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i;r"'::‘”:_: tacung rhe humudity  The pessible use of mp and bortom layers of the Tow-onst standard substrate. such
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Ay ety Fhee e Alled SIW sensor presents 4 new solution that improve s the <ensor s sensitivaty for environmenta)

Lavity resonator
Subvimare ipregrared waesond e SI

1. Introduction

In sevaral sectors. the humidity is 4 quanuty that peeds o be
vontrolled toeasire  clean enviranment domeste forar qualing
medical tar patients’ health and well-bemg, and tood for preser-
vatwon. Therefore, the development of humidity sensars and the
nvestiganon of issues related 1o tharropic have rarsed an increasing
mrerest i both ielustrd and acatlenie research |18

Currently, mwst humidity se nsors belung wan sove technology

L5 Due to the complex challenge of integrating a power supply
analog o digital copverters ALC, and ampliters, a great deal ot
effort has been made to develop passive sensors. Passive humud-
ity sensors generally imtegrate within thed stroctures matenals
sensitive 1o humidity. such as dielectnic |6 71 inorganic/argamc
polymers |54 alumuna thon films |10 etc toamprove the sensi-
owvity af the devices. However, these materials can present several
challenges. such as himured operarng range of humidiny, reliance
an remperature, and gh hysteresis

Despite the avallability of several oypes of sensors on the mar-
ket some improvements still need o be made. Commercalized
sensors must sansfy & wide range of requirements. in addioon
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o being mghly sensitive. through the use of munimaily sensinve
materials, they must also be manulactured at low cost. Recently,
completed versions of Substrate Integrated Waveguide (SI'W tech-
naloey, mchding an ane cavity L were developed. These
yersions wclude o model integratng theoreticdl and experimen-
ral resulrs, This new generation of air cavity SIW compaonents is the
ideal candidate for the development of micraowave devices at low
et theugh the vse af rradioiondl methods of PCR manufactur
i il 4 lower presence of dielectric substrate. thereby reducing
dielectnic losses. o our knawledse, however. no prototype of this
new generanan of SIW has ever been investgated for environmen-
tal sensinge

This swark demonstrates for the hese ome the concept of
humidity detection using an air-filled substrate integrated cavity
resonator, Uur research focuses specifically on a general study of
the desizn and fabncanion of a mulolaver air-filled SIW microwave
NS0T

Cxpermmental humudiny valwlanions are performed onoan ar
filled SIW resonatar sample in the range of 20-855 RHat 30 L. This
propused sensig device operates without any sensiive materal,
is simple 0 manufacture. co-MEegrates with exisong microwave
plhanar crcwits and has the advantage of presenting lngh sensitviry
L

perfurmance with excellent sensing properties af o very o ¢
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2. Topology and sensing concept
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chg prooceple of the ool ey sensors o Based on e

change of the ¢ffecove perrmmmwity of the arinside the cavity

Thies ripaey

A A-Lwiew of the proposed air-Alled SIW resonator is shown n %
o thie presence of humidity. The relauve permtmivity ol air chang
A rriple - layer subistrate £ sulbyl, sub2 and sob 3 osoosed arehis
. = % dependingon moisture in the ammosphere according 1o
topol Subl | and subd, the upper and lower substr dyers, die
perforated by stnall am holes, tnoming o metal god anpermeabilie to m 180 T "
’ | | ¥ L] i

electromagnetic waves but open to humid air Sub2, s sandwiched ! T i

Between sub i and subd ane composed of mows of vias amoanid g

Where T s the alsolute e wsure of

holluw rectangular cavily resonatar, 45 shownin
Ihe coupling for subl 15 achieved with a mig
1015 designed using the ¢ i
sithsrrare mregrared wavegude ransainons descmbed | il
optitized usimg e Ansolt HFSS EM simulation solbware, Juxta
posing the three layers epables us to create an air-filled subs
: psonator. a mulalaver ucture manufacured

wn
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o Land BH s the relat e humidity (i
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Smce the resonance [regquences of 4 cavily resondior ane
nversely proport i sl e he et by of e dielec e, O fmae
Ty vanaton ency shift of the resonance. which

ate

will appear, sarameter of the ome - port structune
|
2.2 BHuasic o v & operating principle 3. Device design and measurement
Uesigming 3 multilayver an-filled SIW resonator implies defiming Ihe dimensions of the proposed structure are shownan |
the e the S cavity, modelling aned optimi shiows the labricated structure using the dielectie sub
ements far the intermeduary layer ming the strate ROGERAOUIL #r= 355, tan o= 00T h= 1.524mm . The
il dr air Lavity. festIator prototypes e made using & standdardd PCB manulac
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wurma technique, and their dimensions are 28 mm % 28 mm. The
dtameter d ofthe metalized postsis daie < U5 D6 min, while the
pitch ol the posts s | The air holes were dnlled with a digmete
dah=1.2mm and a picch dp = L 2mmoand a pitch dy = 15 mm

Using the parameter listed in Lable | and Egs (1) and 1 20 the
hearenvdl resanant fregueney ws founed o be ecqual i) - 7 648 GH 2
Acamparsis between the simubated and measieed S pardmieter
of the air-flled SIW sensor is shown in e 4

The theorenical values and the expenmental results match very
well, The aperanng frequency for fundamental mode TETOT 15
TH¥GHz far the measurement and 76534 GHe tor the sumuabaton,
The small difference between the measurement and the simula-
non 15 due to the ahmue contact and far the incernirude on dhelectrc
loss of the used substrate. which can cause a frequency shift of
resonant frequency. e Timiranion of mir PCE process leads a it
rhe presence ob dielecrrie substrate into the cavity of the resanaton
| - 1 mm . However. thase dielectric slabs have little impact on the
sensitvity ol the device and the value of resonant lrequency ol the
fundamental TE101 mode, which is confined to the centre of the
Cavity

The measured quality tactor 130 Tar the sensor device 15 2732
These measurements were tiken at 200 hunudiey.

4. Experimental validation

o demonstrate the humidity sensing capability of the arr-filled
cavity resonatar, the sensor device was placed i a controlled
humudity environmenr fest bench. For the measurement under
stahle gas How, the chamber was tirse stabilized in terms of temper

ature, telatwe ity o pressire. ALl Fhose parameners were
maimntamed scable during the measurements. thanks o the sem-
pecaure and pressure control systems as presented i LS Thus,
clus environmental test parmits to mamtan the Pressure at 14.7 psi
ULt faned the pperating remperature ot 20 C The response ol the
proposed sensor. while exposed to hunidity concentration rangig
from 20 RICE 10 85 RHS, is shownan Tig 5

Ihe frequency measurement af S11 was performed every
minure for different humidiny concenrranions in the range of 20
RHY 10 85 RH% at the operating requency of 71 GHz The exper
iment was repeated under rhe same expenmental condinons for
rour days to test the repeatability of the measurements.

The resules show that the presented structurd 1§ sensimad
the presetoe of humedity, Jas the ST frequency shifted toa lower
frequency value for a grearer humidity level. 1 5 also shinws
rhe measurement error of the propased sensor A maximum fre
quency varatian of 79.05 MHz was recorded at 85 #H5. As the
freguency response s oot perfectly Dimear, e measured sens
tvity 5 129 can be separated i twa responses: at low humidioy
level § =024 MHz/RHY and ar high homdiny level $ =20 MHzRH®
in conclusion, the sensor exhibited a relative vanaton of 1.21
MHz2 RH%. ax the resonant frequency shlis rom TETCH2
7.55 GHe tromm 20 RHE to 35 RHY. Repeatainlity was verified. and
resules from the different measurements agreed very well.

5. Comparison & discussion

The sensimg pedormances ol the proposed resanaimr sirue
ture was campared o other microwave compenents in hiterature.
Faltle & fists the ncrowave structures used as humidiey detecton
with ther sensitivilies,

Must of the structures e litersture show sensinvities o the
order of kHz/RH% with the help ol hunudity sensitive material.
As shownon Latke L the propased am-filled SIW resanator exhib-
e gher sensitwaties 121 MHz/RHT) compared 1o any ather
muihlished structure psing humidity sensing marenals. This ang-
wal muidtilayer structure enables us o design o highly sensinive
and accurate humshity sensor. Due to the possimility of operat-
ing withour any sensinve matenal. the device can operare without
Ay mpact i the response ol the sensor under an ellective region
of working temperarure ranging from 29 C o H8 C The sensar
presents lsa excellent repeatability and stalnhty and shows rel
anvely quick response ames (less than 350 with high recovery
rimes amund 105, This propased humidity sensor a5 an air-filled
SIW structure has a hugh (Q and low msertion loss, 1s low cost and
edasy 10 Be mntegrated with a planar circuit. Sinde the sensor cir
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Fig. 1 Passive hnunidity sensor based on a substrate inte grated cavity droular resonaton
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Frequency (GHz)

Fig.2 Hunidity sensing capability of the proposed tag sensor
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Abstract

Inrecent years: tenms hke "gome areen” and “eco-tiendiv® lave become one of the hot topres momagor mfluent conferences and
witernianonal supmuute

Tn thes work. a novel jmcrowave sensor filly based on substrate mtewrated waveantde (STW) rechnology filled with nano-
Nbriliated cellulose for hurmdity detection = presented lor the vay st lune  The proposed stmclure consists ol o metahzed rng
ol view placed wisnle a dielectne sobstrate ad plated with copper on botl side of the substiate Tonmng the clecne side-wall of
cwettdar casary tesonator The cuenlar SIW cavary resonators ave perturbed by nredvcng wside the vias pane-fibrllated
cellulose that allects directly thew ndimental requencies. Doz 1o the presence of lunmudity the relative pertmtivity of the eco-
friendly dielectnie. wiieh 15 known as a hinndity sensitive matenal. chanses leading to a shuft of the resonanee frequency of the
substrite wewrate cavily cucula resonater (SICCRY The resonmce requency ol the resonator s calculated based on the
ceometry ol (s structure and nsme the proposed resotnce perturbabion method  The slufl of the resonance (requency 1 el to
estunate the relative Tmmidity pacentage "oRH

The proposed humidity <ensor strnchure operates between L 28 o 132 GHz O researcl focuses specifically on a general
study of the desien and the ntlisation of the SICCR nseld as o loudity sensor Expernnental hunudity vahdations were
performed on the coenlar resonator sensor <mnple i the range of 11 7«83 RH The proposed sensing device operates with
very low-cost sustamable md renewable nteral. 15 sunple to mmmfacture, cosmteerates with existing nuerowave planar circuits
and has the advantage of demonstrating gh sensitoaty perfonmance wath excellent sensing properties at a very low cost

Keywords: Humidily sensor. SIW ocrowave detection. nano-fibmillated cellulose. resonant cavity
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Substrate Integrated Circular Cavity Resonator Filled
with Nano-Fibrillated Cellulose for Humidity Detection
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Abstract — Inthis work, a novel microwave sensor fully based on
Substrate Integrated Waveguide (SIW) technology filled with
nano-fibrillated cellulose for humidity detection is presented for
the very first time. The proposed structure consists of a circular
SIW cavity resonator perturbed by the inclusion of nana-
fibrilated cellulose inside the cavity. Due to the presence of
humidity, the relative permittivity of the eco-friendly dielectric,
which is known as a humidity sensitive material, changes, leading
to a shift of the resonance frequency of the Substrate Integrate
Cavity Circufar Resanatar (SICCR). The proposed humidity sensar
structure operates between 4,28 to 4.32 GHz and exhibits a
frequency shift of around 20 MHz for relative humidity in the
range of 11.7% to 91% RH. The proposed sensing device operates
with very low-cost sustainable and renewable material, is simple
to manufacture, co-integrates with existing microwave planar
circuits and has the advantage of demonstrating high sensitivity
performance.

{ndex Terms — Nano-fibrillated Cellulose, humidity sensor,
micr owave cavity resonator. Substrate Integrated Waveguides
(SIW).

INTR
Inrecent years tenms like 'gong areen” ind "eco-loiendly”
have become one ol the het lopies o mner miluential
conferences and mternational simmowls Wath the aurenl
warmng on the dearadation of the enviromment. on zlobal

DUCTION

wartunge and pollution. the tend bothe - wdvstnal and
research tield 15 to be more selective with matenials and
products used by priontzng those that are ecological and
biodegradable

L inost of the leadine saentihic domams such as Materials
Serence and Enwmneermz. Bioenameenmne,  Civil o oand
Mume  Engmeering Chemcal
Engmeerma. the Electrical and Industnal Enaimeerma field
has expernenced the advent ol brodearadable imaterals mto

Bochenustey and

end product devices. notably into humudity sensors

Hunudity sensmng has @nned annereasing mterest i health
and well-bemg velated apphications swung Lo provide and
ensire cleant environment  Humdity senscrs are wadely
nsed not only for mdoor ar gquahty  momrorma fo
hovseholds and nwedical mstites, but alzo o moasture
monttoring for food storage and  mdostnal applhications
cuntrol
desiccation

mosn e <uch as danical s

hlm

involving
purification,
manuinchimime

paper  and  textile
To comply with the requuremients of the cument m dernand
hunmdiy sensmy performance tequuetents. most ol the
hunudity sensors on the market are acuve [1-2] and

mtegrate  withm thewr structures matenals wiuch  are
sensttive to Innmdity such as dielecme [3=]  inoreamc
polviners [5-6]. alumma thw s [7] ele However, due
to the complex challenge of integrating power ampply
atalou to diaital converters (ADC) and amplifiers, o aeat
deal of effort has been made ro develop passive sensors In
adduton to then fosal attributes whiclumay contanunate the
stmichire Ty
sensiiive matertals are iffienlt to svothesize Thev are
made and mteerated 1o the stmchie throngh comples
[abrication process uvobving  addibional contammating
hazardons  chameal

when  deconposme. most of the

matenials Therefore,  despite the
avalalnlity of several tvpes of sensors on the market, it 15
sull essentual lo lind ore lechnological salutiens Qi
allow himidity sensing devices to <atisty a wide ranze of
requrements

The homudity sensor preposed m s work s Inghly
sensitive and uses “eco-friendly” sensitive matenials. The
proposed device 15 lully pas
fabricared and commercialized at low cost

stve and 15 expected to be

Carbohydrate nmade of o lnear

celhilose

chom of D-glucose
molecitles. (O s the most abimedant
matertal on earth Cellulose fibers are mamly extracted
froun wood  and wre [00% patural orgame  polvine
Cellulose 15 envirompentally  Dendly.  mexpensive.
renewable,  biodegradable  and  bocompatible  Using
cellulose-based materals s stce cellulose
lngh  water and [ndeed.
cellulose fihms have very poar barnier propeties to wate
vapor  thanks to  as lydroplulicity Many  studies
mvestigated the effecr of the hunmdity on a microcrystalline
cellnlose | 8] and the intfnence of temperature and huamdity

o cellulose nanocrystals [ 9]

advantage

shows lmndity sensitwvity

Cellulose acetate bulyrate (CABRY and  carboxymetlyl
cellilose were tested hrongh exposuce to hanudity The
resulls revenled thew gl capabnlity Lor lunudity detection
Fow smart <enn-condictor hunudity senzors using cellulose
denvatives. namely cellulose acetate-copper oxtde [ 10] il
cellilose nanocrystal-araphene oxade [11]. as humnadity
sensttive matenials have been fabricated and mvestigated
Hewever
malertals which were tested are derwvatives of morganmc

maost of the cellilose denvahives based sensitive

malerials and are not lly biodearadable Indeed. CAB and
the ofher fabricated sensors were nade throngh complex
mamnbachmng process handhng achive technology and
making their cost ligh
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The Substrate Intewrated Wavezuide (SIW) reclnolowy has

been widelv demonstrated m ooy research articles o
teleconmmumeations components el svstems [12] The
populanty of STW technoloay i the field of rullinneter and
passive sy<lens comes from s advantage of bew o low-

cosl technology  its lngh-quabiy fctor. low msation loss

and the casy itegration with other planar ciants
Recently published articles have also demonstrated  thin
STW can he used for sensmg appheanions For exaniple
STW resonators have been used o detect or charactawe a
urd wn o system or Lo cloracterize watertals [13] To the
best knowledge of the anthors. oo mveshgation of fully
brodegradable materials for lmomdiny sensme w pazsive
microwave devices las been repuorted

This work proposes a Substrare Tntegrated Ciorenlar Caviry
Resonator (S1CCR) filled with nano-tibnillated cellilose
(TOCNY for Inwmdity detection O pesearch foouses
specifically on a weneral study of the desian and reahzation
of e SICCR-based ooy senso Experunental
larmdity validations have heen performed on the crenla
resonator sensor sample u e radge of 1L ™o to 859 RH
e proposed sensimg device operales usmw i very low-cost
sustamable  and  renewable matenial that 15 easv o
manulclure, co-mtegrales well witl exisiy
planar caants nd has e advintage of danonstrating lugh

L owave

sensibivily performance with excellent <ensmg properhies at

a very low cost
I SENSOR STRUCTURE AND SENS[NG LOMCEDT
1 Neusor structure

Fig [ shows the structure of the sub<uate mteamted cavity
cucilar resonator of the proposed lmnndity sensor

f‘\irlhule Conductor

Metilized
Ring of vias
Ground Plane

Substrate

Fig Srwtrre of the TWdyeed O Cieenlar Besotemor of the

ot Imanackne i revor

The metalized nng of vias placed mswe the dielecti
mbstrate and plated with coppar o both side of thie
s e electne side-wall of the cnculo cavaty
resenator The STCCR 18 considered as a short-curented
waveziinde The eizen mwde explotted w the ovluadical
cavily 1= either the transverse elecme (TE) mode o the
transverse magnetic (TAV) mode

stibstrate Lo

Ilie TE mode coresponds w the propagation of an
electromagnetic wave whose electnic field 2 transverse and
this contmmed 1 the rahil secthonal plane ol the @ndme
strochire while the mawnetic field 15 propagatuig i the
propagation direction of the amde £ =0 and . = 0 [on

e TE mode Vice versa. E. =0 and H 0 for the TM
made s mentoned w [14]. only the TR mwode 15 excited
w this case sty TF

(2a/d) < 0985 therelore. the denunant mode of
the proposed stugiure s [E111
- A 2a/d) 0.985. the donunant mode s TVOL0
The TMOLO (Fiz 31 mode 1= widely used for the desian ot
IM smale mode resonators In both cases, e resonmice
frequency of the cocnlar caviny tesonatar corresponds to
the lowest resonance [requency

B Operanng principle
Me operating prmeiple of the lummdity sen<ar i< hased on the
bty sensstivity. properties of - the  mano-fbrllated
celluloses (TOCN) (Fig 51 introduced mside of the STCCR

Fre 2 St ture of Nano- Fibealoged Celldone Cheddized Iy JEVPO revetnon

e nano-fibnlated cellulose libres vsed i Uus sudy were
abtaned by TENPO oidation veaction of wood Krafl pulp. a
Rezo-selecnve reaction that chenucally nwdities the prunary
aleohol groups of cellulose [13-15] The advantages of nsmng
madised cellulose libres wiclude ther large specilic surlace
area. wood adherence thanks to the swtace charges and then
Ingh-witer  sensiivity [17] IOCN Olme are

vitlnerable to water The vano-UhoHated cellnloses display o

Indeed

repreal lugh water affimuey azsocimted wath a fast decrease n
the contact anale  due fo then hizh hyvdropinhe characte
which excerts Jugh attraction on free water molecules throual
the establhishment of hydrogen bonds (Fig 39| 18]

\/’\.. =A,/ \/’\- :-.::,

T e

Kig 1 e s of Nemo-Fhreall i plldase with free warwer

Thus  due 1w the presence of lunmdiy the relahive
pernuttvity of the eco-fnendly dielectne changes leadng
ter A <lutt of the resonance frequency of the STW resonator
The detection principle of the SICCTR humudity sensor 15
based on this requency shiflt wiach later on 15 used 1o

estunate the umudity percentaze

[ THEORY WNIELECTROMAGNETIC ANALYSIS

Theresonance frequency f,,,,; of the TV mode of 8 STIWV
evhindrical resomator 12 [ 19]



s i 3 i

ifrve y - d i

where £, 1< (he relative permttvaly ol the substrate, © 1= the
speed of hght. o and d are respectively the wner radms and
the herght of e resonant covity. o s e -t root of e
Lirst kind Bessel tunction /, (v ) The mdices a. moand « are
the numbers of half-wavelenath vanations w the standing-
wave  pattern of  the  ovlmdrical  TM, itede
Finctionahzmg the STW resonant cavity with a sensitive
thelectric wip hies mroducme a snmll dielectre sample mto
the orignal substrate. The ntroduction of a forenun material
n the cavity of the resonalor leads to o <dnfl of the
resonance tregquency  The effect of siich pernbanons on

the caviry resonatar can be estunated  An approxmated

valle of he permbed resonmwee  frequency  can he
calculated vsing the perturbatien method (23 [19]

\x shown i Lewre 3 the electrie field distnbution Lo e
lettunant resenance mode ThLyo mio the ciocnlar resonator
1= e tense m the middle of the strchre

AETT R ) ) R (Ve

Fie ¥ Megmeitrade of the efecten Beted cbvietfution i virerdir STF for

woke TELIUY

Ilie best <ensitivity of the SIW resonator = when the
functionahzed rewion 15 <et 10 the masumim E-tield area of
the different explored modes | 20]

For TN modes. the impertirbed electrie field £ s aiven by
23 [21]

1) R i 12

(=) ) ll— ¢)cosndcos
i ] J

2)

Fug 1 Dimermons of o SEW siricine

For o dielectne perturbation A: . the varaton of the resomnice
freguency [ s descnbed o equation (30 At the resonance

we have #|F|- plH - I absence of vanaton of the
relative permeabality. o = 1 and dp 4]
' Vi H A ' el o

| oo 0 Py

While £, = (=22 (=) o[ =] |
: ; !

\ L /)
The theoretical expresston ol the resonance Gequency Lo
the TAL) wmode 1= 0 fincnon of the STW struchure =
dinenstons lustrated m g 4 The resonance frequency
of the cavity resonator 1= calaulated by s the dielecte
pertirbation tecungne

2 a)) ) v,

()
where £, 15 the unpertubed frequency. d- £ vt — & it
S 18 the efTechive pernmttvity and 2, 1 the permttivaty
of the substrate. The value of &, 1% determmed by sy

the Brugeemian < effectuve medmn theory (EMT) | 22

Equation (41 represents the aeneral expression of the
resonance fequency ol the SICCR when the seasitive
rewson s set at the centre of the cavity of the resonator - As
dlustrated n fiavre 5. tus configuration 15 weal for the
TMiw electre feld distribntion which s masnoum i the
ceritre of e cavity

IV DEVICE AN MEASUREMENT

The dimenstons ol the prepesed hunudity  detection
structime e detatled o Table T Figire 5 shows the
fabricated  stmetire vsing the  dielectnie subsirate
ROGERADO3IC (g, = 3.55 tand = 00027 h =
1524 nmy The wner rading of the cavity of the resonator
protofvpes 1= 14 pun The hunudity detector sensor wae
miade nging a stimdard POB manofacturme teclugque The
diametar i of the meralized posts 150 5 mme winle the parch
ol the posts 15 1 e The an holes were drldled wath a
dimeter 13, = L2 mmoand a puch p,,, = L5 mm,

HE SEMSCR (MILLIMETERY)
W L D Dw
35| 9 | 085 | 13 |

DEsIGN PAR G

Parameters

Values 3
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Fug 0 Fetwsccied SOCK-Depedd iy ey

Using equation (4) as well as the puraneter s hsted m able
I the theoretical resonance frequency 1< tound to he
f, = 4381 iz A companison between Uie stmulated ond
meastictl ST -pavamctar of the STOCR sensor Glled warly

aw heles 15 shown mn Fig o

= Sonulared 511
5 [T Measured it

LRy

S
——

4.1 4.2 4.3 4.4 4.
Frequency i GIHz )

2

Somadcaent onwd Vieaored N1 -Poranewr

The simudated values and the expermental results march
very well The measured operating lrequency ol the cavity
resenalor For the Rmdamental mode Th o 1= 1358 Gz
while the sumulation predicts 4 544 Gz

The measured . quahity Factor () of the sensar device 1
204 28 The measurements were Lakcen ot armbent honuduy
22 aRH

Vo EXPERIMENT AL VALIDATION

L Set up and test benelt
Toodemonstrate the hindity sensing capabihity of the
proposed SICCR-based seusor the device was placed m a
hmedity enveomment fest
measurenent sel up has been confiwred 1o expose the
Ity sensor to RH ciiva onmients nsing <anmated <alt
solution as hunudity source The sodwim clilonde - hased
sl <olution was put on g plate and placed wside a Lenmeti
box Tlux teshng method las been used and approved Lo
hunudity tests e several articles [23-24] and allows the

controlied bench  The

aperator to contrel and mawitaw the relative hunudity u the
aw-thit Lest box at the deswed level

£ Ewperimental resuls

Themaummde ofthe 511 parameta of the proposed seisom
has heen measured wath the YNA to deternune how much
the relatve lunndity wthe test box affects the resonmmce

frequency The response of the sensor wiule exposed 1o
huendity  concentration tanwg fran 11 7 BRI 10 9]
RH"0 1= shown w Fla ™

Far each measauretnent. e sensor device was comnecled 1o
e WNA ad kept mnsude the bos where the satated salt
solution was placed tntl the relatviey Twnmdity fevel stops
emating . The full stabihzaton of the <vstem takes
approxunately 10 muutes The device demonstrales an
excellent repeataluhiey amd stabulity. The response tine and
tie recovery tine af the sensor are relatvely Last. respectively
less thim 25 aud about © s

—— RHz21.6%

| T RH=28%

| RH=136.5%,

| RH =44%
RH =644/,
RH=/0"%

Suid[\u

== RH =7T%

i ' . i
T3 im L& 3 424 18 455 W £
TFreguency (S122)
Fre = Slaftof frecpivey revabiitic e of e SICC R depeielnn an releiing

b RH

The presence of hupdity leads o o sluft of e resonance
frequency of the device A masimmm frequency <l ol 19 4
MHz 15 obtamed when the s mside the box s 91% RH The
sensitivity 5 [25] Las been found w be 8 273 3 kL2 RIT7s
for hitnudiry concentration ranging from 11 7 RHYa 1o 91
RH" The proposed SCCR-based hunudiny detector Glled
with TOON tands out fom other lumdily sensors for s
Inah sensitvny. high accwracy and awwonmentally foendly
properfies Thanks to s hyvdroplulic character from the
presenve of polar wrotps on s face, the TOON adsorbs he
water inolecules m the surrounding an vp to equilibrinm with
the outsude  The equihbrumy vares dependuie on lwnmdity
rate

As i resomator, the praposed lummdity sensor not only has a
iah € tactor nd a low msertion lozs ot 15 also Tow cost and
easv to itearate with planar cucunts

V1 ConNCLUSION
This work presents the very trst microwave SICCR filled
witl eco-trrendly Nuno-Fibnllated Cellulose Lor hunudity
detection I'he theoretical model ol the perinbed resommce
trequency of the corenlar STW cavity resouator was estunated
wsing the perturbaton wmethod  The sensor exdubits o
sensitivity of 273 5 KILeRITMu wiule fested m Lormadity
Canene 11 ™ RE e 91t RH The
environmentally trendly SCCRbased himdiy detector s
lngh Q factor. low msertion loss. high
low codt and ats co-mtearabihty wath plana

conditianes v
arteml lor s
sen=ihary
cuocmts

——RH=11.7"%,
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Passive Monolithic Microwave Multisensor Based

"coupled Substrate Integrated Resonators

for Environmental Detection

MoNdove A H Rasolonboaliang g atovo
N Y Sama F Donunsue
Lieparternen! de Gene Elecinigue ¢f Gene lntomatique
Uimversike du Quebec a Trors-Rivieres
Trois-Bavieres. Canada
magid ndovedugr ca

thstrace | 'his work presents a novel fully passive monolithic
microwave multisensor o Substrate Integrated \Waveguide
(SIW) techinology Tor simultaneons detection of nanudity and
temper ature. [he proposed structure is stmaple and combines
several resonators with well controlled coupling. Each resonator
of the multisensor is capable of enviranmental detection. The
detection princdple is based on a Gequency slill due o a
permubation of the effective permmittivity, depending on the
sensitivity of the dielectric medimm to the swrounding physical
varbable. I'he presented muitisensor structure operutes i the
frequency range from 593 GHz and exhibits n frequency shilt
for velative lwmidity in the range of 6.5 93%RI il o
temperature between 23.00°C. Baved on SIW technology. this
new monolithic envirunental solution presents the advantage of
being easily integruted into plinar  struciure.  energefically
efMcient and low cost for ass production applicad on

Keywards— pavsive, microwaves, huanidity, temp erature, wdii-
sensor. Substrate Infegrated W mvegutiddes (S11),

I INTRODUCTION

Fhe imeeasme secking of comlon and tore secunty o
damneshic and mdustial Geld over the past few vears has led to
the use of vanous kuids of envirowmental sensors techinologies
such as tamperanwe, hunudity . and anr quality sensers. Thus
the  development  of  envwounental  sensors and  the
mvestigation of ssues related 1o these topics have msed an
mereasme wilerest both o mdusiny and acadenue research

[1-2]

The desion of monohtlue shuctures capable of passive

nlt-zensing and able 1o cover all the needs m the domam of

envirowental detection has beconwe une of the Lol topies
(he area of sensing leclmology  Accordme to the current state
of wt strong etfort has been made to aclueve envireumental
monolitlue mollisensor A anart tanpeaature and  uowdiy
seusor unplemented into a smele chip has been presented m
[3]  Another LC-ype  passive  wireless  sensor  that
sunultanconsly mowtors temperature. pressuee and huonudiry
lias been descnbed m [4] Moest of tie proposed monolithie
mull-sensmg  stiuchwes ae based  on Micro-Electro-
Mechanical Svsteus (MEMS) [3-7]

YTR-2-MTHNTAEA9 7 2006 EuMA

D Deslandes
Departernent de Gene Electrique
Ceole de Technologe Superteure

Montreal ik
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~

Ternperature <ansor
Semsard
Fumidilty sentor
Sensor 7

Neb

Senzor &
Sensor2

Senzar 3

i Sensor 3
Sensor 1

Conguetir Telerre . 0@ @@ Senung matemiag

Three dimassonal view ol the proposed monalghic ™ <ensor schire

= hinirdoay

The mtegranon  of power  supplv.  aalog o digiral
converters (ADCY and amphifiers s sull a challenge for on-chip
imulhsensars The performace  of  hnoped-element hased
inultisenzors from ongome research does not satisty yet the
requrements  tor environmental sensing apphications  Some
mulbsensor  devices  require commples and  non-standard
manulac unne processes, while olhers are ddficull to mitegrate
togethe with planar RE cocots Monehtne multisensors have
alao been achieved n the past However. they do not meet the
imarket requuements e lertns of cosl power consurmnphion
(passrvity b manulactunng process corplesity mtegration and
carmpatibility wath other frechmofoares

SIW has been widely used m many research papers |8-9]
and 1= well-karown tor ats Tow-cost manutacturmg, nely qualiy
factor, lueh power capability and co-mtearation with planad
cucuits. This work proposes Lo the st e a WV coupled
sibstrate mtegrated cavity resonator stnichwe as a passive
moenolithe  muerowave  owltsensor  tor envuomnental
detection (e 1) The smmllaneous detechion of temperaline
and hudity nsme a anale device 15 demonstrated n ths
sty

46 Oct 20016, London, Uk



e proposed gmicnre 1= hhly Desible 1t can be ised to
derect different phvsical quannties dependmg on the sensinve
dielectic matenals tearated mito lhe stocte The coupled
substrare tegrated cavity resonators allows inrearation of
multiple sensors tor remperature. hunudiey. pressure and aag
sensmg nto a smale monohtie multsensor. The STW-has
device 15 Jow cary be casilv - mlewated wloe plany
stretires and presents gl sensimg charactensiics

cosl

O MuULTISENSOR STRUCT KE & OPERA TN G PRVCIPLE

The proposed stnwhure for enviromument detection s a
transission e with N coupled resonators wlich provade
high tlexibility to The
resomaters K1 and B2 mitroducing rvo band-stop frequencies

the
detection of tanperature and hunudity (Fie 23

neoporate multiple sasors v

e conpled 1o mam waveatnde for the simullaneons

The operating principle of the multisensor 13 hased on the
change of the effective dielectric constants of the resonators
die to a0 varmbon ot tanperatire oraud
lumday - Suice the resonance frequencies of R and B2 are
inversely proportional to the permuttivity of the dielectie, o
temperatire sensitive substrate will provide trequency shidt of
the resonance which, will appear as a shat on rthe 5+
parameter of the two-port stmicture for both resonators. The
Tty =ensing capability of the nulhscnsor 5 based on the
change of the ihelectne constant ol the au holes of B2 m
preseice of mosture As demonstrated m [ 10] the presence of
motsture will also canse an additional shutt of the resonance
of R2 So. both Rl and R2
onlby B2 s sensitve to lonndity: due o s
an=hole-based struchie

frequency are senxihive 1o

tenmperanire while

s, the Suft ol the
trequencies of the mwlthsensor can be used to estunate the
temperatire varation while a smele resonator (R2) frequency

<lutt 15 an mdication of lmnudity presence

<o Limeous o band-stop

W

Ly R1

Aessssnssanan

T ssscanana

® 2airhcle
e metalized post

Fra * stmetiwe o e SPY amiltesersor dessay For boneday sl tenporatime

letection

varhon of

11 DEvor DESToN & MEASURENMENT

A Basie Theorn
Drestenme o ausversal coupled-resomator aray  unphies
dethung the cur-oft  flequency of the wansnussion hine
modethng and optinwzing the coup g elements. and choosmg
the resonance trequencies of the STW cavities used as sensors
e cutol? frequency & ol the lrams=nns=sion hre has been

detmed m | 11]

f= - iy
2Wo Ve up
it
W= W ———
Yl W 0.5 n {2

where ¢ 1= the speed of Light 7.,

the substrate. of 1= the diamete of the metalzed posts. and p s
the putch of the posts

The coupling Las been optnpzed vsing the desian equations
for lapared
fransilions described m [12]

microstnp-to-substrare mregrated  waveaide

For the dommant mede TH; . the resonance fraquency fy;
of the cavity R1 has been deternuned uzing the fornwlas

d¢
0.95 p

where B g Leope are respectively the equivalent width and

=Lgy B3]

the equivalent lengtls of the rescuator R1

The resonance frequency  foo of the hnnudity senstive cavaty
R2 1= calculated accordmg Lo the perturbation method fomiula
presented m[7]

s wan(ig)

e = 2miWis i

fo = fu {

LN

where e £, - row s e ellective pemutiviy w the o area
where the subistrate 15 paturbed by the presence of air holes.
and £ 1= the unpearhirbed resonance frequency

B Siewdanion cned Device Measure ment

The muitizen=ar for taperature and hunudity detection has
been destoned and sunulated by liute element method (FEM)
witht the 30 sumulator EMpro The dunensians of Uie proposed
structuce are <hown i Table L

Y shows the fabncated struchore usma the dielectne
FRI 6, rand=0 0] mny The

Fia
substrare F ook h=t 324

rmieter of of the metalized posts < 06 mim whale the pateh of

the posts 18 1 e The an holes have been doilled wath o

diametet oy L 2o and apitelid,, 1S o

15 the dielectine constant of
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Fia Fabvowwiead Vohased amiltiscian - le tenpa e and

i deteytaing

=
v
b
w
Simalaed rasu 1s
2 Expzamonta
30: 1 i . 1
4 - “ “ i
Freguency "aHzI
Fre b Somlated and mesaped 512 paameter of e compled Subsmote

Indearated resonatons

A companson between the sunulated and measued S12
parartieter of the multisensor s shown m g 4

The <wmddated resnlts matches well with the expermmental
results. The small difference berween the measiwement and the
smutlation results 15 due to the meertinde on dielectie loss of
the used substrate

IV EXPERIMENTAL RESULTS

A Jedependent Temperanire and Hunadine Detection

To  demonstrate  temperature  sensme  capabiliv.  the
multEensor lias heen placed m o controlled enviromnent s
shown i Fig 5 both R1 and R2 exhubir sionlar cesonance
frequency slufls up w40 MEHz winle the temperatine 15 vaned
from 37C 1o 007 C (Fig 51, wluch comesponds o sensivny
of 1 0756 MHzC The response of the proposed nuiltisensor
wlnle exposed 1o huudiy 15 described m Fig o

2

i A Y

&

3
Rl s Ao iles g

E " " il ' W “ a0

Temperaiure 21
Fie Froquems <ldt ol e two cavdies B0 anl B2 mnde tanpeiahiog
vartadio L
'
- s
g ' < s
s -
] 5 el
L = a2 o
T . = I
Euf = 1.3
il 1 L . = g i
w5
" -
L
¢ g
A
"
)

£ w ad 4
Rgative fumidity (%2

Fiz & Framocy <ol of the fwo cavitie B &R 2 wdian exposeil o houddy

The presetce ol moshire does nol aflect BRI winle B2 extubus
A masunn <hatt trequency of 15 MHz for a ity
concentration 1ange  from Rbi% to 93 RHYe [The
sansmivity  of  the nultsanss has bean tound 1o be
|71 kHzRH"a

o5

4 Sumedtemeonis detecion of lemperatire anel feanedin

In this expenmental test, the nmltisensor was placed m a
controlled enviromment. where both the temperattre and the
lunwdity concentration were varted

e TETERTSIIYE
Lo

al

S21 |aB)

4
Frequency (GHz)

g e and b

T Sumlaeons deloution of e
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Frg 7 shows that e adidinon oo tetnperalire varabion
which canses an iminal frequency sttt of twn casanes R1 and
B2 vanaton of the hunndiy causes o frequency shatl only
for the cavary B2 TTs 15 used o discriminate a varation of
temperamire from a vanmtion of the relative hunudity

Vo CONCLUSION

In s work. 3 microwave transversal band-stop filter usmyg
SIW technology s presented as lunudity ond temperatue
derection for the first tune The shuenwe has been tested i the
hunudity range from 6 5 %0 ta 93 Y9 with temperanue variation
from 2570 to a00 0 and s ulu-detection capabality has heen
demonstrated The  wmulhsensor has  a sensuwry af
ITAKIL2RITPe Lor Dhumudidy and LO7SaMIL2C [ ihe
temperatire
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Partially-open SIW resonator for microwave
characterization of particulate dielectrics: Effect of
interaction with gases

N Y Sama "' M Ndove
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by Dversite du Quebec a Trors-Ravieres. Tros-Ravieres, QO GYASHT Canada
123 Unversate du Quebes o Monbreal NMontreal QO TV Canada

1 bstroce Ihis work  describes 2 novel  measur ement
rechnique for determining the complex per mttivits of powdered
mal Is. based  on resomant perfurbation  of o Subsivute
Integrated Waveguide (SIW) vesonator operating st 2.5 (1Hz
and  ewlendations from Geneval  Dielectric Vixture  Vodel
equations.  The proposed method 15 validated with stundard
powder samples measnrement amd  compaiison  with  the
measured duti by 3D electromagnetic simulation. The inDuence
of the powder density is also discussed. The rechnique s then
waed 1o investiga he effect of hydrogen gas adsorption and
lnemiladity on the dielectric propeities of tn oxide and 2ine oxide
powders, respectivelv. The SIMW resonator Iy a low cost and
stmple structure with good sensitivity. €1y adapted for dielectric
charneterizations of both semi solld and non solid muteciunls

Index Terms  Cavity resonator, Dielectric  measurement.
Micrawave meastrement. Partienlate materials, OQuallty Factor,
Substrate Integrated Wavegulide

1 INTRODUCTION

HE mucrowive characterization of powders s . powertul
toal i controdbng and productng new varens ol advanced

maeraly used e varons felds such s plamaceutical
ndustries, ochenueal processme. nanotechnulogy . printed
clectrmes processes, et | 2] Several methods hase been

i
churavterizaton ol such semesold muderds s chatleng

stad for evaltitmg the comples dwelectric constaom hat

due o the sensiiive depemdence or  mhenem pamickes
distrbution o compactiess. Marcover, the chowee ot the
methed Aransnussion o resonant method) s diceied By the
coel of Juss tangent of the powder under test [2] Metheds
nased  on transmission lines  and  resonutors have  both
advantages  and  drawbacks i rerms of accuracy and
measurement Ircqueney rangy.

Although ot s howted e temes of Trequency ranwe. Hhe
resonmt-pertiurbation techmqgue 15 constdered to be amoie the
most accurate for diclectne measuraments [ 3] Substrate
Itezrated  Wavesudes (8IWs have been applied 1o the
destan of  Igh-qualy mecrowave  and  nolhineter-wave
devices with  lngh  gquabty  factor  and  sensibvity | 1]
Capitalizing on lhe perfonnance of these concepls this wark
propoges a neastreinent  method  developed  Tor powde
materals. hased on resonant-perturhation of o SIW pesonator
which nclhudes an aray of open holes (partially open SIW
resonator) with followane advantagzes low-cost fabrication and
sunple  formalzzation of  the  stucture. adapted  fo
meaauements o envieonmental  test benches and  haadi
senstvity to suiall changes m dielectne properties The latter
o advantages offer the possibility to study the effect of the
cvirotnent on the conples dielectsie properties of matenals

0781167 $-8191-9 16541 00 2016 [EEE

I'he real mnd unagmary drelectie constanls are determued
vased on thie perurbation of measured resonance freguency
g A0 and qualiey tactor cCh and by applving generad dielectric
mstire model equations T arder te evaluate the extraction
method. the expermmental reailts at koown bulk densities were
comnpared 10 the theoretrcal estumation by campiations based
on the Landau and Lifshite. Loovenga (LLL) dielectric
isture cquation and <olid material densities The consistancy
ol the results was also vahdated throngl electronmenetic
snmatfations

I MopeL FORMULA TION

A Exeraciion of the dielec tric constand

[he equation for the varabon m resonant Bequency due to
matenal permiwhation s wven me (1) |5 A resonance
lrequency clE° il and i absence of vanation of relative
permeatality. o 1 and A 0. we have

1)

where w=2nf aod o, =20 are the paturbed and onemal
frequencies and ¥V, 1s the volune of the cavaty. The calealation
al 111, as a lunction of geametrical paramneters W.L (W L)
and o (the perturbed rezion). for the T mode sives iFig 1)

, I 2

I (2) AE Gap-Goms With € Sp and g, the efletlive
pertmttvary m the partrally-open regron with empty holes and
m presence of dielectrie moterml respectively The valne of
ey 15 estimated nsing e Briogweman fonmula [o]

- L-¥,y 2 ¥
N = L) — - 1A £ 0. wen , W@

15)

where 115 the radws of one of the # wir-tilled holes m the
pertirhed aren. fe and e, are the thickness and the relative
permnittiviry of the substrate. and w, w0 the volwme fraction of
thie rotal of 1 heles relative to the volume of the acea bounded
by o From wmeasured resomance lrequencies. [ oand f
correspondimg (o ampty and materal-Niled wray of holes
respectively ol s possihle (o detemmnme 0, from (2) Then
usme [6] once agam, the relative pernuttivity of the materal
cim be deducted from oy, as follow

| =y 2 T =1 1




8 Extraction of the diefectric fosses

Three magor los< mechangsms contmbite to quality Betor of

SIW resonator [T helectnie conducton and radintion Josses

Ihe expresson of e tnloaded Q-Cactar O, 1=
1 | L <

= = - '

.15 due o conduclor loss O s velited 10 metalhzed via

density

1l the presence of uncapped holes 13 15 recprocal to
thie dielectre loss [S] I0we consuder Oy, and Oy the qualing
Lactors of the sime tesonator with epty imd dielectre-lilled
holes. respectively . as hoth <iruciures have wentical conducton

and radhation losses then

X0 : Tarv et il
(0 i )

tane o

For the partially -open SIW dielectnge

es can e subdivided ot two parts dielectric [osses of the

lesonalor stniclure

substrate dan 0.0 mdd those of the perturbed rezion (tan o
whrch mohides contnbuiron ol dhelecie lnsses ol <ubstmte
e and diclectnie materal insude the aray of holes v ding
to the general ming nodel used for electne loss tangent
relations of conposttes [8]. the whale dielectre losses of the

pesomator can be expressed as follow

fanof, = Do tanel y =00 = 24 an o, (]
I'herefore. (rom (6} and (7). the elective dielecine losses 1
he perturbed pegion
. . e h 't
land., , =—«——+lae, ., witly Ha = — = e [§])
LA RVY ! wohoW

whae vos the volume frachion of the area o rewardmu the

total area of the resonator. tan o, and tan do. are dhelectre
loses of the nmtenal wside the hols and the subsiaie
respectively  From the zeneal nuxmg model the effechive
dielectne losses of ar-tilled penturbed region tan 6,5, can be

esumaled and the drelectne losses (lan 6,0 of the nuteral

msrde (he holes can be extracied as ollow
. tam gy . — L= by itan g, .
ban (1]
e
g}

I Frem mE DESUSS AT SRR ATION

The SIW  pesomaton i Fre b)) has been snnulated  and
aptmmzed usme 3D EM cmmilator EMPro The pimameter o 15
dimensioned <o as nol 1o exceed the
macroscop e electrie feld o maeaonm (Fra L)

where the

ared

70 dB

At hole

P T A0 structuige and destrtbution of F-tield for maode TF o ol the putialiy-
open S resmato

T . vims

i 2 Fabcsted patially-open 518 reonatin

TABLE]

e dimenstons of the stnichire are Shown m Table |
The resomator <hown m Fre 2 was

ROIOMC Roger substrate (r, 3355 L

0002y, withwl 0526 and v. 01188

tabracared
L 324 . tm o

TS

IV MASTREMENTS

e vabidation of the method was made usme camercial
Su: it oxide) and Znt) (zine oxide) nucro-powder samples
(from Alfo Avesar) The packmg density of Snu; snd Zno
powders durme the tests was determmed to be 1 721 wom
and 1 722 wan’ respectively The method used e s work
for deternumne the loaded Q-lactar O 15 described m [9] and
1= based o a fornmilation For Q-factar that uses the change
reactanee of the rescnant arcut with frequency The inloaded
(J-facton 1), was denved from ) using the followms well-
known relation

Q=001+

with A S, 1 Sii |

1o

where, |35 the couplma factor and 5, 1 the real quantity
representmg the  reflection coefficient at the  resonant
frequency  In ovder to venty the consistency of the extracted
deelectne constants Trom our method. a compaison was nde
with the predicted values derved  from the Landau and
Lifshitz Loovenaa (LLL ) ipeture equation [ 10], based on the
theoretscal ulk density [ 1] and bulk pemurtiaty | 12] of each
materal

i, " IJ".] ‘ i

where. £, 15 the complex permutbvaty of the amr-particle
mture al o awven density g, and o005 e perttivity of the
kb b different densiy o
Tables 11 and HI surgnarze the extracled values of & imd
tan o Lor the standird samples
TABLEN

isteiial

Hodes widy inaterial
. = T fLLL)
. | 2 .

Al | 82 146 A i L | 2%
! InS () 1.5 119 | Juih Ty X3
I"AHLE 1

FEximad i1 10 =
Hole: without material | wally memenial
L il g, 1m b
S (= TR 4 15 1
= .|‘T 12% - NEETE | s2 T y12




For o wven materal. the extiacted dielectne constant 1=
very close to the predicted one based on the LLL mxture
equation Alsa, the extructed dielectne Jos are wathim the
reported values in hterature for all the materals Tested

FHYDROGES a8 HE STy on Dk ke

PROPERTIES

Vo OEERET)

I thes section. we are milerested m the evolution ol the
muctowave  dielectre popates ol aelenals amda e
milence of envirommmental varittons  The expernmental setup
for thys study s Hustrated m Fig 4

Snd- and Zng) were tested al room letnperature undet
hvdrogen and  lmdity.  respectively . The partallyv-open
resonater i Dllad witl the pstenal to be tested and placed w
the test hench Different concentmtions ot hydengen or relative
lmmmdity (RH) are aclueved by diliting with nitrogen. a
sotree of H- (2% wtaw o a sonree of 1007a-RH . respectively
Fre 4 and Fre S show the measured results

kil ity
P remmacs.- ) Vectar Network Anabvzer
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wave Nive
. B
L continl
Dielectric Niborhed
particnle AT species
Gas sdsarprios =
- e
— [N ([ PR
B b Fxperupent o setgp b enviomiental t
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L an e 18
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Reg&w Hurr.nﬂﬁ%)

Fut © Dhelecme properies ol 2 8 Gz of Zn0ad o unchon ol refative
Trimdiry

s

Frgwre b shows thut per W oo b concentrion o
hvdmsen 22700 hoth dselectne constant and losses of Sno)
dare atlected as g consequence of the mechanism ol rapped

Teles Al L & oincrease

charges ot the surlace o e
with the hydrogen concentration
propetties (Mo of hividrogen) of SnC powider
1% 0 whereas dielectrie Josses ncrease

Relatively 10 the imual
drelectric
contstant mcrcases by
by 470 The diclectne constant of Zn (Fra 5) 15 constant
whatever the REL however there 12 2 stiong merease of its
dielecine losses (hy - 11%y) for RI o the rage S-1000,
Such mfonmaton are valuable Lor saisors applicattons and for
predicting the stabiliry of devices m pamticnlar environments

(RIS

A omethod fon nocrowave  dielecttic chaactenzation of
powder naterls hased on resonant-permrbation of partadly -
open SIW resoualor. was proposed  The results of the lested
matentals are m accordonce with the hterate and  watly
st lated results nong other advantages the teclmgue 15
well-suited for the easurement ol complex permmibvite of
partreulale matenals when they mteract wih varous wases
Tlos a5 o powerful tool for providing key mifonnation For
serars apphications and For predicting the stability of devices
ut parteular enviomments Future works wall be devoted 1o
chinrclerzations i wide equency range
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Review of Environmental Detection based on Microwave technologies

of Resonators. Transmussion lines. Radiometers and Radars Sensors

Aipnd Ndowve

Lesann Rerrommn Donwue Deslndes aul Fredenc Donangue’

[huversire c uebec a Trows-Ravieres (TOTR)L Troms-Rivieres (07 ), Canada

FEcole de rechnologre supenewe iIETS) Montreal (26

I Canada

Instarue de Microelectionugue, Electromagnetisine et Photontgue - Labomtoue d'Hyperfequences et
de Caracten=aton (INEP-L AHO) Universite Grrenoble-Alpes. Grenoble. Frimce

lbhuraet — In the last decade, various microwave
technologies hawve bDeen proposed and developed for
environmental detection. This paper presents a review of the
current state-of-the-art microwave environmental sensors.
Four types of enwironmental sensors, based on the
technology used, are presented: Transmission, Resonator,
Radiometer and Radar sensors. This work describes each
technology by discussing its operating prindple, advantages
and weaknesses, The paper also presents the vanous sensing
applications demonstrated and published in the literature, as
well as future directions and challenges.

Inddex Terms — Sensor, Microwave, Optic, Lemperamue.
Mutel- Sensor. Subsrare Integrared Waveguides (S1W)

I INTRODUCTION

Today with technological advances in different fields
and the desire Lor autonmated aud robotized compames
he need for sensors has mereased oy arens
cspectallv aeronautics. momonve domestic ndustrial
ete Presently. one of the most tarweted appheations s
envionmental detection devices suclt as sensors ot
lerpperabine homndity pressiwe. tosae oas and ar iy
control

Several types of sensor lechnolomes are currently
avalable o the market, such as catadvie cietmcal.
optical,  prezoelectne. thenmal  and - MOS - sensors
However. most ol these lechnologies lave o complex
operatmg pnnciple. leadmz  fo lughe
envmonmental sensors on e markel

Recently  research has focnsed on the desiem il
realization of envionmental sensgors name gucrowave
teclnology  Indeed. pucrowave lechnology lhas the
advantaue ol beme hanessed wirelessty. passively and al
a lower cest Among the varous types of existing
mcrewave sensovs. o technologies will be presented
and detaded m the present paper bansmission sensoes.
resonatoy sensors, radiometer sensors and radar sensoes

Tlus work boetlv reviews  these fowr  different
categories of ucrowave <ensars developed reaularly for
hupdity, lemperature.  pressure  and - 2as sensmg
appheations For each rype of rechnology a descoption
as well as the opersime princaple and the sensmns
appheation are presented Foally e perspecnives
and challenges associated with these leclmologies will be
st ted

costs fon

TT CLASSTFICATION 0F EATH TYPR CF MICRUWANE SENSOR
AND OPERATING PRINCIPMLE
1= TRANSMISRION SENSORS

a  Deserprion

7 N
™~ e
Transemitter Apceiver

Frel Propsesus S el ma didlecuw mmaal

A tragsnmssion Te s a stractire used for confinme and
confrollug the propagation of the electromagnetic signal
ar wave witlun o propagation channel m a physical
meduan devord of an electre chirge (dielectne md
favering fhe mansnussion of the clecnomagnetic signal
froma pomt £, toa pomt o Fael shows the propagation
of o TM sianal w0 dielectrie structure

B diperatiig prine iple

[he oldest and n coumnonly  used nucTowuve
cottponent  senss apphicalion e e Wanstinssion lne
Tts success lies o the sunpliciry of s aperating prnciple
e fmctiomne of such a device 1= well mastered Loday
and simple enongh to wasp the clecromagnetic waves
which propagate m o propacation channel arranged
between the two elanents of an eleciromaunetic wave
the amsston and reception of the electromasmetic sial
The nucrowaves can be measured . and the allenuation or
phase dull carsed by the presence of the liver was

detanimned
[he theory s pmticularly based on the phase shall
formmla helow | 1]

Before (romsmssion
E, = E,exp(—jk’ x)exp(—k" x) (1.

Where & 15 a propagaton Lactor whiclh 1= detined by

k, =kt = jk" =wype

aiwl £ 0% the apphitude (peak value) of wave

After tripisimission

)] fespl A" xy)
13},

E. = Byexpl K x4 b kolx

Where ko 15 the propagation factor e the vaaunmn. from
which e obtan the phase stuft L0 and arreniatnon Aa
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Thws, a <smnple sepsive to a physwal parameter 1o be
detected mayv be mcluded mthe propagation cimnel
s wven that the sienal passes throngh a senstive
material, a chiange of state of the sensitive material results
a4 dheturbance of the siznal recerved ot the recerving
termmal The delay accnmulared durne the transission
al’ the merowave siemal due o the presence of a
distwbmu factor constitnte the enterim for delectme
sich devices

¢ Emronmental Sensing application

[ependma on the nature of the sample placed wathu the
transimszion channel and the physical parameter o be
detected. we can wdenlifv several tvpes ol envuonmental
sensors For exanple, the hunudity senzors presented m
5] or the tenperature senser m [ 10] Those sensors are
realized entirefy under mucrostig hne eclinology Ulen
mANY  erowave-type envaonmental sensors enploy
acoustic leclmology for the unplementation of the delay
lure o= demonstrated wi (8] for o lnmudity sensor m 9]

et e iR

for a temperature sensor of m [14] for gas sensor The
sertconductor technoloses are otlen the most present
and solicated mthe sensor market. due to the matonty ot
these mantlacurmg techomues. permttng o substantial
redhicuon e the cost of these devices [ nass
production

Other types of Wanstms<ion hne mcrowive sensars exst
with less comuon methods. such as optical [12-13] to
Londity and tenpearae detection. respectively. or a
deformable struchwe [4] as a fleaible and stretehable
tuchle pressure sensor. but lese methods are oflen wot
well nastered and present low sensitvaly perlonmances

Table I presents o review of the state-of-the-art sensors
ol franstission sensors m awvmenmental detection by
vpe  of  stmetwre. manufachmme  reclmque,  and
environmient paraneler detected Wiule transission line
15 4 very popular technology i the Held ol nucrowives,
several homtations can be aithne, such as the dependence
o e Unckness, the density or the phivsical dunension of
the sanple the cechical propatics of the laya. the
Dy femperature of other st eunding
enviconmental parameters In uncontrolled condifions,
these parameters can lead o maccurate measirenents
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Few soltwons were developed m amn o0 compensate
these inconvenent However the defecrs related ro the
leatations of the lavers can only be mmunwed by nsmg
comples dmenwes Those  modifications  lead  an
mereasmg of (he prive of the sensors that would lose the
advantage of Jow cost promoted by oz nicrowave
leclnolpuy

2+ RESUNATUK SENSURS
it Lhesertprion

A resonator 15 any =hucture allowing EM sigals o
waves (o be mapped noa cucidar, rectanaolar amil often
metallic covity aving nse to the retlections of these
EM stgnals or waves wilthm the enclosure These
multiple randam reflections of the EAM waves evennally
create a stanstically otropie and homogeneons
electromawmied ic
creation of resonance modes al certam frequencies
dependent on e size of the struchue A shown m

a2
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Aiuchise
b Jperanng priveiple

The resomrtors are  sbhuctures used Lo dulerent
appheations snche as charactenzing materals. pakms
htgh-pertformimee lilters elc A nuaowave resanator 1
constiluted by a tansmission hine waith open (cm be shiorl
too) mpedance discontmties The transnnsston line can
be manutactured witly dilterent kmds of suctores
apporting clectromaanenc waves. quch as hollow
wavestides,  constal  lwes,  uucrostnps. stnplines
thelectnic slot lines ec The discontimuties of the
impedanc e lead arefection of the propagating waves The
waves are boumcmg back and  forth between two
reflectors or reflecting discontmuties i the transuussion
lme Thus. tlos phenomenon spors a resomant frequency
throngh combmma of propagation waves Tlis resonant
regquency depends on the size ol the device and Lhe
thelectric constant ol the substrale The generally known
formula for the resonant frequency of a rectangilar ond a
carculir waveminde resomator are as lollows [87]

where W L i I ave respectively the wadtly the lenuth
aned the hierght of the pectmaular cavity resonatar ¢ 15 the
speed of light ¢ s the dielectrie constant of the substrare
and 1w poare the wdices modes

where a 15 the radins: das the lenath of the cavity. and the
valies of o0 are zeros of the fust denvative ot the meh-
ordet 3] the Bessel hmction of Hie Orst knd loc o cwculm
resonalor

A rexonator sensor can be o easily constiucted by
mirochicing  a smuple mareral made of the  same
clecttomugnetic properties as the dielectne that filled the
cavity of lhe resonstor So. walh the presence of the
plvewal  porameter  wiuch will be  detecred.  the
elecirornagnelic  properies  of e cavity as  the
permtivity o permeatniny are atffect and this leads o
vartation of the resonant freqnency of the resonator. The
slull o6 the resonanl Dequency constitules the sensor
detection principle

¢ inirommental Sensig applic aiion

LutTerent tyvpes of material can be mitroduced witlun the
resomatar tor the detection of ifferent envirommental
parameters We can quote for example [27] where the
drelectnie tm oxwde su021 15 nsed i order Lo detect
Iydrogen O the mmraducing of 7o at the bottom of the
mero throvgh-holes of o Film Bulk Avonstic Kesonator
(FHAR) nsed for mosture delechion fl‘lr

Throveh  oucronmeloned  tedmology. o resomaton
tenperatire was also achieved m [30] wath a surface
aconshc wave resomator on prezoelectne material Lot
meastrng the tempentime of had-voltage switchgea
Recently. a different concept of resonaton sensor was
aclueved throngh the creation of devices withoul the
miradiicion of gensitive uatenial. as om [26] tor the
creation of o nmudity sensor or w [ 28] for the creation
of o hownndity and temperature mulltsensor struchive i
SIW rechnoloay

Table I presents a review ol the state-ol-the-art sensors
ol resomators sensors m envuronmmental detechon by ype
of strnenre. manntacturmg fechmgue. and envionment
parmnieler detected

Tn weneral. the microwave resonator 15 ane of the most
used teclmolozres. due prmanlty o the sensivity m the
vartations of the physieal parmmeters of 11s structuce
The remarkable advantage of nuctowave resonators 15
the versatihty of then measieanent prmaple This
resomtor sensors o be used e several types ol
apprheations: not only for detechon bt also for those Tog
which they were not onzmally ntended  as  for
charnctersation [34] These structures are vsed Lor Hen
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lugh acamacy In ey auations.  the resonator
leclmology 15 found to be the most accurate and 15 the v
best device tor the measimement of siall. Hun objects v
The nam lurtation tiat s enticwzed and comes up Loly
regularly 15 ilie need for a smmple wath low dielectnie loss -y
and an optunal posinon in relation to the field presence s )
zone L-lreld s
a

3 BADIOMETHR SENSUIRS
a  Deseription

Al tnastter 1% subjyect Lo the wplacable low of mterachion
with the EM waves sucronnding ws. Thus. every physical
body  both radiates and absorbs EM radiation A
nucrownve radiometer 15 any svstan or stucture that s
sensitive enongh to detect EM waves from a phy=ical
body  Radwineters are (s stiictures explotme the
yadiative property of matta as <how n Fud

Frad Prowwle of recervig EM szl by o sdiosirter sason

b Operating prociply

Microwave  radiometas have  several  potential
applicanons Undonumately.  however  nuaowave
radiarneters cannot compele agamst other conventnal
mictowave strctures wmomany appheations, due 1o the
cornplex unclional prnaple and mostly 1o ther lugh
Cost

The techmuies and prinwiples of measuwement vary. as

some  devices  can neasure  the  radint

Mux  of
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clectronuametic radiation with a cotor imade with vanes
tlagk o one sude and lighe on the other wmea partial
vacmnn and which spos away when exposeid o hght
The mementunm of the absorbed Light on the black faces
constitutes the operatlmg prmaple of radwmelar sensors
Theretore, the operating principle of radiomicrer« 15 hased
n e measimrement of e wilensity of tadiation enaited
by matter

The syuctne can  meastre  the  rad
electromaanet ¢ radiation witly o device sensibive (o e
hon strenath conung fon the strface of the obece
[us radintion torce depends on many parameters of the
exposed object. such as the temperature. permmtinaty and
penmneability

As oo nowse adiated by charges mo thennal moton.
radhation can be defined by combinma cqnations from
aqurantun phy@ics. Boltzmann statistics. and Planck = Taw
tor the brightness (X0 of e surface of the object [98]

X = —"‘-ii—_—_ %]
[,,; L 3|-1

Where T s the physical remperanme. Fos Planck <
cotstant (=6 626 107" T 53 k 15 the Boltznmu constant
(k= 138 107 K, ¢ 15 the speed of hehit (o -3 10%mes)
and 15 the [requency

Then woorder to realize a merowave radiometa senso
the Tachomelar device mwst be pliced m front of the
sample wineh s sensitive to the phvsical paramete to be
detected  The cadiometer recewves o constinl sl
whose virralion of the rrdation entted by the <ample m
e freguency band can he detected  Ths

it of

varttion will represent the prinaple of detection ol the
svatenn With (%) we can see that the phvsical propaties
allowing e detection of + vanation e essentially based
o the  sample s pemttivity. temiperatire anal
perineabnhty  and on the properties related to the
detormmtion o plyacal appemmnce of the sample < K h
ad f

¢ Ewironmentcd Sensing applicanion

Most avirommental radineter <ensors are desined to
detect taupetatime. a= m the microwave tange, where the
raiation = mfensiy 15 doectly proportional o the
plysical tetperature of the object and the enussivity
Often therefore several radunneler sensors are crentedd
tor temiperanire defection agn |45 - Radiometers
are st ollen nsed as envirotnental sensors udesrated
o o network where e sensiiwvity s used o detect
envuonmental paramerers siuch as hiwnadiy [10-11] o
wits [42] or mult-environmental sensors [37-49] Table
M presents o review of the state-of-the-an sensos of
radiomieters sensors m envootunental detechon by type
of strnctire. rannbactinng techmaue ad envirenment
paramieter detected

The mam advantage ol radineters 15 that they e
iy passive, doe 1o then lstenng charactenstics ml
sensativities to elecromagnetic waves Raduancters can
al=o be nsed i places where temperanume and unidity
are pushed (o extrene values They can be «ubjected (o
nuprecise meastnetias resulting fom the extieme
conditions The mam negative factor of radiometer
sensors 15 then complex operating prinaiples whuch oflen
have ngh et comples desien [ 77-86] and implementation

vOELs

Lable UL Beview of the state-of-Bie mt of tabhotietas sasors of e st decade i anvuoiguental detection
Iy vpe ol druciure ol onv g omnenl mrmiela ddedal

Refaence rem Autlion
135] A B D Stevium of
ol
1R T
[ 36] S0l 1 PR Sunitla o
il
37 lile R Wieela
| 18] I 1 Hewiaon
| A4 2000 0 Cuneil & sl
R 1l S Sahoo d al
[41] i 4 Polosgcm et al
Sachappa
g m
I 2 i ropal=am e al
|44 il N Ly o al

| #1] uls Mensler Hon et al

i Frvironmental
St e
v et ey
Aicrostig e

@ e
Ty Tempa e

Hadimbicten clectiones [empet atune

Tenpreratwe, Ingdin
o L

Mulnelvmaned
Radiamietrie Profiler e e

-0 o ounal
LOV AR retneval
technique

lempearatre and
Humdiry

1-0 vanational

Leniperatime and
HDVARS raneval 4

Himmnidhry
techipie
Setwork of ©Gapac
Mictowave Humdury
Randioamvter -
AMER F Svstem Mot aure

Pickeswitched
ailtesp et sl i ok
radmomder

AMSR-E v stam lemperature

AMSRCE Svstan

Tenygrrature




| RANAR SEMSORS
a  Descriprion

Rindar 15y strocture or svstern explonme the rellective
properties of electronmwietic waves m contact with a
phvsical body Radars traosmmt an BN sienal and ave able
to evabuate the reflectad cetm data of s roansimarred
stmal watlun a predetermuned delay and distmce Any
electromaumetic wave n contact with a physical body s
aubgected ro the phencmena of absorprion of part of its
entersy and rellection of the athier paurt ol it As <hovwn m
Frad

—s
i AN

Tranwewer ¢
« s
arget

Fugd Uperating prmcple of » relar censor

b Clperatmg priciple

Radar sensors are electtonie devices based on the
retlection of pucrowave <ienals comma from non-
absorbme objects The explottation of the reflectine data
enables the radm  wvatern to use rado waves Lo mve
information about the diwection distance, ml or speed of
ubjects mud outhne them Generally. radar sensors e
e fon lstoce moveenl posiion of speeld

Falie IV Keview of the aue-of -the-nt

measurernent  owevea  the use ol the rellechion

propermies of elechromamenic waves i the context of

radie v also be ased lor the detanmnation of
mformation. such as the shape size and & of the
refleching object  Thus radars are systans  osmy
clectromagnetic waves and ate composed of an emitter
responsibile for sendme the imerowaves and a recerver at
the same position as the antter for receving the remim
signals called Echo-radar The distance of the enutte
Irown the olyects 15 obtamed by the round-tnp tavel tine
of the wave and the Qirection due to the angular pozihon
ol the aterma ol the recenver and the speed with the
lrequency stull of the retum swnal wenerated by the
Doppler-Fffect | RR]

Al =— (81
where /s the dwtance and ¢ 15 the speed of lht

A radir nsed as g sensor has o smple prmople for
weasurme matertal properties This prmagple nses (he
measurement ol the mwagnmude and the phase of 1he
reflechon coetficient. of the retirmma signal retlected an
the surlace of the smople Radar technology can be used
as a sensor by explotmez two properties of the rada
sveletn

The magninude and the phase of the reflection
coetfictent of the veturung <l 1 o Roction of the
sapnple Uit changes with respect to a physical
parameter to be detected

dow e cemsors ol the last decade m envionmental detection

by type of st e manuie i tecluigue. ol anvgonmad paamda detecdel
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v Hovironmental Sensmg appheation

Fuadar sensors are known to be lugh-peformance m then
apphications, due 1o the fact tat these technolowes we
classitied as active devices Therefire depending on the
RE power. the distonce between the sensor .l the
pnple object can e mereased. or the acouacy can be
unproved

Tl o wmdity cadin was developed m [4] by wsine
sthicon manowires that are verv <ensttive 1o coviromnental
Ieedity vanation. and ut lum change the radae cross
sechion (RUS) of the aroup ol ransmisston ines or
[47] by usmu planar ponted cucmt board technolowy
explotng larmonte radar to crenle a lemperatine <en<o
For the detection of gas the concept of <ensors nsing a
drelecnie resonator operatma with wihesperma-gallery -
modes was realized on neromachunne rechnoloay 4
partictin concept 1= afso developel w [F1] for pressue
ad was derection. and o contactless seusor concept s
tested ma bi-static nuniVave FMOW radar <y<tem
Table IV presents a review of the state-ol-the-mt of
radars sensors of the last decade by nvpe of stche
manulactunme process and  envoonmnen!  paramele
Helected

e of the greatest advantawes of radar sensors 1= then
versatthiies  Radar sensors can be vsed m1 confumons
wave or pulse signal. Thos the frequency can be fixed
for the workug penod of sweep i o frequency band Cine
ol e other advantages of cadin sensors 15 thew abaility 10
work m the e domam However the lnutations of
radar sensors e the need 1o have o tanstatter and a
receiver m the systan  Also. this technology 1w not
classilied s possive sensors

[l FUTURE DIRECTIONS AND CHALLENGES

I order to optinuze mcrowave <ensop performances
thew cebustiess ad  then life-tune. the  scennfic
comumnty  hwmed  towirds  the  development  and
explottation of new emeramyg fechnologies to fabincate
new sensors [ the Lst ew vears. atler the entergence of
the weneralion af sensor-antenma wihich are strichire
mtesrating an anlenna me thew stroctore [$3-55] one of
the most explored sensing teclnolowies has been hased
o Hexible substrates Devices based on s lechnolosy
ave usually fabocated by printing. which miakes them low
codt This type of technology alse presents numierons
advantages. especully short response e, o wood
cormpatbality wath - different modenn electrome
packagimg. as well as o suall size and bendabiliry
allowmg them Lo be used for several applications. such s
sensmg i chenstry and biology [ 56-60] aconsta-Musdic
devices Lor congact electronies packaging [61], pressure
sesors [ tenperature sensors [62] lnmmdity sensors
[o4-03] wd  miezoelectne Hewbihine for wearnble
apphications [60]

Anether technology that has heen widely explored Jdue ta
s multiple advantages 15 the Substrate Intesrated
Waveaindes (SIWs) Then Labrcation process based on
PCB translates into a low tabrication cost Then quahity
factor, then small size and thew <ensmg mechamsn

based on pernttvdy varaton mike them excellent Lo
ans detection [ 27 4067 as well as for honnidiee detection
[26] Alse. the possibility of mtematmge s mtenna to the
sibstiate integrated wavesnde wives a tag that conld be
nsed for envronmental detection as part of the sensor
uetwork [68] The size of SIW sawors can even he
reduced using slow wave lecluology by mamtaming a
aood sensitivity [62-72]

Fuallv. ther operatng  prciple  ollows  for the
explotation of  diflerent  malernals,  especially
odegradable martenals [73-70] which make  them
emvrermnentally fendly

IV CoNerrsiom

This papa presents o bnet descnption of the vanons
merowave leclinologies generated w the lagt decade
These devices have been wonped together n tlus paper
utto Lot categories transmits=ion lne sensors, resonator
sensors radiomeler <ensors and vidar <ensars For each
ctegory. o broet descoption of the  techinology 19
provided. followed by o presentation of the theoretical
operatmy prinaple. detadmg how ot con be used a5 an
environmental sensor. and the coviromnental sensing
apphcations are wiven As otler concepts of microwave
ecovironmental sensing are bemnz developed. a short
dscussion abont future works and challenges 15 also
presented m tlus review
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