the working principlef  electric eld, and the ionic polarization is the polarizatioaused
the microwave gas sensor. Then, the current progress will bzy relative displacements between the positive and negatige ion
discussed corresponding to the sensitive material, propagati (Mitroy et al., 201). For microwave gas sensing, the adsorption
structure, and sensitive signal. Subsequently, the dimdtand of polar gas molecules is expected to induce dipole-dipole
challenges will be discussed. Furthermore, an outlook an thinteractions with the permanent dipole of the materials. Tdes
future development of microwave gas sensor will be presented.dipole interactions will vary the timescale or strength of the
orientation of the permanent dipole and the displacement of

WORKING PRINCIPLE OF ions; consequently, a change in the polarization as well as the
MICROWAVE TRANSDUCTION permittivity of the materials is demonstrated.

Besides the sensitive materials, the microwave gas sensor
The evolving research on microwave transduction at fregigs '€duires propagative structures to transmit the microwave
ranging from 300 MHz to 300 GHz demonstrates that ga4Fonseca et al., 20)LA he propagative structure can be clas§| ed
sensing is based on the phenomena of propagation and re ectiof® Non-resonator and resonator depend on the propagation of
of an incident electromagnetic wave in sensitive matedal. €/€ctromagnetic waves; standing wave transmits in resoaatl
the characteristics (modulus and phase) of the re ected and@veling wave transmits in non-resonator. The non-resiona
transmitted electromagnetic waves depend on the physical adt®S Simple structure and wide bandwidth; the structure of
chemical properties of the materials, the interactions wigs g 'esonator is designed in a narrow bandwidth, its resonant
molecules should modify their permittivity and change thefréquency is stable during measurement, so higher resoluti -
velocity of the electromagnetic wavés Bouazzaoui et al., 2011 an be achieved for the resonato_r. There are many geometnc
By measuring the variations in the transmitted and re ectedStructures that are used for microwave gas sensing, e.g.,
microwaves at discrete frequency intervals, the frequehapge ~Microstrip line, coplanar waveguide, coaxial line, and restn
or attenuation of the incident electromagnetic waves can b&avity Figure 2). By designing their geometry, the sensors are

linked to the gas sensitive interactiort$i(ang et al., 2013 operated in di erent microwave ranges. _
The permittivity " of a material is a complex quantity: Sensitive materials are deposited in various forms on the

it describes the dielectric polarization of the materials tgProPagative structures. In general, there are two forms, Wwhic
an applied electric eld Xie et al., 2015 Because there is &€ surface Im and volumic bulk. The surface Im is formed by
a lag between the changes in polarization of the materiadePOSiting sensitive materials on the propagative structamel,
and the alternating electric eld, the permittivity depends Volumic bulk uses sensitive materials to replace the sulesofa.
on the frequency of the eld. According to the Maxwell— the propggatlve structgre. Although gas di usion in the vqluml
Garnett equation, the permittivity of materials is descdbes Pulkrequires alongertime than the surface Im, the volurbigk

follow (Auerbach et al., 2003 has_ a larger cross-sec_tional area to in_teract with thg MNene.
Various procedures using sensors are implemented in accoedanc
W w0 u00p "s "t U ("s "1) with the chosen sensitive materials, propagative strucfued
1D J 1C122 I( 1C122 c E 0) (1) their integrated forms (surface Im or volumic bulk).
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Microwave Gas Sensor

TABLE 1 | Summary of microwave gas sensors on their materials, targetl gas, propagative structure and signal.

Materials Targeted gas Propagative Signal References
structure
Metal oxide TiIQ Ammonia Microstrip line S parameter (S11) Bailly et al., 2016a
TiOy Ammonia Microstrip interdigital S parameter (S11 and Bailly et al., 2016b
capacitor S21)
Fe,O3 Ammonia Coplanar waveguide Re ection coef cient Bailly et al., 2016c
SrTiO Ethanol and toluene Transmission coaxial Re ection coef cient Rossignol et al., 2010
line
SnO, Hydrogen Waveguide phase S parameter (S21) Feietal., 2011
shifter
CuO, SnG, and TiIO, Acetone, ethanol and a single coupled-line Transmission coef cient Rydosz et al., 2019
methanol section
Zeolite Silicalite-1 and NaX Toluene Coplanar waveguide Retion coef cient Fonseca et al., 2014
Zeolite 13X Carbon dioxide and Microstrip resonator Resonant frequency Zari etal., 2017
methane shift
Zeolite Y Toluene Coplanar waveguide Re ection coef cien Fonseca et al., 2015a
Zeolite 13X and MOF Carbon dioxide Planar active-resonator Resonant frequency Zari etal., 2018
shift
Fe-zeolite Ammonia Planar microstrip ring S parameter (S]1 Bogner et al., 2017
ZSM-5 Ammonia Resonant cavity S parameter (S11) Rei etal., 2011
Organic CNTs Ammonia Microstrip circular disk Resonant frpiency Chopra et al., 2002
shift
CNTs Methane Coplanar waveguide S parameter (S21) Cismaru et al., 2016
PDMS Acetone Coplanar strip Resonant frequency Zari etal., 2015b

Cobalt phthalocyanine

Ammonia and toluene

Microstrip line

shift
Re ection coef cient

Rossignol et al., 2012

Cobalt phthalocyanine Ammonia Coplanar grounded Re ected coef cient Barochi et al., 2011
waveguide

Activated carbon and Butoxyethanol Resonant cavity Resonant frequency Zari etal.,, 2015a

polymer-based bead shift

PEDOT-CNTs Ethanol Microstrip line S parameter (S21) Bahoumina et al., 2017

Cobalt phthalocyanine

Ammonia and toluene

Coplanar wavegde

Re ection coef cient

Rossignol et al., 2013

CNTs Nitrogen Coplanar waveguide S parameter (S21) Dragoman et al., 2007
Polymethylsiloxane-graft- Acetone Six-port re ectometer S parameter (S11) Staszek et al., 2017
phthalocyanine

Pt-decorated reduced Hydrogen Antenna Re ectance properties Lee et al.,, 2015
graphene oxide

Carboxyl group Ammonia and acetic Antenna Re ectance properties Jun et al., 2016

functionalized polypyrrole
Graphene

Fluoroalcohol polysiloxanes

acid
Nitrogen dioxide

Acetone and

Dielectric resonator

Dielectric resonant

Centraldquency,
linewidth (full width at
half maximum)

S parameter (S11)

Black et al., 2018

Chen and Mansour,

and polyhydroxyethyl- isopropanol 2018
methacrylate
Beaded activated carbon VOCs Open-ended resonator Resonant frequency Fayaz et al., 2019

coupled to input/output
microstrip transmission
lines

SENSITIVE MATERIALS

link between the dipole reaction and microwave signals is

still unknown.

So far, metal oxide, zeolite, and organic, which are the

conventional sensing materials, were applied in thdVietal Oxides

microwave gas sensors to detect gaseous compounds si®ce the gas sensing of oxides is based on surface interscti
as volatile organic compound, Nji CO;, CO, O, or Ha.  with gas molecules, nano-oxides with high surface area
Although the gas sensitive reactions of these materialssundpresent advantage on enhancing sensitivity. ;T&dd a-FeO3
conductometric transduction were extensively studiede th nanoparticles in the form of a surface Im on the waveguide
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Lietal. Microwave Gas Sensor

microporous and mesoporous materials were applied in the
microwave gas sensors.
e=c'+ig" ( Zeolite is crystalline aluminosilicates with pores and ctelan

+

of molecular dimensions. Approximately 190 zeolites with
distinct framework topologies have been report&ti¢ng et al.,
! @ 2019. Four commonly used zeolites are shown Figure 4
@ The aluminosilicate framework of zeolites is negative @win
g" I l the AFC presented in the network of [Si]* tetrahedra;
©
onit

dipolar

@ thus, a cation is introduced to balance the negative charge

atomic

around APFC sites; the extra-framework cations are mobile in
the channel of zeolites as the zeolites are ionic conductors
(Xu et al., 2006; Sahner et al., 2D08

Because of the large volume of pores in the zeolites, the
accessible volume for gas molecules is from 5 to 30%. The bveral

| | | I permittivity of zeolite is contributed by the aluminosilieat
10° 10° 10° 1012 10" framework (fame and pores Y(pord, SO the lling of gas
[ microwave | infrared [VIS|UV | molecules into the pores can alter the permittivity of the itesl

The change of the permittivity of the pores based on bulk gas
adsorption is described as follow:

electronic

Frequency in Hz

FIGURE 1 | Dielectric permittivity spectrum over a wide range of fregencies. " "
Various processes are labeled in the image. " pore D",C 3f", > 9 (2)

nC"g f("g "n)

where", is the initial permittivity of the pores, which usually is
substrate were applied for Nf-sensing Bailly et al., 2016a,);c 1 (N2, "n, D 1), "g is the permittivity of the gas moleculesjs
the principle of measurement is shown iRigure 3A. The the lling factor (f D Vg=Vpore).Vy is the volume of adsorbed
permittivity of oxides changed when exposed to Kt gas molecules, anW¥pore is the volume of the pores. Thus,
room temperature, which caused the variation of the re ectedncreasing the permittivity of zeolite can be achieved byaisd
coe cient (S11) and the transmitted coe cient (S21). Althgh  polar gas. Several studies have observed this performaace (
an increase in the conductivity of T#and a-FeOs with et al., 201). The evolution of gas adsorption in zeolite and the
ammonia exposure were reported idoseley and Williams permittivity change are shown iRigure 5.
(1990) the authors assumed that the formation of @H;pecies Besides the physical adsorption, the coordinatively
on the surface of the oxides was the source for the permitivitunsaturated metal sites in the zeolite are also sites for gas
change; however, the relation of lﬁHto the decrease in adsorption by the electrostatic processaf(i et al., 2019.
permittivity is unclear. Furthermore, the e ect of the shapeTherefore, more unsaturated metal sites in the sensitiveradt
of oxides involved in microwave transduction was studidd. linduce higher adsorption capacity, and this demonstrated a
was observed that di erent morphologies presented a signitcanlarger sensitive response.
di erence in behavior upon ammonia adsorption; the sensitive The amplitude variations at resonant frequencies were
responses of di erent morphologies are showrFigure 3B. The  observed for zeolite Y on coplanar waveguides for toluene
crystal planes with high surface energy and abundant unatgdr  exposure in the range of 2-10 GHzdnseca et al., 2016dhe
active sites usually serve as a promising platform to inteséttt  variable orientations (increasing or decreasing orientet) of
gas moleculesGao and Zhang, 20)3Controlled morphology the signals di ered at di erent resonant frequencies. Altlgbu
with exposed high energy facets are still valid for the metmles  the amplitude variation of resonant frequency originatednfro
in microwave transductionEailly et al., 2016c¢ the permittivity change of zeolite, di erent variable orietions
Other metal oxides such as Sp@nd SrTiQ presented revealed complicated interactions of zeolite with gas maéscu
decreasing permittivity to hydrogen, ethanol, and toluene in For the dipole interaction of zeolites with gas moleculescgca
microwave transductionfossignol et al., 2010; Fei et al., 2011 characterizations were presented. Based on the ionic model
In the literatures, Sn@and SrTiG employed volumic bulk form; of zeolite, the mobile cation was localized in the center of a
a small concentration of hydrogen was detected by lling Sim®  neighboring tetrahedron [AI@] , and their dipole (1) was
the substrate of a waveguide phase shifter. Increasing dsscr parallel to the electric eld vector. When gas molecules eintier
sectional area of sensitive material in electromagneti@weauld the cavity, they will perturb the original electric eld, thation
be a way for enhancing the sensitivity of the microwave senso will jump a distance and orient itself to a new dipole moment
(m2) (Figure 6) (Wei and Hillhouse, 200&\Nicolas et al., 2008
This dipole change could modify the permittivity of zeolite,dan
Zeolites the cations at di erent sites in zeolitic framework are exmgett
Bulk adsorption is expected to increase the inuence of gato introduce dipole interactions with di erent strength. Delkad
molecule on the overall permittivity of sensitive materjdlaus, characterizations are needed to verify the dipole intececti
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Lietal. Microwave Gas Sensor

FIGURE 2 | Various propagative structures applied in microwave gas sesors. Reproduced with permissions from~ei et al. (2011) Fonseca et al. (2014, Zari et al.
(2016), Bogner et al. (2017) and Staszek et al. (2017) Copyright 2014, 2016, 2017 Elsevier; copyright 2016 Amegdan Chemical Society; copyright 2016 IEEE.
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FIGURE 3 | (A) Principle of microwave transduction applied to re ection/tansmission measurements(B) response and recovery times for a microwave sensor
exposed to ammonia. Reproduced with permissions fronBailly et al. (2016b,c) Copyright 2016 Elsevier; copyright 2016 American Chemid&Society.

Organics Noble metal loading on carbon materials can e ectively
Carbon materials and polymers were widely appliedenhance the sensitivity of a sensor. Pt loaded graphene caatdet
as gas sensitive materials. Carbon nanotubes (CNT$)2 in concentrations as minimal as 1 ppm in the frequency
and graphene have high surface areas, and themange from 880 to 940 MHzlLEe et al., 20)5which is shown
properties can be modied by simple chemical processem the Figure 7. The large surface area of graphene and uniform
(Kau man and Star, 2008; Yuan and Shi, 213 Pt decoration provide an excellent platform for gas adsorption
It is well-known that the conductivity of carbon nanotubes and dielectric response. However, the mechanism of perntittiv
decreases when exposed to NKnd CH; (Kau man and change for the nano-composition of Pt/graphene undes id
Star, 2008 However, frequency shifts were observed for aarely discussed.
resonator based on carbon nanotubes under Nbr CHg4 Many advantages lead to polymers being a good candidate
environment Chopra et al., 2002; Occhiuzzi et al.,, 2011for gas sensing, such as low cost, high sensitivity at low
Cismaru et al., 2006 The conductivity change, which is the temperature, good gas permeability, exibility, simple syais,
imaginary part of permittivity, can vary the amplitude of resoba and environmental stabilityl{ubersky et al., 2015; Wang et al.,
frequency, but the frequency shift indicates a change of th2017. In microwave transduction, a physically adsorbed gas
real part of permittivity. A possible explanation is that gasmolecule can di use into polymer and swell its volume, which
molecules interact with carbon nanotubes to create boundontribute to permittivity change4ari et al., 2015a,h With
charges resulting in changes in the real part of permittivity othe support of a six-port re ectometer, the limit of detection
carbon nanotubes. of copolymer Pc Im to acetone was identi ed to be 0.5 ppm
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Lietal. Microwave Gas Sensor

FIGURE 4 | Representative zeolite frameworks (with pore openingsjA) Zeolite A (3D, 4.2 A)(B) zeolite Y (3D, 7.4 A){C) Zeolite L (1D, 7.1 A){D) ZSM-5 (2D, 5.3
5.6 A, 5.1 5.5A). Dindicates the dimensions of the channel system. Repduced from Zheng et al. (2012)

>
w

)
©
~

5

Effective Permittivity in Pore
N
o
(5]
Total Effective Permittivity

—+Effective Permittivity in Pore
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10 20 40 60 83 -
CO2 Concentration in Air (%)

-

FIGURE 5 | (A) Evolution of CQ adsorption in Zeolite X and the corresponding permittivitghange, (B) simulation results of concentration effect on permittivtof
pores and adsorbents. Reproduced with permission fronZari et al. (2017) Copyright 2017 Elsevier.

(Staszek et al., 20L7The dynamic change of S11 for di erent of CoPc is supposed to vary through the interactions with gas
acetone concentrations are shown in thegure 8 Except for molecules; however, this is merely a hypothesis.
the physical adsorption of gas molecules, the conductivity of In summary, the mechanism of sensitive materials in
polymer also results in a permittivity change. The compositiormicrowave gas sensor is rather complicated. Only conduygtivi
of conducting polymer and carbon nanotubes were explored fochange is not su cient to explain the variation of complex
ethanol detection, and insertion losses and frequencytsshifi  permittivity. So far, lack of experimental evidences for dgzol
the resonant frequency were observe&eljoumina et al., 20).7 and ionic polarization in microwave range prevents further
A conducting polymer with a functional group exhibited high discussion. However, there are two strategies are suglgfeste
sensitivity to ammonia and acetic acid. The authors obsktivat  increasing the sensitivity of materials. Increasing apson
the increase in density of carboxylic functional groups endeal  capacity of materials is a valid method to detect polar
the sensitivity Jun et al., 200)6which indicate that the dipole of gas molecules, higher adsorption capacity could leads to
functional groups are involved in the dielectric response. larger dielectric response of materials. Thus, microporoud a
Metal phthalocyanines are sensitive to various gases owimgesoporous materials will be e ective materials for microwave
to their catalyst. The redox with gas molecules can not onlgas sensor. The other aspect is the polarized species in nigteria
modify their density of charge carriers and conductivityytb which can interact with targeted gas molecules. For example,
also the permittivity of material §ai and Shi, 2007 Cobalt hydroxide radicals could bind Nilto form dipoles (NI—E),
phthalocyanine (CoPc) was applied for toluene and ammoniahich modify the polarization of material; lewis acids cateiact
detection on various substrat@&#rochi et al., 2011; Rossignol with reducing gases that form intermediate dipoles or anlaiei
et al., 2012, 20)3The real and imaginary part of the re ected Lewis sites, which change the permittivity of materials. Mel
coe cient changed when exposed to N1 except for the designed polar species in materials devoted for gas sensing
conductivity change. The surface dipoles or electroniccitme  are required. At the same time, increasing the density of

Frontiers in Materials | www.frontiersin.org 6 May 2019 | Volume 6 | Article 101


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Lietal.

Microwave Gas Sensor

Lattice site

Jump distance

FIGURE 6 | Schematic for dipole moment between cation and lattice sitdy a
change of place of the cation in a zeolite channel.

polarized species can greatly improve the sensitivity. Momgov
the morphology of oxides is observed to have e ect on dielectr
response, dierent density of defects and dangle groups ardl

supposed to the reason.

PROPAGATIVE STRUCTURES

A propagative structure is used to transmit electromagnetices

2017; Huang et al., 20).8The response is the dierence
between the sensitive resonator and the reference resonato
with a blank or with materials with known permittivity. The
con guration of di erential resonators is shown irfrigure 10
The dierential method ensures a low variance signal with
good repeatability.

The microwave cavity waveguide provided a powerful
technique for measuring Nglloading in the catalyst of a diesel
engine Qietrich et al., 201) The catalyst itself was the sensitive
material, and the catalyst canning was the propagative stract
A planar propagative structure was also applied in non-contact
mode for monitoring of the adsorbent; the adsorbent in the ga
tube was above the planar microstrip line, which is shown in
Figure 11 The permittivity change of adsorbent in uenced the
electromagnetic waves propagated in the microstrip liRei
etal., 2011; Zari etal., 2015a, 201This contactless technique
is attractive for dangerous and toxic gas detection as thsiisg
platform does not need to be in the gas- owing medium.

SIGNAL ANALYSIS

The gas sensing tests of the microwave sensors were carried
out by vector network analyzer (VNA). The sensitive signal was
derived from various parameters of the VNA measurement.
Despite the lack of permittivity measurements of materials

dn microwave range, the permittivity of sensitive materials
.applied in microwave gas sensors were distributed over a

ide range, polymers demonstrated measurements between
2 and 5, and the permittivity of oxides and zeolites could
be adjusted from 3 to 15. The materials with lower initial
permittivity are assumed to possess higher sensitivity for
small permittivity changes, because the dielectric response
is usually calculated by the ratio of the permittivity change
and the initial value. In most microwave gas sensors,

and supports the sensitive materials for adapting in di erentthe re ection characteristics of electromagnetic waveg ar

environments. Its quality factor determines the resolntaf the
sensor. The quality factor is a ratio of energy loss relatetthé

extracted as signals, which include the S parameter, r@pcti
coecient, return loss, and input impedance. All these

stored energy of the propagative structures; a high qualitpfac parameters describe the degree of mismatch in impedance.

indicates a resonance pro le with narrow resonator's bardtvi
relative to its center frequency éri et al., 20159.

No comparative study about di erent parameters on gas sensing
has been conducted.

The microwave resonant cavity has an signicantly high The alteration of parameters can be classi ed as a frequency

quality factor, which increases the resolution of the sersat it
only works at a single frequencyd¢oski, 2010, 20)1The planar
microstrip line, coplanar waveguide, and interdigital capac

shift in the frequency spectra or magnitude variation at a
xed frequency. To analyze the response and recovery time,
each parameter was measured at a xed frequency with the

are the common structures employed in the experiments omvolution of time. The time taken by a sensor to achieve
microwave sensors because of their merits, such as sim@% of the total parameter change is de ned as response time

structure, compact size, low-cost manufacturing, large atben
frequency range, and simplicity in integrating in an anterfon

in the case of adsorption or the recovery time in the case
of desorption as shown irFigure 12a (Zheng et al., 2015;

remote sensing. For precise measurement, an active migrostBailly et al., 2016b Combining both the real and imaginary
line and six-port re ectometer were applied to increase theparts of a parameter is considered as a powerful tool to
quality factor of the sensors. Their resonance peaks wemlssess the overall performance of a sensurs§ignol et al.,
sharp and a small frequency shift could be easily detected a813. Figures 12b,qpresent the real vs. imaginary plot for S11

shown inFigure 9.

measurement. Here, each concentration outlines a fupysiid,

To cancel the inuence of temperature or humidity on whose radius is correlated to the concentration of ammonfee
the electromagnetic behavior, the dierential method wasobtained ellipsoids could facilitate the optimization of thesor

proposed by using a reference resonat@aljoumina et al.,

performance in predicting the concentration. Besides optingz
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sensor tag, (C,D) change in the re ectance properties and measured re ection plase of different Pt_rGO-based wireless sensors as a functioof the hydrogen gas
concentration. Reproduced with permission from_ee et al. (2015) Copyright 2015 American Chemical Society.
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FIGURE 8 | (A) Magnitude of re ection coef cient S11 measured at the resonar frequency under exposure to acetone in the 0-25 ppm concenttion range, (B)
change in the re ectance properties of different concentraibns of ammonia and acetic acid. Reproduced with permissios from Jun et al. (2016)and Staszek et al.
(2017). Copyright 2017 Elsevier; copyright 2016 American ChemidéSociety.

the sensor performance, the imaginary part of the parametet©UTLOOK

as a function of the real part shows a set of aligned points

for a concentration at xed frequencyB@rochi et al., 20)1 We have demonstrated the presented progress of microwave gas
This assists the discriminated power of sensors in conceiatra Sensors. This is a considerably vigorous and fast evolvig
prediction through the use of pattern recognition algorithmsand continuous rapid growth can be expected with advances
(Chen etal., 207 in materials and device fabrication, characterizatiorg aignal
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FIGURE 9 | (a) Experimental setup with the microwave active resonator sesor, (b) resonant pro le (S21) of the sensor based on the active resortar, (c) photograph
of the fabricated six-port re ectometer, (d) resonant pro le S11 of the sensor based on the six-port re ectaneter. Reproduced with permissions fromStaszek et al.
(2017)and Zari et al. (2018) Copyright 2017, 2018 Elsevier.

FIGURE 10 | (A) Separated sensitive resonator and reference resonato(B) dimensions and geometry of differential sensor based on twstub resonators.
Reproduced with permissions fromBahoumina et al. (2017)and Huang et al. (2018) Copyright 2017 Elsevier.

processing. The use of the novel microwave transduction gocethe environmental industry; however, important parameters
in a gas sensor is still in its infancy. Based on the exampldsr gas sensors, such as selectivity, sensitivity, and tkemg-
discussed in the review, most sensors were developed to sestability as well as reproduction were not satisfactorifyorted
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FIGURE 11 | (A) Schematic of the measurement setup of the sensor to perform oncontact gas sensing, (B) illustration of the setup for the resonance cavity of
catalyst. Reproduced with permissions fronZari et al. (2015a)and Dietrich et al. (2017) Copyright 2017 John Wiley and Sons; copyright 2015 AIP Pulsghing.

FIGURE 12 | (a) Evolution of S-parameters during the gas sensing, and detemnination of response and recovery times(b) imaginary part as a function of real part of
S11 for different gas concentrations between 2 and 2.5 GHz,réquency evolution follows the clockwise direction(c) imaginary part as a function of real part of signal
in linear scale at xed frequency. Reproduced with permissins from Rossignol et al. (2013)and Bailly et al. (2016b) Copyright 2013, 2016 Elsevier.

in the literatures. Other relevant aspects include operation change of materials because of the complicated methodsrestjui
conditions such as temperature, humidity, and packaging. lfor measuring permittivity in the microwave range. Therefor
is now necessary to improve our fundamental knowledge owlesigning a novel experiment is necessary for directly nreagsu
microwave gas sensors and consider the future trends. Agho the permittivity changes for gas sensing. The permittivityaets
we may overlook certain important issues, it is useful to @d&s  various polarizations and the gas sensitive process is retated
which developments and challenges may deserve carefuirgcrut polarization processes. A fundamental study is urgently iregu

A key challenge is the gas sensitive mechanism for di erenio understand the relation between the polarization changfes
materials pertaining to permittivity change. The interactioof materials in gas sensing. Consequently, “permittivity Bgsts”
materials with gas molecules related to the conductivitgrgfe can become possible. This introduces the possibility of adgptin
were extensively studied as conductometric gas sensotheare the desired dielectric interactions with gas moleculesrolgong
most popular in recent decades. Nevertheless, it is unseitablhe proper atoms and molecules into speci ed materials.
for microwave gas sensors. The signal of the microwave gas The dielectric properties of materials in gas sensing attchcte
sensor originates from the permittivity change. Howeverthie the most attention, but the design of the propagative struetur
best of our knowledge, no study has reported the permittivityis important for practical applications. Propagative structures
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with high sensitivity can be designed, as long as the penwiiitti fundamental challenges that need to be addressed before
of materials is measured. High quality factor is also desiremicrowave gas sensors can become viable candidates for
for precise measurement, but the permittivity change incommercial implementation. The future of microwave gas
gas sensing will degrade the quality factor. The degradingensors looks bright, and continued progress in this eldl wil
quality factor narrows the test range of gas concentration®vercome the current challenges and lead to a class of sehabrs t
Simultaneously, the bandwidth impacts the concentratiomge&  can be used in a wide range of environments and applications.

of sensors. Therefore, the contradiction between high guali

factor and wide bandwidth requires balanced optimization AUTHOR CONTRIBUTIONS
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