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1. Introduction 

ln several seero rs . rhe hum rdrry rs a qua nory char needs [Q be 
l onl rolled ru ~Il\un' ~l tlt".Hl t'IlVlflllIlllenl dO I11~"' 1t" lUI .11 1 ljudliry. 
lllt:dlLdl tUI pdtÎl'llb' ht'dlth d lld wcll-bt'mg, dlld luud lU I ~Hl')l'r­

varlOn·. Iherefore. rhe developmenr of hum rdlty sensors and the 
111 vesn~atJon of Issues re lared ra rhar taplC have raI sed an II1creasll1g 
I llteft'\ 11Il hOlh IIldustndl ,lIlel .1l·.1(lel11lt lt'st'.Irlh Il :\ 

Current ly, mo~[ humldltY~ I1~lJr ) belul1~ to.J1I ~KtJ\I~ ledlllolo!{V 
1.5, . Due ra rhe comp lex challenge of II1reqraong a power supply. 

analog ro chgl ra l co nverrers AllC and amphhers. a grear deal 01 
effort has been made ra develop pasSIve sensors. PassIve humrd­
lIy \t" Ils(H\ ~e llt>l.llly Integ.r,Ht' wlthlll dlt'If ... lllInllr~\ 1ll.11eri.Jb 
senSItive ra humldiry. such as dielecITIc Ib.7' . 1I10rgalllc,orgamc 
polvmers 1~.'Jr . alumrna rhll1 film s 1 U" Ne. ra Improve rhe sensl­
oVlrv of rhe devrces. However. rhese marenals can present seve ral 
challengre;, .-.uch .l e; Imlltro opcr.umg range' of h um ldny. rr lt~,n( (' 

on ~t' mper,ltl;re. ,111(1 11Igh hy\{t'n'sls, 
llesplle rhe avallabrhty of seve ral rvpes of se nsars on the mar­

ket. ~oml! lI11provemell ts ~llil Ilt't'd to ut' Illolde, CumJllt~n.:lolllled 

se nsors mu st satlsfy a w ldc range 01 reqUlremcnts. In addmon 

• (1· :1"llIlI·lf illl' .-Itllhol 

t nKllloddrL'Z' Il:.',',oj .II\C "!Il. Il Il \1 "4doye, 

''':111 f 1'11 l '1 
'01; FI""'!I I" R v ."U fl··III, Il''''l'I\'!'-, t 

( ~O 17 FI'-'C'VIC' f RV \11 n~r .. r f'<;rrvrd 

éO bell1~ hlghly se nsJtrve. r hrou.~h :he use of mlOlmaliv sensJtrve 
ll.Jten.JJs, the V II1U~t .JJs/) be IHJnulJClured J{ low l-O~t. Rl!lt:'ntly, 

co mplctcd versions of Substrate Integrared Wavegu rde IS IW rech­
no logy, lIl()uding. ,111 ~1I1 [,~lV i ['y 11 l, wt'fe drvelnpetl, The\t' 
Vel~IUl1~ lIldude d model IIltl!grd llll _~ IhL'or~ tiLdl dnd ~xperi1llt:'n­

ral resulrs. rh ls new generatlon of aIr ca Vit y SIW componenrs IS the 
Ideal candlddte lor rhe development of mlcrowave deVlces dt low 
rD\! !hrough tht' Il,e or trtlllltHllhl1 lllt'thOlh or peB 1Il.llluf.Ulllf 

' J1~ ..Inti J luwt:'1 plt'~llle ut tlJeJet tfu: ~u b~lrJle. thereby reduull~ 
drelectrlc losses. 10 our knowledge. howevcr. no pro rotype ofthrs 
ncw generatlon ot SI W has ever been IOvesn~dted tor envrronmen­
rai se nslOg. 

Th" work elt'Ill0llsl folles tin t'he tir,! I lllle ~he COl1tept ot 
IlUmrdrry derection uSll1g an aJr- tilied substrare II1regrared cavlry 
resonaror. Our research foc uses spec rfically on a ~en eral study of 
rhe deSIgn and fabncdtlon of a multllayer aIr-fi lied SIW mr crowave 
<;['n<ior 

[xpelll11t'llt.ll huml(il ry VJII{I.H1()I1~ Ml' pedormed 011 ail .1If 

filled SIW resonararsample 111 rhe range oflO-~5·t RH at 30 C rhls 
p ropu~t'd St'11~ lllg devlle uperJtt:'~ w lthou t J.IV ~en sltlve lIl.ltt'rlJI. 
IS Si mple ra manufacture, cO-l11tegrates wlth eXlsrmg mlcrowave 
p l .lll.Jr u rnll t \ .11It1 h~l \ t ht> dd vcl ll tllgt' or prt"t'ntlllg hlgil \ ell s ltlVJfy 

pt'Itnrmdlllt' wirh t'Xlt'lIeIH \ t'n,in )l. p IOpt"rtlt',.H.l very low U)\[. 
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h. 

2. fopology and senslng concept 

l 1 ~ellsor sn'llallre 

i\ j-l) vlew orthe proposed Jir-filled SIW resonalDr IS shawn 111 

fl~ l ,A.rnplt" 1.IVef'oubstr'-ltt'r "ub1. \ub2.Hld L1111 l .... lI\t'd III hl, 

tupolugV. Subi dl1t! ~ub3. tht: uppel ..-mu luwcr substrd(t~ JaVl'ls . ..Ill;' 
pedor.ut:>tI hv '111 __ 111 ,lIr Imle .. , 1"01111111)1; __ llllt't.ll ~J Id IIllpènne.lhlt' W 

elemomagnellc waves butopen ra humld air. Sub2. IS sandwlChed 
bt"lWt't'1I "lib l,HUi "uhJ .met rOll1po"'t'd o( rows or VI,IS ,lnHIlHI .1 
hulluw re(tJII~u I JI \...Jvlty ft:'WlldlOr, JS shown 111 ~. ~ 

rhe couplll1g for sub2 IS achleved w lth a nll(rostnp tranSllion. 
It IS des igned uSlilg the deSign equanons for tapered mlCrosrnp-lD­
c;;ubsr rJfe IOrcgr.1TC'd wilveglilne ïan<;lfIonc; dc- <;rnheô ln Il ~ ,lmi 
optllllllt'd lISlIlg rhe AIl'}ott IlrSS EM ,illlUltltloli \DttW.Irt:·, JUXt.l 

poslllg the three layers enables us ta crea te an alr-filled substratc 
imegrared cavnv resonaror. a muJ(ilaver suuctürc manutacrured 
for hUnllolty O('fC'Cflnn 

2.2. 805ft cheorv tT' operatlng pnlK/ple 

Oeslgnlllg a multllayer alr-fillcd SIW resonater Imphes defilling 
t hl:' ft"\Un,lIlle Ifl'"q ut'Ilcy 01 t ilt:' SIW l.JVlly. model1 i llg ~Hl cl Opl 1l1ll l 
In~ the (ouph n!: clements for the Intermedlary layer tormlllg t he 
rt:'ltJn","ul.lf .llf (Jvirv . 

.. • • • • • • • • L, : 

OOüOOOOOO< 
c.. 00000000000 
00000000000000 
-'00000000000 

()()()OOOOOO ( 
000000000< 

üOOOOOOOOOO< 
00000000000 
00000000000 

r~hl(" , 
't',v. 1'IIIillt'II'I",III" Il .... ·'1'' 11l111111t'r ... 

" ..... , 1., Il, 

'X 10 J 1 1 • 

rUI" tht:' UUI1l11IJlllIllUUe rr 1 <Il lh~ ft:'~O IlJnle" t'ljLt:'Ih.. V IR 01 ~ he 

,li[ (.Vlry was dctermllled USIllj! the tollowlIlg tomlUlas 1 1 

,. 1 ,,,,, ') 1 ( k., 
INHI\- \, W" ,1., 

I l 

Li' 
09Sp 1,,-' 095p 

Wheff" W"IT lIul 1 ·,f.ue re~pt'rtlvt'Iv rhe l"CllllVa lenrwlClth ami It'ngrh 
III tilt' r.lVHV fe\OIl.J[OI ( 1\ rhe \pt't'cf ni h~IH.I'. RH 1\ rht:'dlt"lt:'ltrtl 
constant IIlslde the cavlry of the ,·\Ir·filled resonator. ,IlS the dlam­
etcr Dt the metahzed posts. P IS the pltch ot the posts. and III and k 
arr rht' mnJ("('c;; moc1C"c;;. 

Tht'opt:'f< l r ill~ p' lllupiroi rht' htllllldny \t'Il\Of\ '''' b~l"'t'd Ill1 .111:' 
change of che effective perllllmvitv of the air IIlslde the cavlty due 
tu the pl'e~~lln' ul humldltv. The rcld LJve pefml ttaVIIV 01 dlr lhdnges 
dependlllg o n mOlSture III the am10sphere accordlllg ta 

'If _ 1 1 1 ~ 1 1 p 4~'S RII) 10" Il 

Wht'n" T" rht' ,Ih'aolurt' ~e llll)t" r.HlIrt' ln K;. P 1:-' he pfev.,ufe ot 
11101\1 .111 1 in Illlllllg., po.; I~ 1 ht' pft"\_'alll ~ {If 'Mil uf.lted \'V.lter ",.lpOU 

11Il 1111ll1f~ \ Jnd RJ/ IS t ht: relJlIVe hUlllldltv IIrt J. T ht:' <.J1t~leltrll (un 

stanrofmolst alf IS proportlonal ra ,he relative hum,d,ty accord lng 

to E". 
Slllll' thl' 1't:~~Olldnle Irl'lIu4..:lllll' S 01 d LdVlly IC~lldrur JI'l' 

IIWt>1 'at'Iy proporllOI1.11 tll the peflllitrivitv 1)1 tht.> tllt'Iel rfll J hUlIlul 
Iry variation will provlde a frequencv s hlft olthe resonance. whlch 
WIIl<lppt"~U~l~.l\llIftlll heS!1 p.lr,IIl1t'{eroflht"ollt' port'itfllltlll't' 

IG,. 

3. Devke design and measurement 

1 he dimenSions of the proposed stru("(ure are shawn ln I,lblc 1. 
1 ",how'i tht' t. lhril.lIf'cI 'itruUlIre lI\lIlg :ht" dielel"t l ll" ..,u b 

strate ROGER40U3l "r· 3.55. tan ,,·u.uun: h-1.5l4mm·. Ihe 
re~IIJtor pru[Utvpe~ were IllJue uSlIlg .1 slJmlJnl PCB I1lJlluf~ll 

· ............... .. . 
· . • • · . • • 
: : Leff 

Dair . 
o 

° l o 

Weff 

• • • • • • • • • • 

000000000 
0000 OOOC'( 
00 000< · Dmetal . 

.... ~.--.. --.-.. --:-.--.. --. --.. --.. --.--.. --.":"": .. --.. ~ w. 
Air hole 

• Metalized post 

Mg.. 2. U~\I~ 1'..u • .IInele-r 01 "Ir I llIed '>lIO~trJte- Illte~rJted LJvlt .... Itu~rlldltv Seru.or 
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lJVIt\' l<e~r .• Hor 

~Tlng technique. and rhe l r dimensions are 28 mm x 211 mm. me 
(lI~llll t"leld II I t ht." mt'tJllled PO\{\ il., d~lII 1) Illlll 0,6 111111, wh lit' tilt" 
pltlhulthe plht~ I~ 1 mm. The dlr hu l c?~ Wt..' I t: dnlll.:d wlthd dldllH:lL'r 

dah - 1.2 mm and a pllch d"" • 1.2mm and a p'tch d"" - 1.3 mm. 
Usmgthe parameterl,sred 10 lable 1 and Eqs. 1 and 'l . the 

rht"o l enl dl re\(Jl1tlnt frequt" IH y 1\ fOU ll d HI ht' t'qu.11 toII 7.Ii4H Lill. 
Anllnp~HI",olll>t'tWt:'t'1l tht' 'i l l11ulLltt'd ~lIld 1llt'.I'iurt"d S, r p.lralllt'tt'i 

of the alf-filled SlW sensor ,s shawn 10 h,'. 1. 
rhe rheorenc.ll values and the expenmental results match verv 

we il. l'he oper.mng frequenry ror rundament,1 mode 11-1IJ1 ' 5 

7.h14 Gllz for the I1lt'J'iU t t'Ille nt .111<1 7.fiS4 Gill tOI' 1 ht' 'd IlHlI,IIIO l l. 

1 he small d,fference berween t he measurement and the slmula­
non 1'\ due rn rht' ohmlc conracr and /orr he IOc('rtln ~ d(' nn dl('lC'ctnc 
1055 of the used mbstrate. wh ,ch can cause a rrequency shlft of 
rt'~()Il • .IIlt frequt"l1cy. IlH'" IITlllt,HIOIl of OU I pen prl)(.t'~~ h:'.Id ~ J IH 

rIe p lt'~ellle 01 tl it'let tnr "uh'lr~Jtt' into t il t:' l~lV l tY of the re\(IIIoHOI 
, 1 mm . However. those dlelectrlc slabs have Imle ,mpact on the 
.scnsltlvitv 01 the dcvlle dud the vdluc OllTSUlldnt hCqUClIlV u l the 
fu ndamemal rElUI mode. wh ,ch 15 confined [0 the centre of the 
l,lVItV 

TIU! I1lt'JSUIt'd qUJIlty 1.:Ktol Q.r tOI th t' se nsu i dCVllt' IS 273.2. 
1 hese measurements were ~aken dt 20 ' humld ,rv. 

4. Exper imenta l va lidation 

ra demonstrare t he hum,dTty sensmg CJpablllty or the air-fi lied 
cavlry re.:;onaror , t h (' .:;ensor devl(e W.1S plJced ln J conrrnlled 
humld n v e nvtronment test bench. Fo r t he measurement Jnder 
'il,lhlrgcl" t!ow, the l'h.lmbt"rw.l~ tir"'l 'ldhl lllt'd 111 tenn ... of It'Illper 

W,=6,5 mm 

,HU It' l'e l.lIlvt' hllllllduy .1Ilel P l l"''itll't' Ali rllO~t:' p.l fdllwrt'I" Wt'ft' 
mallltamed stable dunng the measurements. thanks ta the tem-
1't'I.Hurt' <Incl p lt"~ ... urt' UHUfUI 'V,t~l11" ,1" pfr't'Iltt'd III Ih TIllIS. 

~hls c!nVlfonmentaJ test permlts ta malntaln t he Pressure al 147 pSI 
1 .11 111 dllel he opel dtlilg ·~l1lpt·I.HlI l l·.1l 10 C. Tht' ft''ipOI1,e fit tht' 

pl opused SC I1SOI. wh lle t"xposed to hUlIllcl lt V (Onlt~l1trJtlOn rJIl~llll!, 
(mm 20 RI 1 <t, lU R5 RI I't. i, ,,110WIl II1 rw ï . 

Ihe rrequencv measurement of ~11 was perfomlcd everv 
mlnllff' fo r dlfferent hllmln lry concentTatlOnli ln "he fange of 20 
~II tn R5 RH ... 1l .he lIper.HlI\~ fT equel\tv III 7 111 Gil l. The exper 
,ment was repeated under the sa me expenme ntal condmons for 
tour days ta test the rcpeatablli ty 01 the measu reme nts. 

1 he feliulte; ,how rhar rhl" pre'ienred 'ir rllcture le;; 'iene;;mve ro 
ht:' IHt'St'l1tt' lit hunlld l ry. ~10., Iht' ~11 frequt'Ilt:y ,hlltt'd rl).l lowt'I 

irequenry value ror a ~reater humldlty Icvel. l ,. ) also shows 
rh(" me.llillrrment Pfror of rhe prnpo'ied 'if'nsor A n1.1Xlmum trr 
quencv vananon of 79.U5 MHz was recorded at ~5 RH '. As :he 
In:'ljllt'IH.-Y ft'o.,pono..e l'Ilot pt"rtt'ltly l i ltt'~lI. tht' lIlt'd"uled 't'Il 'il 

tlvl ty 5 12') can br se parated m rwo responses: at low humld ,rv 
'evel ~ -0.24 'I.1H, ,RH . and a' h'gh hUnlld,ty level S - 2 l 'I.1H7.' RH ' 
ln conclUSion. t he s€'nsor exhlbl ted a re latlvc vananon of 1.21 
\1 11 /.'Rlr\,. d' tilt' reo.,ol1JIH IIt'ljllency "llI th Irtllll 7.61r. 111 ru 
7.55C II l lr01ll20 RH '\: to 85 RH '\:. RepeJl.\b ,htv WJ, ven lied .• \Ild 
resul ts rrom the dlffe re nt measurements dgreed very weil. 

5. COlnpdruon & discussion 

The "e n"lIlg pertofm.mn' 01 the propoo.,ecl reo.,OIltlWI "trur 
ture was compared to other mlCrowave componems ln Ilteraturc. 
'tI'· Il., ls tlu:> I11 l lTOWoiVe ,I r\ltfllre, u'ot"cI cl'" hu n11(11l Y clt" tt"tlof\ 

wl l h Ihel l ... ello., l tlvl l lt~ .... 
\10"" Il t rhe o.,trUtture ... In litt'J'.ltlll t" , Iww '-t' n ~ i nvlt l t" 111 the 

oldef ut kilûRtI with ~hl.· hclp u l hUlludny st!n:;Jtivt: Illdtelidl. 

I\s shown ,n 1.11 le 2. the proposed alr-filled SIW resonatar exhlb­
Ited hlgher 't" n,ltlvllle~ 1.2 1 Mllll RII 't) romp.l lt'd ro .Ill y Ilther 
puhlle;;heci .;;:ITu(tllrC' ue;;mg hum ldlly .;ene;;tng ma[('na l.:;. rhl1i ong-
111,11 mulril.lyrr o.,Lfurrurt' t"lhlhlt'\ LI' 10 dt"'ilgn .1 Ilighly \t"Jl\ltlVt" 

dnd accurate humld,ty sensor Duc ta the posslblil ty 01 operat­
mg w' thout dny senslOve mateflal. the deV\cc can operate w' thout 
.lIly 1 lllp~ln III rht' re'ipc.Hlo..t" nt the "t'n,or undel .m effeulve reKlIlil 
11f worklOg rempera rllre r.lngmg From .n C en HM C. rht" "f"n'ior 
pl t" ... t' Ilt'i .110.,0 t'xtt' IIt:'1lI repr.n.lhlliry .met ,t., hlllI Y dml " how ... rt'I 
dnvely qUlck response n mes Iless than 35 w'th h'gh recoverv 
t lllle, around III ' '. 1 h" propo<ed hlim,dlty ",n'Of ., .ln .l1f ·fillrd 
SIW structure has a hlgh Q .l nd low msert lon 1055. 15 low cost and 
e.,...y ru Ile Jntegr~lrèd wlrh .1 pl.m.lf Cl ITull. SIIH.t' r hl:'" "en ... or Clr 
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c411nate the Icl atl ve 11l1l111dlty pCI centag,e o oRB 

nle pl opœ eo htlll1l rhty , etl~O I , U1lchlle opetate, bctwccn 1 èS ro 1 l ~ GHz (JIll research t'oc lise, ;pcc lfi cally on a ~enera l 

. hldy of the de"~l and the utùlsatton of the SICCR Œecl as a lnUludlty , en.sOl E:'<.llel IIllental hunuchty \'lIhdabolh \Vtt e 
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Substratc Integratcd Circular Cavity Rcsonator Fillcd 
\Vith Nano-Fibrillated Cellulose for Hlunidity Detection 

l\[aJld ~doye'. BenOIt J3ldenu ' _\ulllllentI:1nn Rn~nlol11bonhnngJll)mnvn' Ene J.ornnger ' Donillllc 
De,.1 amies: mlll Frc(lcll C DOllUlIgUC 1 

1 Ulllversite du Quebee a TrOlS-Rl\'leres Il:QTR). Tr~lS-R.tvlere:; 1 QC)_ C~Ulada 
: Ecole de teclUlololUe supeneme (ETS). t-.1OJureal (QC). Canada 

Abstract - ln this work, a novel microwave senser fully based on 

Substrate Integrated Waveguide (SIW) technology fi lied w~h 

nano-fibrillated cellulose for humidity detectlon is presented for 

the very first time. The proposed structure consists of a circular 

SIW cavity resonator perturbed by the inclusion 01 nano­
fibnllated celluklse inside the cavity. Due to the presence of 

humidity. the relative permittivlty 01 the eco-Iriendly dielectric, 

which is known as a humidity sensitive material, changes, leading 
to a shilt 01 the resonance Irequeney of the Substrate Integrate 

Cavity Circular Resonator (SICCR)_ The proposed humidity sensor 

structure operates between 4.28 to 4 .32 GHz and ex hibits a 

frequency shift of around 20 MHz for relative humidity in the 

range 0111_7"" to 91% RH. The proposed sen.ing device operates 

with very &ow-cost sustainable and renewable material, is simple 

to manufacture, co-integrates with existing microwave planar 
circuits and has the advantage 01 demonstrating high sensitivitv 
performance. 

N:mo-ObrIUal.d C.lluJos., humidlly sensor, 
microw""'f cavity ffsotmlor . Substratf lnlf~r .. tf'd \\\tvrl.!.uidfS 
(Sl\\». 

lUlecelll years. tenns hke 'gOlllg !?:reen" and "eco-fnt:ndly" 
have beeome oue aI lhe hOl lOl'les Ul lmlJor ullluenlwl 
crnûerence" and Ultt11li1l.10llal ";l1H111llts \Vllh the tWTe:nt 

warllln!! on tlle de!!r~d~lIon of the envlfonment. on g lob~ 1 

wm11uug and 1'0llullOn. lhe lrend boUI III Illdu,lnal ,md 
re~earch field I~ to he 1110re selecllve wlth lI1~ten~)s ~nd 

l'roduels lISed by pnollllZlllg lhose lhal are ecologlCal dnd 
blodelifadable 

As ItlO,l oflhe Ieadlllg scmlllfie dOlllalIl, ,uch as Malerl"l, 
SCIence and Engll1eerulg. BLOengll1eenng. CivIl and 

Muung Engllleenng. BlochenuslI)' and Chenueal 
EI1~lIleenn~. the Electrica) and IndlL~tnal En~lI1eerUl~ lield 

has expenenced lhe advenl of blodegradable malenals Illl o 
end pro(hlCl de'·lee,;. Ilolably IIIlo 11II11l"hly ;.mor" 

Hunudlty sensUl!! has gall1ed an II1creaSl11g Illtel est 111 healUl 

and well -belllg relaled appheallOl" alllung lo l'l'OVide 'Uld 
ellSure clean alVlfonlllelll HIUlll(hly salsor, 'Ife wHlely 
merl not only for Indool ali- quahty monitonill/ for 
households ~nd medlcal II1stltutes_ but also 111 mOlsture 
lllollllonng [or food slorage ilnd lllduslnal apI' IlcallOns 
IIlvolvUl~ mOlstllre control ;nch a, chenllcal ~a, 

punlicalloll. film deSiccallOlL paper alld 1e.'Clile 
tnauufachn 11l~ 

Ta comply wllh Ule reqllu-emellts of the clin ent III rlemalld 
hUllmhty ,alSnlg pel-[ollnmlC e requ U emenl>_ lIlos1 of lhe 
hunudily ,ensors on lhe mmkel are aclIve [1-2] <Dld 

lIltcg.rate wlthlll theu· :4rllcnu·e'i uHttenals \\<illCh are 
~etl-':ltrve lu IU1l111c!Jly 'n!e!J l i loi (hdt:dnr [~~l lIHln:nmlC 

pol~mer, [5-6]. alulllUla Ullll fUll" [~]. ek llowever. due 
ro tllC comple, cha ll cn~e of IIlte~ratlll~ power ~lIpply 

,U1alog lo dl~!Ila l convel1el, 1. \DC) and amphfia-,. ,1 gt eal 
cleal of etIOIt ha~ been made to rlevelop pa~;lve ,emor, ln 

addItIon ta thell fo;sll attnbutc, wluch may contmnlllate the 
~1J1 Icl1n·e when decollrpOSIJH!. 1I1<»i1 of the IHn1l1duy 

,en;ltlve matel ta); al e rllfiïCIIlt la synthe, IZe They are 
marie and IIltcl/rarcrl ta rhe structllfe UlrOlll/h comp lex 
fabncallon process lllvo lvlllg adchhon,,1 cOlllmlllllalmg 
haz2rrlom chellllcai matellals Thel-efore. despltc Ule 

aval lablhty of several type; of sem ors 011 the mmket. It " 
,tlll e"t:I 1 t", 1 10 und IIIOI-e ledmo lo~lca l ;01,,11011> thal 
allow 11IUlwhty ,ell'lIlg de\lce, ta ,atl;ry a wHle range of 
requlrclnents 

'nle hUllll(hty ,alSOI proposed III Llus work " Inghly 
sen;ltlve and use, -·eco·fnendly" senSitive matella)s TIle 

propo,ed devlte IS fu lly passive mld IS expeCled lo be 
11lbncaterl and conunerCia ll zed at low cast 

Carbohycb-ale made oI ,1 hnem cham of D-gluco,e 
nlolcclIles. ccllulo,;c (C H" ,O·)n ,; Ihe lIIosl aUlUldanl 
matenal on e~rth Cellu)o,e fibers are Illllully eXb-acted 
fi onl wood and ,u e 100" 0 nalur,,1 OI-!!mllC polYllla­
Cellulose 15 etlVlrolUllenlally lhetldly _ llIe)o(petlSlve. 
rellewable_ bl odel/r~dable and blOcon~)atlbl e C,1I1~ 

rellulo-;e-based Illalenals 1. ddvantageous smr e cellulose 
sllO\w 1111(11 wall~- and hlllllldiry ;enSlllvlty [ndeecl 

cellu lo,e tilms have very pOOl' bamer prop eltl e, la water 

"apor ~HllIk, lO Ils hydropluhnty ~'l,my sludlt> 
UlvestIQated the efIcct OfU1C IUlIIlI(hty on a IlllcfOcl)'~taIiUle 
cellnlo~e [S] and the 1l111uence oftelnperattu-e and hunudlty 

011 cellulose nanoCl)',tals 19] 

Cellulose "cel'lie bulyrale (CAB) and carho~'Ymelhyl 

cellulose \Vere te,ted tllfOUlVl expœure ta hunlldity The 
result, 1 evealed lhell-Illgh capablhty [or hUlIll(hty delecllOll 

Fe\\' smalt ;eml-con(hlctor IllUlliri Ity SeilSors U;llll( ce llulose 
detWallve,_lImllely cellulose acetate-cappa- oxide [10J ami 
cellulo,;e nalloc,,'slal-~-apllellt oXlde [II] . as hlllnHhly 
,emltl ve matenal, hare been fabncatcd mld IllVe,tl ~ated 

However. mœt of the cellu lose del-lvat,ves ba,ed sens illve 

matenal> \IllICh WeIe lesled are dawallves of uLOrgallIc 
nmlenals mld art nO! thlly blOde~radable lndeed. CAB and 
tlle other tàbncated SellS0rS wel-e l1l~de tIU-01IIVl conlJ lex 
Illmlufacllu-mg procc>;s halldhng acu,'e tedlllology ,1lld 
makll1~ UlCIr co,t hll/h 
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The SlIb,trate ùltc,;zlated Wavc{lllide Isnv) tcdUlOlo~' has 
bec:tl wlddv ebllonsllated lB lllallV lo-"meh ,IIIKle- fOI 
telceoliullIlIlIeallon, eOlllponenl~ and ,,',Iem, 1121 The 
popul&lty of~l\v tedulOlo<:!y UI the field of llullnlleteJ ,UlU 
iJ{f-;~Jn: ")} ..;lelll''' l'OJlle-; fi om Il.; adVéUlla!!C! of ùemgl lo\\'­
l'n.;1 It:dUlol~) lb ItI'lh-qllahty factor Im\ 1I1~t.11101l lo:-;~ 

and the ca,'y CO-lntc,;zlatiOn wlth ortlel planai cnemt, 
Recellll~ pubh_hed ,II IIdes have <11,0 dellloll,traled Ulal 
STW can he n,cri 1'01 <cn<1I1I1 appllcallon' FOI e«ample 
~TW le'onatol~ ha\'c heellu~ed rD rleteci ,11 Lhalaclcllze a 
tlillo UI a ,\"leJll 01 to ehill<'ClenLe IllateJ"']s lUJ To the 
hosl k1llJwlodlle of tlle "\11h01', 110 lI1\e,I'lIal,,,, of I"II~ 
blOde~ ad able matellal, l'Of lunl11dl(y ,etl, 1I1>,! Ul pa,>ln 
IllIn owave devlee~ ha.; been repmt"d 

Tills \York plOpO~C' a Sllb<trate Inle~, Med l 'II CillaI' Cat-U)' 
Resollato! ISICCRI fi Il eu mth nano-fiblillaleu (ellulo,e 
rTUC'N) fOI hlUll1,lIty rlctectlon 0 111 rc,earch focuse, 
<pee,lically 011 a lIenet al ,tudy orthe rle<lI(Jl and, eahnlloll 
of Ihe SI<.'CR-based Illnllld'ty sen.;ol E:-'"\lerllnental 
IHIIlllellly ,,,lId ,,",",, ha,'c l>el11 pet1nllllcd nll Ihe nrclIlm 
,eson~tol sen,Ol ,amplc III the r~n{le 01 11 '° 0 to 85'oRH 
l'he pl opo,ed S e!lSlll~ deVlre Ope! ates U,IIl!! il verv low-cost 
,"'t~lIlable and letleWl1ble ll1aten~1 th~1 ,~ c~sy to 
1lli.l1lufhrttne. CO-lllltgJï lles weil will 1 ~XLSlulg. IIUCIQ\<\'i]Ve 

plmlal cu Clnts mld llils Ule advmllage of deJllOI1'lratlllg 11Igh 
.;ell-iltlvlty perfonuallcc \VILh c:~('ellent "e ll:-Ol11~ properhc~ at 
a ,;et-y 1o\\' eo<t 

li SENsnR STRtr-!l.RE AND SENSlNG Ct'N('EPT 

Se/lSor rrmcfllrr 

Fl2 l ,hows the structlll e ofUle sub, trate mte2rated l' avll, 
Cil cllim re<onalor offhe proposed Imnlld,ly ,CliS", 

Subsl rd l e 

Fl~ 1 ~mrtlfTP of/Iii' SlJr-h{L~drt1l11\' ClTrti/aT R.'t/)lIf,,.,r nflllf' 

pro/XlfPrl hWlI,dil\ ~t'll;Vnr 

The metahzed l'lng of Vias placed llL"de the dlelectl'lc 
,"bstlale ~Ild plated w,th coppel' ail both Slde of thc 
';lIbsll ate fOll11' the electllr "de-wall of the nfrll"" (a~l,,' 
,csonatol The SICCR ,. con"dere,1 as a , hoI1-euClllted 
wan:gllide The .'gen mode e:-'"\llolted Ul dIe cylUldllcal 
canty lS ellhe! the trmJ>veJse e1ecUll' ITEl mode 01- Ule 
Il amvet'se mal/netlC l Tr. n mode 

l'he TE mode ("(lITespmHI, 10 the pl opa~"tlOlI of dll 

electlOma'lnetlc wavc whose eleclnc tield" tr~I"'Vet-,e and 
tJl1I S cotHillIled III the n'lht secllonal plmle of tile I!llldlll!l 
,tmetlU-e "iule tlle Illa,;znetlc field" p'opa,;zatll1l1, III the 
plopagallon dlrerl!on of the glllde E = 0 iUld H, F 0 fOI 

dIe TE mode \-IlC '-l'Ha E x 0 anJ H 01'01 dIe DI 
lIlode _l, llleJllIolleti III r141 _ onl\' the Tt-llllode IS exutod 
Dl Ihl< case , h,dy If 

(la 1 cl) 0,9135 thel efot e tht dotlUnilllt motlt 01 
Ult pl OJlO>'éd ,trul'ture " rEl Il 
(Zn/d) > O,'lHS, [he ""'limant mode " nlOt o 

111e TMOllJ œlg 3) mode 18 \\1deJy u,ed fOi the dC>I;!Jl 01 
Tl\1 slllgie lIlode resonator~ III both ta~es_ the resotlillilt 
ficqllency of the 'lIclllm cavlty ,c,,,,atOl lO'Tcst>ond, to 
the: 101Ve,1 1 eSml<UlCe li tqUeJlCy 

B Opemllll[: prm"lpll' 

-n,t opeJ" tlllg pl Ull'1p lt olthe IIlUllldlty '''''01 " based 011 the 
InUlIldlty setl"ll\'lty prop et1 le' of the nan o-tiblillated 
l'dlulo,es (T OI.':'-IIFlg _Il Illtroclul'ed UlSIdt orthe SICc."R 

èoo 

FIt: : Slnl(/lIrt' of \(010· hbllJJall'd (. t'lluloft, u\lc!r:t'd /Il J E.\ fPO h'I1C1101l 

111e ndllO-flbl IUated (ellulo,e libl es ustxl !Il thlS stlldy Wtre 
ubt" med by TE!\IPO tlXllfltt"Rl ,cati"., "fwo<xl klat1 p"lp " 
ReglO-,electlve (eactlOll that chenucally Illocillies the prunary 
akohol group' of cellulose [15-161 The ,ldVillllages ofu'1ll2 
oXldlsed cellulo.;e fibres IIlciude theu Imge speCifie ,llllà(e 
al ea_ I(oocl adherellcc thanb 10 the ,,"-raee chat I(CS and theu' 
Ingh-wateJ- ';eJl'HtIVlty ll"'J lndeed, roc"N flbns <Ire 
,,1I1Itl able 10 ""lei The IImlo-libl "Ialed lClllllosc, d""I"y d 

tYPlcallll'l,h water aftilUty assoclated mth a fast decrcase 1Il 
tlle umlad ,mgle due 10 Iheu I"gll hydroJllllhc charad .. -
"[,,ch exert , Iugh "tll"l'llOn 0Il free watel lllolecules Uu ollgh 
tlle e"abli~hmclIt ofhydro'len bond, (F'I( l) 1 t 81 

(' 

HO C 0 

\::--:. 
~ -r 
" ''0 -0 

0 7 ~ :: ~ee 

~c H81er 

0 liO "" () 

h~ ~ 11I1~l(rn()JHOrV(lIIn-"',/lfllla/(ld('I'IIJ1/mt' .rull," .. Ilm,., 

' l1ulS , dlle to the pr",ence of IlID111(hty the relall\'e 
peJlluttlvlly of the tx'o -lhelldly dlelecl! Il' l hallges_ [ead "'g 
to a ,111ft of the ,.e~onaJlce freqUetlcy of Ihe ST\V re,analOl 
11le detectlOll pnnClple of Ihe SICCR hlllluduy ,e!ISot' IS 
ha .. ed 011 Ull~ frequeIl"Y .;hln winch lalt:f 011 1:-' Il sed ln 
e~llInate the hunucflty pClCC1ltal(e 

11tc re<Ollance li cqllellcy ["III/ ofthc TM"", mocle ofa SIW 
cylll1dncal resOllaLor" r191 
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-'-' I (~)~ + (~)-
2Tr<F ~ , 1/ li 

d l 

,dl~e f l, lhe relal1\'e pernulllVlly 01 Ule , uu, uale c lS lhe 

'peerl of1u~ht. n ~nd ri are. espect.\'ely the lime •• ~dlll ' and 

lhe 11e.ght ofUlel e, omlIll t anly p,,,,, "Ihe lU-UII ou i of lhe 

nl , l kllld Be" elli.ncuon J,,(x). The Illdl t es fi III ,lIld l ,ue 
the IllUl.bers of h~lf-\Vavelell \(th van~t.on , III the ,tan chll>l­

wave paltem of the cy llllch'lcnl T1J" .. , mode 
FIU1ctIOIl~It ZIll ~ the srw re,onant cav.ty \\'Jth a ,emltl\'e 

dlelecllK Hllplles Ulu'oduflli g a slIllIll dlelednf s,ullple Illi o 
the onQlIla l ;'ubsb' ~te TIle Ultroductton of a forelwllllatell~1 

III tile (' aVll) ' of the .e, onat ar le'lds la .. . hlll 0 1 the 
reSOll~n c e frequellcy rhe effec t of ,1lch perturbm. o.l' 0 11 

the cav lt)' . e,onalor ca n he e~tllnaled , \n approxIIllnted 
v~ ll!t:: nf th e J> e1ll1rbed r~OIl;IIlC e th:quenry (an he 
eakulaled USlllg Ule perturballoll meUlod (2) [1 9] 

.\s , homl III figlll 'e 1 lhe elerlne field dlslllbuilon fOI tile 
dOIlHIl<tnl reSOllallCe mode TM". 0 Ulla Ule t'li n .lm 1 esonaim 
., Illore .ntense III the Ill.drll e of the , tn.ctllre 

SJ 1.34 (VI.) 

FiJ! .1 .\ kqm{/IKJ<f vI (IN! .dI'UTfC ,Pt'Id dis/rllll l/wtl 111 Il l'IfWltO SIW for 
IJI(JIÎ: rE 101 

rhe besl selhallVlt\ of lhe SI\V resonalor l' "hen tile 
tilllct. onaltz crl rell. on . ~ , et III the lllax.lllulll E-fi eld area of 

the difl'elent explOled Illodes [20J 

Fa. Tl\Illlode' , the 'Ulpertmbeo el eetne tield 6' , . ~ ~Ivell by 

C ) [21J 

E ~ ~ ((~ ) 
'J E n n , 

(
,In 'J' ) -~ (p,,, ,, ) ITr Z 

t d 1" 7, P co s IlOC OS d 

C.lrh " i; 1. 

r (x. y 4 ) 

PlI! 1 DllftI.'/I.J/UlLJ ul (1 sur l/mW u'/! 

a 

Il::: ••••• ••••• •••• e-P • . 

D." 

I~ ) 

F OI d diel ec ille pet 11Irba110l1..'Œ lhe van ,.l.on orUle resoname 

ti eqncn cy t, " rle ~ tI . bed III equat,o l! II I At th e • c>on~nc e 

wc have fi El ' l'IH I' III ah,enc e of Vallatl OIl of the 

lelau , e penlle;.blhly 11 = 1 and JII = 0 

JI \ 1, fi . ' \j, fi , ,n JI \"T' d, 

tU t<.\, 

( " JI cE J 
(5) 

- Il 'H , ',n 2E E, ',h 

Whll e r: = !~ ~ (( ~)è t ( !.:: )" ,)-1/2 
U \J r 11 n ri 

TIle lhem ellral expl " " Ion orthe reson"'Ke fi'eqllellty for 
the T:\I. mode .s a filllc tton of the SIW , rn!ehu'e s 
d1tlletll' lOJl~ t1111 ~ lrateci 111 Fig ... The reSOllflllCe freqlleJlry 
of tile (av lty .esollatol l, cakul ated by lI SlIl!,! lhe dlelecl! le 
p~turb alionl edllllque 

- d Ea -1,) (( (p" ", ))' 
f = ~Ea'(j ~ (p"",»2 /:' , 211 Cl 

1 (l ~2,,:) (J" (P",,, Cl )) - )' [., 
, Pmna - 20 

(4) 

" ,1Iere fIl .' the nllperbull ed frequene y. J E f , tl/ llt - ,e, "h. 

E >'"'' IS the eITectlve perulllllvity and f ", b " the pel1l1111lvlty 

of the ·mbsfJ1'1Lc The viillle of E, 'r/1l 1 1 ~ detenn1lled by l1-illUl 

the Bruggeman ' , effee ttve 1l1ed'1Illltheory Œ:\IT) [22J 

FAlllat.on 1,1) repre,cllt.. Ule lI enera 1 express .on of rlle 
IC SUllalH:C fi CqUetH:y uf U1C SlC'CR when OU:: 'it:IlSltl v e 

regJOlI l~ set at the ceutre ofthe cav .ty ofthe resoJl~tar ,-\5 

Illllstrated Dl figure 3. thls COllfigllrattOlI lS Ideal for the 

T'v! .". el ectnc fi eld d.,tnbutJOn whl ch " Ill~Xllnlllll III the 

celllre oflhe cavlty 

1\' DF\lrF \ND \.IF.\SI'RFMFNT 

TIle dunellSlOns of lhe plop osed hll lluchty deteclIon 

,(mellue are detalled 111 Table 1 FIII.u'e " shows U.e 

fabncated ,tJ11cture 1l>lIlg Ule dielectnc , 1Ib~o'a te 

ROGER-tOOK (E = J.55 . [ a T! 0 = 0 ,002 7, h = 

1,524 mm) The lime. radill~ of the c a~lty of the resouator 

protolypes .5 14 Ilml The 11lIuudity detector sen. 01 WllS 

lIlade lI S111!! a slandard PCB m<lnllfaclurDl!! lecllllJqlle The 
di ameter d oftllcmetahzed po;;ts IS 0 ' Illlll, ~lLle t.he p.tch 

of Ule posts . 5 1 IIUll The air holes were cb'rlled \VIUI a 

dl Cllllei el Da 1 - 1.2 m1ll (u1d a plu:h P'/I' - 1.5 mrn, 

T, \Rt Et 

PHnuntlfl's Don· 

ValUfS 28 
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F,).! .,- rabf!( fued'il( '( 'R-uast'd IlIullldm tt>mvr 

lf' lllg equalloll H) as weil ,l, lhe p ,u<Ulldet < /t sled mlable 

1 the theOl etJc~1 re'On~nce li e~llenC)' H round to be 

/, = -1,.3131 GHz ,\ cOlllj:mmoll bdweetllhe :i llllulaled ,Ole! 

IIlca"uee! Sll-p,,,alllelc' o f 'he SICCR <Cil"" Illbl \\ If" 

J U holc, " 410\\11 III Fig 6 

./, 

---.- S lIulalL'\1 ~ Il 

5 -- .Me3sur~d 'Sll 

1 (, 

15 

'---- ... -." 

~,2 ~.3 ~.4 

rrrquency (GIlL) 
... . 5 

The ,Ill llll~ted \"~luC!< and the e~llefllnemalle.11It. lIlatch 

Vety \\ell The llleasure<1 Opet'a! lllg H'cqUetl"Y ofthe ravlty 

't'OllatOl for the flllldalllet,lJ1llllode TI\I"" '" 1 .l'.l ( f1J z. 
\\1111e the <1111111.tlOl1 pred, ct" -1 1-1-1 (;] 17 

The ,"easHred . ([Hahly [."Ior (Q) of the <eIlSQ' deille 1< 

~94~.l The lIlea smelllenh l'lere laken al ambleul hUlludlty 
~ l° nRH 

\" EXPERlMENT,\L \',"LID,~n ')N 

,1 Se/ llp alld/es/bellclt 

1'0 rlelllon~trate dle 11I1I1lIchty <enslllQ cap~b ll,ty of rhe 
proposee! SICCR-based setlSor ~le dev,ce "'li S placed 'fi a 

controlled hlUllId,ty CllI'UOllmel1t test bench The 

lIleaSlD'elllenl ,el up IMS been coufigured to expose Ule 
hlUll,d,ty sensor ta RH CllVu'onlllents llSlIlQ ,~tlu ' atC(1 5~ lt 

,olutioll a, hllllUdity sourc e The sod null chlollde - oased 

; alt soluhol1 l'la, pul 011 li pldle and placed lIlSlde a helllleilc 
box nus lesllllg lllelhod Ims beell used and approved 1'01 
hlUllIchty test~ III sevCl'a l a,t,c1e~ [23-: 1] , ~Ilrl allow, the 

operator to conu'ol and ma lllta m the relattve hUlluchty III Ule 

all'-ll~hlle;1 box allhe de,lred level 

B Etpprwli'lITal reSlIllS 

Thelll~!UlItude of the S Il p~rmlleter of the propo,ed 'en,o, 
has been Ille~sured l~lth the \ 'NA to delcllllllle how much 

Ule ,elattve hUlJudlty III the lesl box aITecls Ihe lesonallle 

tieqllency The r""pOlt~e of th c ,enSOI ",Iule ,"Xpo-ecl 10 

hUllUdlly comeuUatlOll ramUll~ UOIll II - RlIOo to 'lI 
RHo 0 I ~ ..:hO'''11 III FI Q, ... 

FOI t::arh 1Jl~(I':ito etlltuL ULt: ':it llSOt de\-lce Wi1~ COJUltl' led lU 
the \'1..-\ and kepl '" <Id e th e hox whclc the ,~nu atec! ,ait 
;OIUllol1 ,,,,, placed uu1I1 the lelallvlIY hUIIUdlty leve l ;Iop, 
flucnlat lll~ The Itlll ' lao,hza tlOIl of the sy4em takes 
approxllllald\' 10 1II11lutes l'he clevlCe detllOl"lrales au 
excell ent ,epe~tah d,ry and , tabl hty The re'pon,e tUlle and 
Ule reco\'el'y lune orthe sellso, dl e 1 elallvely fast. respectl~'dy 
le .. ..; IhiiTl : S dlld abolll 1 .( 

, 
t ~, 

, ,,. 129 
, 

3 • '1 • ~ .2 

Fr-..quen<y (GIlZl 

1 -- RH:2~. 

1tH:36.5"', 

ftH =44':'. 
RH =64A'i' .. 

RH=/U'~ 

.--- - RH =71':'. 
----- RH=37,5 ,.~ 

1 
---- RH sQ1C1f. 

." J5 

PI)! - }fun u(f;w(lœnr ... rt'l'OI It11IC t' 01 III(! SfCCR <lrpt'//lhlll: Uff rela/n "!' 
lll ulIl(UIl ~.RH 

111e pl escuce of hUUlldity Jead, to a sluft of tlle 1 esonallce 
fi'eqlletl()' of Ihe devlCe A ma , lIn'lln freqllellcy <lnO of l <) 6 
MHz IS obtallled "hen rhe a ll' ,n~,de rhe box ,s 9 1° 0 RH The 
,eIlSlllvlt) S [25] has beeu fOllud 10 be ~ ~~.l ~ kHzRHo o 
fOI hnllll chty concentrati on ralllllllQ 11 01ll Il ~ RH"o ta II I 
RH" o The proposed SCCR-based hUJl1,dlty detector tille<! 
\\1lh roc=" , land s ouI frOlll other hllnudlly sem ors [en- Ils 
h'ah sen<,tl\lty , IlI!~.h acClU'~cy ~Ild ClwU'olUllent~lIy fnendly 
plOperlies rh,Ulks 10 Ils hydroplullr d",racter from the 
pl~"tnLe <l[ pol", II,IOllpS OH sllIfar e, U,e TO(,,\; adsDlbs tht 
1V1ltCl' Illolecules III the ;'tllTO\mdin~ all up ta equlllbnuJll wlth 
Ule olllSlde rhe equillomull v,mes depelldm!,( 0 11 hlUllldlty 
rare 

As " 1 e,ollalol. Ihe pl oposed IllDllldlty setlSOr 1101 only has a 
Imth Q facto, and ~ lolV IllsClt lOn la", but IS ~Iso low cost ~Ilcl 
eary ta IIltegrate \VIth planaI' ( U'CUlts 

\1 CO:-l('LUS10N 

11l1s work presellts dle ~'Cly fu'sl m,crowllve STCC'R fillecl 

\\11h ero-frlelldly Nauo-FlbllUaled C elllllo.,e for hUlludily 
delecllOn The Iheorellcal Illodel of Ihe pertm bed resonanre 

fi 'eqlleney of the c,rClllaI' snv C3Vlry r~onato, was e'tllllated 

\l'lllg Ule pet1urballoll lIIe\hod [he sellsor exlllblls a 
; en»IIVll) of 2~ 3. ~ k,Hz.llilO ° wlu le lesled III hUlllldily 

cCnld,tlOn, ra!HUng !l'OIn 1 1 ~o" lUI to 9 1° 0 RH The 

env,rOlUllClltally ti' lendly SCCR ~)~sed hllllll chty detector " 

ongulal fOI Ils lugh Q ÜICtOr. low mSCl110n lo's, Illgh 
<Cll"t,V'ty, low co,t and ,t, cO-lIlteQr~bd,ly Wlth pl~n~r 

c!fClnls 

, 
13:: 
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Passive Monolithic Microwave Multisensor Based 
on N coupled Substrate Integrated Resonators 

for Enviro11111ental Detection 

\1 ~doye, ,\ H RasolulIluoalL<UljWlF1IO\O. 
:.1 y Sama, F DOHlingue 

Depart<llltut dé G<llIé Elerb,que ~t Gt!lue InfOIlIl<ltIque 
UllIvers lte du Quebec ~ TroIs-RIvIeres 

TrOls-R.Jneres. Canada 
Il II1J 1<1 IHloye!t!' II qll Cil 

..,h$1r,..r rht.\ work pU \ tnts Il no"el tully IHIIi\i\'f monollthi( 
microwan multbtmor on Substrat, (nttl!rat.d \V aVtoruld. 
(SI\V) tffhllOlo~ r(Jr ..;irnuHill1fOIl\ dtltrtiou uf hlUnidity .Incl 
Itmlltraturt. rht proposfcl stTuctllrt h ~mJllf .. lnd rombint"i 
H'vel'al rt'ljOflaton with wtll f Ulth'oll,d f Ollplinsz;. ~~ach rtliOlliltor 

ur tht IIlILlli~tnsOJ' is r apablt or tnvirUlIlIlfll •. al Llettt'tiull. 'nu' 
Lltlectjou plùtciplt is uastd on il fi'f (IUtI1C~ ,Iûn dut (0 il 

p.rrurbatlon of th. . lTecl1v. pffmlttlvit)', d.pmding on U .. 
\tllSitl ' il)' of th. di,I'Clrle m.dhun to U .. S lU"'Oundin~ physlral 
varlnblf: . nit pns'lIltcl mnltlstllsOI' str1Jrturt optraltS in tht 
fuqu.ncy ran~. trom 5-9.5 GHz and txJlibits a frequ.ney shlft 
ror rtlati"f' hmnidily in Ih!" n lllltf' or ti.S-9]OoRII :nul fOi 
(flllptralllft hf'lWff'lI 2360°('. Ba'if'd 011 SI\V tf'dllIoluILY. Ihi~ 

lit\\' mOllolithif fliviromnf'lIl.lIl solulioIl1u'f'jf'nts Iltf ;ul"aul :u!.!" ur 
UtÎull. f'.uil~' illle"rnttcl ÎUIn plallm \trurlurr. r'1lf"I'2,ttifally 
.mct.1lI and low cost for ma" production application. 

Kt')WUTflr pfI.Un", mÛ·ruu,vn'n. Juunit/il). IfllljUrnIJU',. "ut/Ii. .. 
Sillsor. ,S'UbJTr(lIt IlIltgrtUfrl H-fn1tl:uidi s (SI U), 

[!\TRI )Dl ' { ~n{ )N 

fhe lDl(CaS I1l~ ..;et:klll!;{ of L'01nf011 (111 <1 m ore .;eclIllt)' III 

dOlllesllc aud llIduslnal field over Ule past few yeru s has led to 
lhe use of vanous kOlds uf t!llV,rOlilllt!lltal sensurs leclillolO1l1es 
""cll as temperatlu'e, Illullldlly, and aIr qllalrty .,ensors Tiï1lS. 
lhe developlllent of ellvu'ollmeollal seo l,;or< ,Uld the 
U1 véStl2atIOll of ISSUes 1 elaled to Ulese luplCs have t<llsed ail 
llIcreaiDlg lllteo'e,l OOUI III U1dll stry and acadt!llllc research 
[1-2] 

The desIgn of 1lI01101iUu( , U1Icture, rapable of passIve 
1ll1l1I,-seoISlIIg alld able la COV<I ail ~I e néed, III lloe dOlllanl Ilr 

ellVlrOlUlIt!lltal detertlOlI has UecOll!e olle of Ule hol toplCS III 

the area of ,eolSlIIg teclmology ,\rconlulg to Ule CUlI'eolt slale 
of an, strong etIOIt has beeol made to adueve ell\~rOll1llcntal 
lIlullohUm' ~nultlsetlsOl A "liaIt leollpt!l'alure alld hlllludlty 
,ensor Ullplt!llleolted Ullo <l sUlglé clllp has oet!ll pl esetlied III 

[3] Anoùler LC-t)'pe pasm'é \Vlreless SeolSOI dlat 
,ullllltaneollsly monItors tempeo'atme, pressure ancl hUlllldlty 
has oeeol descnoed 11I [-1] ~,1 0li1 of dIe proposecl 1Il0nohtlllc 
lIlllltJ -setl>lllg ,tmcllU'es afe b,lsed 011 :\'llcro-Electro­
Mechallleal Systems IMEMS) [5-"] 

'I7X-:;-H7-1X74IVJ :ô 2010 I.:lIM..\ 17 

o D eslnndes 
Depmtement de Gellle Electnqlle 
Ecok dé TeclUlolo!;!Ie Supeo'leure 

I\.lollloeal. CallatlH 
dOlllllllC de~landcs' (l)et~l1ltl ca 

• Conductor 

Temperature ~ensor 
S~mor l 

Semor6 

Jietectrlc • • • • Sen!>Î~ mat~n3 l s 

FIl:l l '!lu ce dllnen.'" Inn" 1 \ ' Iew l It Ihe! 1""i1flo .. crt lIli)fltllnh l\.. '" · .. em,('4- ~tJlIc hl l'e 
h",oi on '\I\V rerhnolû~ 

TIle 1I1tegratloll of power supply, rulalog to dIgItal 
conveoters (AOC) and ampllfierR IS still a ehallcnll.e for 0I1-c111p 
IlIullosell<Ol"S The: pt:lfOllllallce of hUlqJed-etellleoot.u"'e<1 
multJse1l5or< fi'OIn 0I1Sl01ll1l. research c10es not ,atlst)! yel tlle 
requlreoneolts for ellvlrOlllllental senSIll2 app !tcatlons SOIne 
Illulbsell:;or devlCe:-i 1 eqll1re 'OIllplex and Iloll-..;tand (lnl 
lllanufaclunng processes. wIll le olheo-,; 'u·c dofficull 10 Ullego, ILe 
togetheo' W1Ul plrolar Rf cU'nuts l\lollohLlllr lllulh;eoL>OI'; haVé 
al~o becn ac!llevcd Ul the past However t!ley do Ilot Illee! the 
market requu'eJllenbi ut tenus of ( osL power L'OIISl11llpholl 

(passlvlty), 1l1<111lofactunng process cOlllpleXlty, ullegratlOOI dlld 
eOlllpatoolhty \HUl oUler tecllllulogles 

SIW ha, beell \\1dely IIseri III Illany reseru'ch papers [8-91 
dll"" well-knowll for ItS low,cost lllanufactllfUlg, lllgh qllahty 
factOl' , Illgh power rapablllty and cQ-Ullegratlon wlth plrular 
cornllts 1111s work propOlies fOI ' Ule fU'st tnne " cV cOllpled 
substrate IIltegrated canty resonator , tmenu'e as a i)aSSlve 
1II0110hUIIC IlIlcrowave IIlUltlSe!lSOl fOI enVlrOlllllental 
deleetloll lFI~ 1) The slIllllItaneOlIS detectlOlI of leonpeo'aillre 
and IllUllldlty 1IS11I~ a , 1Il~le de\'lee os delllOlutrated III t1l1 S 

.ludy 
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rite P' opo",d "IlI<IlIl'e " lt"l:ltly Ilex,hle li l'" he u,ed '0 
detect d,tferellt phY>ll ~I qllallt,t,c> dejlCnrhnll. 011 the 'en; 'flve 
d,deru oc lloatellab IIltt!gl<1ted ulla U,e ;ln'lIu,e The t oUJlled 
,ld),lrMc IIucll.mterl r~\',ty ,esonators allow, ,ntcll.rat,on of 
Illultople ;cnsors for temperatll,e, hunud,ty, pre\\lU'C and ,?-as 
,enslllll, uHo ~ slIlll.le lIlonohtluc nllllr,scnsoJ Tite snv -based 
deVlte " low ro>L caol bé easoly ultegraled Ull o plilll<\1 
;1l1IctlU'CS anrl presents h'll.h ,cns lllll. rhm acte,." IICS 

II ML L1IS~;"S •• R STRL '1l ~ & Oplo!R\ 1 L'-; ... PI<.Il'i 'IPL~ 

The prop05ed ;Imcture lot ennrotlluent dcteclIotl 1\ 
transnllSS'OIl IlIlc \VIth N coupkd resonators \\111ch pJ'Ov,de 
111!~h tlex ,blhty to UleOl porate l11ult'ple setHr"" The IWO 
resonatot', RI and R2, UltrounClll1l. Iwo band-,top fi eqllt:nc,es , 
are l'ollJ-lled to th\! !lUtin \vd"e~ul(k l'nt the -;IITULII('UlCOll!'­

delértlOlI oftelllpt:1atllle and hLU'Ulhly (f,!! 2) 

TIle operat11lg prulclple of die multlsl~I,or 1; lWled on the 
chmlge of the effective rhelect"c constants of the resollmors 
due to a vanat,on of tetnperatlu'e 01 mul d l'anat,on of 

hUIIIIlhty S ULee th~ re>;oll<U\te fi'eqUetlClt!>' of RI ,1IId R2 ,li" 
lIlVet',ely proporllOllal to til" pel1lulllvlly of the dldeclnc. ,1 

tempet'a!l,re senslill'e ;ubsll'ate Will provlCle ti'equency ,htft of 

the resoll~lIce WhlCh, IVIII appcaI as a .-hltl ün the S'I 
parameter of the two-po,t ,truenlre for hoth resonators The 
11Iul1Iclity ,ellSIIlIl C3pab,hty of the 1I1111usCIWlf ,s hased on tile 
dlaIlll.~ of tilt thdectm COII,lalll of Ihe au h"les of le III 
presetlce of mOI sture A; demollsn'ated UI [1 OJ , the pre,ence of 
Illol,hu'e Will abo cm ,se ail additlOllal ,h,ll of the resollallce 
tj'equency of R2 So, both RI anrl R2 are sensitive ro 
telllperaime ,,111le only R2 " ,L~lsltlve to htllllldlly due ro Its 
a II -hole-based stmetlu'" 

Thu., lhe , nllulIaIleou. , lu11 of lhe Iwo baold-,lop 
frequenclcs of the lIlulusensor CaIl be usect 10 estllllate die 
temperanlre vm',atHltl \\111le a "ulgle rcsonatCll (R2) frequenc\' 
,hlft " ml uuhcatJOII ofll1111l,d lly pre"ellcc 

w 

• air ha le 
• meti3!iœd post w 

FI~ ~ ;;!n tc! tlfc \)1 Illt.: sn\' IIl1l1ft .. t:Tl~I~r de".".'. 1"111 hllllllllll'\ .tIUliCIIIIlL1 ail" C 

ddecflnn 

IX 

III Onl' F DrSI ' ," &. \!F..\SI1\F\tF'-;' 

,1 Bus/( J1/1!OIT 

De';l!l1tul,?- " lIan.\elSal coupled-re>;ollalOl dm,,' "Bplle, 
detilung the cm-off tiequency of the tl all'nmSlon IlIle, 
lIlodellJ1l!). and oplUlllZlIl!). the coup lUi!). delllcnb, aIld choOSJ1\!! 
tllC resOIl~nce ti'eq\letlCles offhe SIW cavltles \Ised a, 'etl'or~ 

['he lUlnff 1', eqllt:11cy 1. ,lI' lhe "ml,nll"'ŒI 11Il" ha, hecll 

ttetinerl III [II J 

c 
\ 1) te 

2W. tt v'l'r,'"iJ 

<IL 
!,V~il w--- C) 0,95 )1 

where ( " tile ,peed of Ioll,ht , F",," " the rilelecu IC cou"mnt of 

the ;ub.lrate, cl" tlle til<ulIdt:1 oflhe llIel .. hzèd po~I:i, ,lIldp IS 
lhe plll hot' tile po,l; 

11lé lOLlpllllg ha, bet:11 oplllluzed usmg lhé de>tgn tqualJOn, 

for tapered llI,crostnp-to--lIbm'ate IIllell.rated wavCIl.lIIde 
l!'aIlSllI01lS de,cnbed u, [121 

For Ule donllnant mode TE,,,,, the r"onance ti-eq\lcncy .(,,, 

ofthe canty RI has been detetlll1ned uSUIg tile f0l1ll11las 

(,n 

(-1) 

whete W,tr'lIld LRid' are respecll\el) Ihe tqlll\<1lenl w,c1th and 
the eqtmaletll letlglh oftlte re>;otHllor RI 
TIle resonallce !1'eqUt:1IC} fic of Ult lllU1l1cht~ senstll~e cavIl) 
R.2 IS calculmed dcconhng la lhe pt:1turballOn llIetilOci t'ollllula 

plesettled III ['1 

- lI",(lw + W 5111 G;))2 
tR, = 'J ' W 2 t'o + 1'0 

- _ Tf '- €'-sub. 
Ci) 

wht!l t! -If ~· III'(. - fr<ll" 1S ÙH:: elle<:tlve IJt!l1111Ul\ lty III Ule U': area 

where the substrate IS petturbed by the presetlce of aJr holes , 

andfo IS Ihe IIllperllubed r",ollm"e frequency 

8 SilllllirmO/l (lnd &l'ICP \Jf'fISI/I'P/IlI'/U 

111e 1II11lltsellsor for tetnpet'atlll'e and hUlllldlty detectlon has 

been desl211ed alld sUllulated by filllte eleltletllllleUlod (Fa!) 
"IUt lhe 3D sUlll,lalor Bipl 0 The dll llenSlOlI, of the proposed 
.truclure ao'e ihoWlI III Table 1 

F'l;( 2 "how~ Ult fahnc~ted ,tmcnlre t"IIIIl, dIe d,electnc 
;1Ib,t'<1te FRI (F,.,.=-16, tllnlÎ=O.OI. h=l '21 Illlll) Thc 
.haollClcl "uf Ule IIIetalized posts " 06 111111 whlle the p'lch of 
Ihe po,l, " 1 111111 TIle ail hol"" h.v. becll dnlled W1Ul a 
di aIlle tel {I.",' 1 :: 111111 and a pltch d ," 1 5 nUlI. 
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"IQ l "1I1l 1l1 :lt~.1 "111 mca ... l n ed " ~'piW:Ulleler 1'1 fh e Lllupled :,, "h~II ; lf c 

IntCSlrn rerl r~nnatl1l ~ 

.-\ COlllpan,On bctwcen tl1C , ullul ated and Illea. lll ed S 1 ~ 
panullétel of Ule lllulllSetlSOI L~ shoWIl 111 Fig_ ~ 

rhe "'lIlIIlaled r""L1lt, lIIatche, weil \\I ,h U,,, expetllllell,,,1 
re ,11It~ TIle ,mali r1ltferencc berween dIe l11ea,lu-clllent and rile 
>ullulatlon resulls 1> due 10 the Illcettllude on lhelel"IIIC 10» of 
the used substrate 

A /llrlep~lld""l 7~lIIperal1lr<, IU/d H/Uwd1l1 fJ<'Cr>CIIOII 

To delllOllstrate temperature ,etlS1l1g capablltty_ tlle 
IJlUIIIl'cll-iOr lm;,; b~ell plated 111 a conLrolled t:lIVlromllCfII \s 

,hOW11 111 FIQ '. both RI and R1 exhlblr ' 11111 1ar le~nnance 
ü·cquènr)' slllJh up 10 ~O :\lI-lz \VIllIe tlte letllperallue IS villieU 
f, mll l CIo 60 C (FIl( 'il, ,,1uch (onespond> 10 a ' l1",II\'II) 
of 1 O~'i6 \[Hz 'r The rc'pOl1.<e of the propo,ed Illllltl_ensOl 
wlllle expo~ed 10 hLlnudlty I~ descnued III Fig 6 

1'1 

'" -
~ ...... '\-
[[: ":Ii'l-

,.- f­
t 

o .• <-"'-:'-_-1.~~~~-:'-_-1.~_~_-:,-~....u 
~ lO _''5 ;0 .5 11 ~i 60 

r~mp~ature • ' ';, 
FI~ ... Fn:(IUclIL"\ ~ llln "1 Ihe tWll lit\III\. ~ RI dlld ft:. lU lIJU IUIIV\.: l dllUt: 

"ar' t .lllüIL 

4-'1 .. t j.' 

,. Il.l ôJ 
FlQIaI~'8 humkHfy ( •• ) 

FIll..1) Fn..'t(lIl1Il y ... h,1l uJ the Mt) ~:~I\ It1l.;" RI .'dt .: \\hu i \:\.lkhcd 10 hUJIlIJlh 

'111é ple,etlee Of lllolsllue do es Il ot aJJerl RI \VI ll Ie R.2 eXlllblls 
a ma,lllllllll , hltt tieqllC1lcy of 1 -; \[Hz fOf a hlUlllrllty 
COIICetllrallon lilltgè ÜOIll 1> 5 RlI" o 10 ')3 RH·. rite 
.. t:11~Jll\ Ity of the IllUltl:-;ett-in hil~ heL'11 fm uld to be 
l-nHzRH°o. 

B Si lllll//{O/eolls de/nI/ail of/elllpn{dllre WIl//ullllldm 

ln th ls expenllletltai tel\t , the 1111111lsen,or wa~ placer! Ul a 
comroll ed etlVlrOll111etlt. wh"re bodl dIe temperatme and Ihe 
hUlllldlty COllcelllraltOiI WeI e vill-lell 

N 
en 

T = 24C 

7 • 
FfCQuency ~ GHz) 

F~ - SlII ll ll1111 1,:UU'" Jl:Il:l bUll lI f 11.'11"1,..1 iturc <t lld IUDlUdll\ 
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FI~ - :-:how:-> Ihill UI "d(!ttIOJl 1o Il IC!lflIH!TaItU"è v.umlJ oll. 

\v111ch came> an 1Illllai ti'cqncllc y , llIn of Iwo cavltles RI and 
R2, ,1 vallilllOlI of lhe hUlllllhl\' <aus\!), a llequcm) sJu!l ouly 
for Ihc canly R2 ThIS IS IHed 10 dl>cnllllllalc a Vat lallon ()f 

Icmperanlre ti'om a Vat la{Jon of the relatIve hlUllldlty 

C(,r.;"Lt"SI1,N 

fn Iim work. ,1111ICl owave rran-"'eJ,al banrl·,rop tiltel U~U1 J;( 

SI\\' 1e<lmolog) IS VI esculetl dS hUlllJ(hty antl lc::lllpemtlll e 
derccIJon fOl rhe fir_1 rune The ,lmCTlU C ha~ hecu te,red ln rhe 
hunudJty ran!),e ti'om o 5 °010 93 °owlth teJnp clanu'c vanatlOn 
fi Olll 2JC 10 6O"C and II- lllUltl·detClllOIl (apablhl)' ha- be.1l 
.lelllom;rrated The lllultl 't:lHOr ha, a -enSlllvlty ,)1' 
1-3 kIlL RIloo lOI hUlllldllv ,uld llr56;\ IIlL 'C 1'01 lhe 
tcmperature 
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Annexe E - Partially-open SIW resonator for microwave 
characterization of particulate dielectrics: Effect of 

interaction with gases 
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Partially-open SIW resonator for l11icrowave 
characterization of particulate dielectrics: Effect of 

interaction with gases 
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. Ib.rrrfl('( Thh WOI k duCi ibts ;t nOHI tnt.HlU t'lUfut 

trdmhltlf fOi dflfl rniuiule Ou compln. l)trIlIlUhit~ of l>OlHtfl'fd 

lIu,lrrinh. bas,.1 un rrsnnllnl pntul'hnlioli nr II Subsll llir 
In.r' ..... t!1 \\' :lvfJtllidr (Sr\V) 1 fSOIl:.tlor optl"ntine. At 2.!- "lb 
and r:.t lcillatlon" fl'om (;,.lIn)l1 Di,.luh i( \lh:tllJ t \lod,.1 
fquatloU\ . lht plopm td Illflhod is valldaltd wUh st:mdru d 
POWdfl \3mplfS mfa~llTfmfnt ami compal Ison \\1U. tlu 
IIlf lUW rd cJ ~l(a by 3D rJf(troIlUt!H1rtir 'j imwalioll. nIf illOUfHCf 
of tilt powdtl dtllshy is .Iho djsrusstll. TIlt luhllhillf h: thf'! 
U\td to iU"f'\Ha,,,'r Lhf' f'fTtrl of hydl' Olttli Jl~n adsm ItUon .Uld 
Inllnldil~ on .h .. dtthrU Ir p' nllfol Ut\ or Un m.ld .. allli l.1nr o\.ld .. 
pOWdtlli. I,,~pt('thth . Ih" 51\\ It.!JooalOi 1\ .1 low 4.0~1 and 
~lJllplt ~ l1l1etUi t wlUt 200<1 'ttn~itI\1ty . 1t h atJaIHtd rOI dld"cu je 
dmr:tctnlzalioll.\ of both sfmi solid .uld non solilllmttu lais 

f"rt,.\: Tfrn" C':1\1fv l'rsnllillor. Oirl .. l1t il mr:l\lIl .. mf'lIt. 
\lIcl owau lI1f'a~1II"II1 .. nr . P:l1 tiflllat .. 1Il~'''' lai ... Qllallt~· (a. fOI . 
Sub~tlatt lutti!) attd \\ "\'t!l\lidt . 
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.... U ~gL' .... IL'lI I~II ":\; llu.l llll!! th ..: Lï)fJlpk\ d l..:ILL'I'I C ~l m .... l:tnl hut 
(h~U i,U.: IL· II/~ltllIll lJI "I w..:h .... L·III1-.... uliLi JIIal\:rJ.Jh .... dli.dh . .'llglllg 

duc hl Ill ... · .... Cfl .... Ul\l' J..:p...:mkncL: 0 1 Inhl'n":l1 l pi.llll l'iL:' 

dÎ-.tflhlltHUI tIr L'OIllIMCIIlC ...... . \lorL:o\L'r. IhL' ..:hOh.:L: III Ihc 

mL'thud ttran'nu ....... wn llr rC"-llllunt lTll'thlxll J'" lhçtatetl h~' the 
L'\l'I 01 lu ...... tangem 0 1 lhL' p<.J\\otkr 1IlldL'r k:-.l 12/ \klhlld ... 
hu!'!("u on tr~m"lml ...... ion linc... .LI1tl rL· ... OIli.ItOP'l hd\ e both 
.Ill\ ant,tgc... ,mtl Jr~1\\ n,u:k.., III lerm, 0 1 .ll'L lIr~IL: .lIId 

I nL'~I"'lIl\.· III ... ·1ll rn.:qlli..·n<..: ~ r ange , 

Althou~h Il IS IlIllItcd III telllb nf 1', equcne} 1 ~nllc Ihe 
1 eSOIH,nt·pc. bu ballon tcd,nlqllc IS conSldcl cd 10 bé aillOli" the 
1110-1 "lIliatC fOI dlcleCllle IlleaSlIIelllenl, [II Sulh llate 
Intet!! ated Waveglildes (SIWs 1 have be"" applied 10 Ihe 
de",," of IlI i:lh·qlla"ty <l1IClOwal'C and nllllllndcl-\va ve 
dentes ",Ih h,,~h qua li t y facloi ami -"""tml) [ Il 
Cap.tahllllw, 011 Ille ~C"lJo.1J1(HICt: of thCM': lUlIlL1>I:-. ,III" WOIk 
pJ Of)o:-.:C:-. a l1lCa:-.IUClllcnt mctJlOd dc\-c1open 1'0 1 pnwdc. 
llIalellal, ba,cd on re,01l~IIt-pe.1.u hatJOn of a S [\V 1 e,ollalol 
1\111<11 IItclurle, ~II ~l1ay of opell holc, (pallially ·open SIW 
1 csonalol ) \\ tU) fol1owlI1ü advantage:; 10\\.'-( 0:0:1 faUt lCatWJl (lud 
<llIlple fOllllaltzallOn of Ule , IIlILllII" adapll!!1 fOI 
mC(h111cmCllr~ Hl CtlVÎIOlltlICllta) IC:-.:I hcnche~ and hlW.h 
SCIlS"IVlty to !omall ChrHl'tC'O Hl dl cleo. j( IH Opclhc:-i "Ille JaHel 

two advallta"cs offet the posSlb,ltty to study u," ciTect of Ihe 
enVIIOIUII~~,t 011 U,e cOtI~)lex (ltekc~ IC p,ope,t.", nf lIlalclla!, 

rite rcal ,md 1I11agunuy <heiecil te CDlht"tt, are detenllmed 
a-..eu nn the pi..'rturh,ltlun 1'1 m~a~lIrL'l1 r~~on.HKe rl'l"qlh.·m .. ~ 

,/) JIlU qu.l"<\ l ,Il'lor 1 en ,LIlU 1:>, ,lppilln~ uL'n~r,.1 JidcL'trIL' 
LIll\lurc mLxlel ~L/U" ti ll''' . In ordeJ to eva luale Ule extracl.on 
1Il"lhod Ihe expc.llllcnlal,e,,,It- al kllo"'n blilk dc,,,,,,", ll'e.c 
( OITIpared 1o the Uleoretlcal e:-hlllOll101I by ... Olllp tlf ;llIolI=' l}(l,ed 
0 11 U,e Lalldau ,md Ltf-illlL. LooveJlga 1 LLL) d.eJectnt 
11I 1\.1I1fC cquallo n and ... ohd m al CI 1",,1 dCtl!'IfIC ... '111C COfbhtcnq 
or Ih" 1 ",,,It, wa, al,o vahdatcd lIu o",d, clCluollJaIV.ell( 
"m\l. I., tIOIl:o-

Il ~II DU F"H..\ll L-UI ':-.< 

. 1 E\lmt.IIO/lO{lile dte/ulm CO/lstaJII 

n,e "qualloll fOI Ihe vailaUOIl III • "' OI,anl fi eqllolC~ uue 10 
Il,al""al peltlUhatlOn " illien "' Il ) r'l -\1 IC,Ollall(e 
Irequellcy ciE' ~4 111: "nd III absence of vanat. on of relatIVe 
penneab,hty . il 1 and .l~I O. we ha"e 

f l, il 1 ~~ 

",1/ ,h [ :,·H 
II) 

\\11l~1 e w· : ;r( l:utcl (j'u ;'.Vn. a le the pel tlU bed a lld 0I1~1t)(,1 

fI eqllelleles ami V" " tl,e l'nlllille orlhe la~11) 11,e ca lclll atlOn 
of (Il. a,; il I1l1lCI.OII of !!eollletncai pao am el el" W. L 1 W L) 
"'HI (lI U.e pCl1urbed re~")JI ). for Ihe n'I'" morle ~Ive, ( F, ~ 1) 

( è ) 

ln (2) . .le <:'tr,.·(;·", \\,,111 C <:'tr. aold r;,.~" Ule etTecttve 
P'" IllIUIV.ty ln Ihe pall.all} ·op~n 1 e!!lon mti, ",,,ply hole, and 
111 pl e~ence or chelcclnr rn?llenilJ respeC(1ve!y The va ille or 
t.,.." "e,~",aled ''''''11 tile BIlI~lIentan f0l111111a [61 

Il 1J,1l:'."lh t',1' 

l'II" - j',(f 

n \n t h )l IV ~,7I1 fU- ,T 

ail .( 
Il) 

whel e r 1; Ule radlll> of one of Ute 1/ ,lIr·li IkJ holes nI U,e 
pCl1tu'berl area "and f'.ott," (t rc the thlcknc..; .. and the rc!(ill\;c 

pc1<l1ltlll'lty of the , "lh uatc dlld u "Ihe "ohune fi,(tlOn of 
the 10lal of 1/ hole, 1 clallve 10 Ihl! l'Ohune o f the arc a bOlUIded 
by Cl' Froll1 .lIea';lIred r"'Ollance IreqllenCle,. j a"d f 
COll e''jlolldmg 10 emp" and nmlenal·lïIled "'Tay of hole, . 
respecI.vely Il IS pos,lble ln rleleJll1l1le (;."1' from en Theil 
n,mg [6] ollce agam. Ute relattl e pemultll.ly of Ille llIalenal 
ca" he dedllcled ft o", "'Hp a_ follmv 

1 _ IJ, )~'''I/ 1 E,,_p .l' ..... I~ 1:.'1tI<I t.·~t!. JI ;;;; 0 ( 1) 
F"tf 1 + t'l'II Ji t 'I'lfll + t',~!1 /1 
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B 1:.\ /m'-lIol1 ofl/If! , "~ /<,('/r/( lusses 

l'hree 111 ") 0 1' 1o ... .. mech tlT1l :-' IlI, (onlnblli e ln (itla lll y t'<lfl nf nt 
SIW Il',ollotOl ["1 ,hclCdJIl ,'olldll tOI i111r1 1i1,hatl oll 10',"_ 
nll' eX]He»'OIl " l'the 1I11l oilded (j- tà ,tlll <j" I_ 

l I t 1 (5) 
~) V. I 

() 

Q .: I ~ clue 10 con rlllcl or 10,:' )r 1:-: r elaled 10 mc::lallt:ten \ la 

rlclI"ty .lId the pl cscnce of 'Ulc appcd hole, 1).1 " leclpl ocal ' 0 

th e ,heleCiJ le 10» l ' 1 If Wc (OIl" Oel 1) ,,, ano ()" r ' ,he CfIlHI It) 
fac tors 01 U, e ,aille resollil tOl WIUI elllpty <llId dleleru Ic-lill.d 
hole:,. respec llvely ï1~ hoth .. IHI(!lIre ... have I(lellil cal colinu clor 

alld radwllOlI I O!:i~ e s. Ûl en 

t d ll â 1 t ( LIli ri,1 

For the pilrual ly-open Sl W resOIwtOl . tlllrt'" e, dle1ertllc 
losses cali be 'lIbdl\'lded III two parts dleleetne lo,ses 0 1 the 
~llh~llat c (lait t) roJJ) itnd Iho~c o f Ill c p et111rbcrt rC~I011 ltan v, {f} 

wlllrll llIc1mle"i conlnblll lOll nr dle1 eclnc los ~ e"i ni .. n!J :-: lrate 
rl U alld dielceb'" mate, lai "I<l oe th e ail ay of hole, .~ CCOI d ill ~ 

to the ~ellCI al 1Il IX II1g model lISeo fOI ,heleetlle 10" tallgellt 
relil tlouS of (ouip os iles [8] , Ule "l1ole diel ee u IC lo,.es of the 
1 e,onator cali be expl cs>ed a, foll ow 

tan (~I .:; IJ~ tan ();-II -- Il l J~ Hall "1f.1t (J 

Therefore_ li'om (6) dlld (- ), UIC ell'eellve dlel ec tne lo,"e, II 

th e pCJllll bed re21D1l 1-' 

, 1 l , 
tan ù_II l' =- - - + tan ô 'II ' 

u: :>'Q" 
"'lth 

,,11" C u_ " the VOIIlIllC fi ad lOlI of the aléa u- I C!l.a l d lil~ the 
Lo tal ru ca of the 1 e~olHtfol ran t) "..-l; and tall Ô" ... al c d ll! lcctllC 

lo<>es of Ùl l' Illatellal " " Ide the hol"" alld Ù1C ,uuslrat.:, 
, e,p ceti ,-c1y h OUl th e ~Cll el al 1I11X III ~ lIlode! Ù,t effec ti ve 
dielectne losses of ,lIr-li ll ed peJturbed re'l lOlI tall ô' l!' cali be 
eslllBaled and lhe cheleeul[ losses Itan Ô"",) of the "mlenal 
Il !s lde the holes cali he exlractecl as fo ll ow' 

I ft1l .i"u -
Wn J, Ir" li V, Ita" J,~, 19, 

III Frxn RI' f) r_~ , , ;, ''0 F 'RRIi' \ fI<i " 

The S fW l esOlmtol IF,g 1) ha, beell , ,,"ulaleJ alld 
Opl11Jl1 Led IISlIl g , 0 E~f "' lIl1l1ltll o r Er.,.,lPro 111e PéO"(1111 e ter (1 Hi 

chmellslOned 50 as not to exceed the area where Ihe 
llIaero>cOJl le c1ccb'le field l, lllaX UIIUIll (f i~ 1) 

rAllLEI 
H·~r4 of'j p \ foC \\n·, FJ(S . Jo- t(f-S· .'\j " }( 1 rf!\ l f1>..~I , 1'''';; ... 1'', \1T 1.d\u·nRS) 

~. .\ L-jJ~' ~" <; , --,,-~-,,-" J' 
I.~ o.' 1 2 1 J () I J 

~--~----

r he (hl1len ~ )on" of tht! li lnlclllre ar e "hO\\.11 III Table 1 

Ill e re.:ollal or :-; h O\>\'I 1 111 

R0300-lC RO!!er , lIb , trate le, 
o 002), \\' Ilh u 1 0 526 and u 

Fi g 2: \Vil'; 

355 il 
0088 

lahn caled 1l~ lJl g 

1 52 1 1l1liLtau o 

J\' \ fI- \SI I<~ \I ~:--n 

nl~ l'a bdatmll of ,he IIlcthod IV'" made Il'IllQ ,01l1l1lc1cla l 
SnO, Ilm oXlde) and Zn O ILille oXlde) nuero-p owder " "l1ples 
(fi OUI _ \ If. _ \ e' aI ) n,e packuig dCIISlty of SilO, and ZnO 
powdel ' dlll mg Ille te, t, \Va, ddcllllllled 1.0 he 1 " : t st elll 
alld 1 ":!:! Q.elll ' ICsptetl w ly nlt Illelhod IIsed III UlIS wOlk 
for detenllllllll!;t ùle loaded t.l-faelor <.11_ IS describ ed 111[9] a" d 
1. ba,ed on a forlllul ation fOI Q-factOl that lise, the change III 
1 caetallce nf Ul e ,e,Ollall' Cil ellil \\ Ith ti eq llellcy The 1I1110aded 
t)-faclOJ Q" was dCll vcd flOl Il <h ''' ''' 1{ the fo ll owmg well ­
k 1lO\\11 1 elati 011 

n, 9 L II + fil Wlth If - Sil / 11 Sil 1 (\ 0 ) 

n nere. ~ H; the COllphlU~ r<l , tor an d S , IS Ihe rea l quanfJl) 

1 cpH:~cntll lQ: Ihe 1 efl ectlon l"Oetlï clenl at the r e~omUlt 

fi cqlle", y [II onlcl 1.0 vell /)' ' he cOI" "telley <, f Ihe ex u aetcd 
dldCClll ( COllstallt...; n OIll our lIIc1h od. a l'UllIp all :o\ OII \ '\'3:0\ l1Iach: 

m U, Ihe pl edl eted va lues dCllved fJ Oll! the Landall alld 
L,f, lllt z Looyenfla ILLL) lIll'<l llre eqllatioll [1 0], bascd 011 the 
,heol ctieol bllik dtllSlty [I l] and bll ik penll!lllV1ty [ 12] of eaeh 
1tIi11(."n a l 

:1 1"" Ir~ - 1 ,J1
i t" 1 

l ' 

,II, 

\\lIere, ~" IS lhe eOl11plex pemultlllly of lhe ,!D'-parude 
IIl1xture al a " Iven dellSlty p." and of, IS Ule pen IlIltIVlty of lhe 
1I11\IU I\: <I I il d i flcll:n l dC II ~ II \ () ~ 

rablcs 11 and 1Il ~ 1",n n"~lzc the exlraclerl va lu es or E, , .. d 
tan 6 for the stilndard smllples 

T_-\BLEIT 

\\l t1!Il Lllllhll t:lldl \':d, IIhll t:f1( 

1 ,~ r ~.!r , " 
"in(), ! (\'i 1:il è. <Ii 1 è.èl 1 ::. "0 

l m ) ! 6" 1 S:! ! ,,~) ! ,~) 1 :40 

nHI.~. " I 

r: \.'Tk \,'lTnnn Rlc' .-"s r.'; 

lI ule; 1 \ \1ÙIOUt 1Il31C: l1 d l Wllhll13tt:lI <1 1 

l V" tan \'IdL (,.'Il ! ;.tl Jdll 

!:~ 0000 9 " ,} ! 'i 

t, ILLLI 

~ 9 

:\ 

tdl l Ô 

Il ::X 

2:'" l Of)! )I)') "!; l'i! 1). 01 
h", 1 il) , lrUt: lurl,! ,IIlJ J , .. tnbulllln ' IrF· lidJ li ,r n)lxl .. TF 1' 1 t li lhe: Pl ! flilU\· 
f-.ptu SI\\" l e~Ol\nt(ll L- / l'"'''c:.)_-'--=:::.:......L_..::.:.='-_.L~-=-~_-' 004 
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rOI a !;?1\'Cll matC:lIal. the c:X1.Htdcd <.lIdcd.llc 1.011btaltt Hi 

very rl ose 10 the predlcled olle based L'II lhe LLL I1lL~lure 
equilllOu _\Iso. lhe exlracled dleleclflc losses are witlUII lhe 
l"1lorled va lues iu hlerall 11 e fOI ail tl lC Illaiena l~ le,led 

EHU-I df H\IlKl'<iI" \'-11 H I \111l1T\ ,,- DIH HïKW 

PK IPI K Ill·S 

lu Uns secllOIl. we me ulleJ""led 111 tlle evolul lon of Ule 
III1U m\3H': lhc..:lcl.l lil p I OpL11IC'" of 11Iltlt.:IIH t ... IIl1dt.:J ,ht: 
111 tlllellce of etlVlrOlUllental \.'il n atlOU:O;: l'he expel1111enlil! :o;etup 
1'01 th" .nlti) "dhl,tJated III FI~ \ 

SuO. and ZnO were tesled dl ro011l lelllperature IUldel 
hyruogen and hUlllldlly. respecll\el\ The pm1 lally-opeu 
IC:-;OI H1 Io l 1:-; lillcd ""IUt tlle IIIalCJlrtllo ht.: Ic"lcd "mil plctlcd III 

Ule t"t bench IJ dTeJ'elll cOllcelllrnllOn, of hydrn~en nI' relallve 
hlllllldity (RH ) "'c ach,end hy di lullt lfol wilh l1ItlOfoIèll a 
SOI Il ce of H. (1°0 III ail 1 01 a <0111 ce of 1 UO"o-RH 1 espect lwly 
l' I!! -1 and Fm 5 show Ule l1Ieasured reslIlls 

~ ~ '·"' l fl l ' r\''''UI-k\lcth~ .. r 
l'rmlN',·:IIttw\, T."H 

e.".lI ol , 1 •. 11111'41'1 

1 _ •• 

M:~.~ 1 l'hIUI~ 
~ 

hwid(';:: e Rt41.l'lfoIJ -

1111" t I\,n. 

l't\':Iil'Wl''' 

C:.' .d~.,lrion ::~~:: 
IC .. ,llIl1/'1,1 1Lrl · laD ' 11 

.- .. ~----... ~ _ .. -' _.-.. - 047 
1)·14 

0--- ~ 41 ~ 

1)~8 '" 

Ü:;S ~ 

1 

~~~~ 
1 

o-- _ ~ O.î.Ô 

2:. I.t-___ -:'-: ___ ~-----=:;::.-=-=. t=~=~"=~)=~ 'j23 
20 0.5 1 1.5 p" 

Hydron8fl COllœnlrahan r%) 

r-ù .. 1. D leln tnl propt'rt les al :!.~ GIlL or sllù~ aS;1 t\UIl'UO'll oJÏlydrOl.lctl 
l,'tll( IUratJl)l1 

2.
9 1·--"'>Ubl 

_ L M - tan " 
; 1.7 

~ 2 6 

~ 2. -
] 2A •. _ .• ____ .... - .. -.----=-.:~ . 

.fa! 7.. . ~ 
o .... 

2..2 

2. 1 

10 18 

10 16 

le " ~ 
Io lo~ 

;:-:-_ . -- 10 1 j 
10 08 6 
10 06 
1004 

80 10n O" 

F UL .;, Dld cdlll pll'Vl:rtlCS \]L: 5 GI lL of ZnU a.:i a lUlllllou of rdall\-C 

hUII n dU)' 

h~lIll." 1 ... ho\", lhal pllOJ 10 ~I hl\\ ~·l) I H.ï.:lIllatlotl ni 

tl\ d ru~l'Il !:s2t
", hnlh nll:lcc.:ttll I.'oll:-tmll (lIId lo:-; ... e:-. of SilO· 

~tn.: .11 k·l"tL·o .1\ ..1 ùHl ... \,.·qu~nL·l.' I.Jt thL' m\,.·l'h~ulj ... m n i trapp'.'t! 

\:hi.ugL'''' .1 1 Ihl." ... llrla\,.·l..' 1)1 the partlL'k\ f, ,Iml [.11 1 () 111Clca ... c 

\Vllh the hyrtJoQ.en (ol1c enLrattntl RelalJ\-ely 10 the H1IIla l 
p"'pl~ll'" (Il"o or hyrb oll.clI ) ùf SII()- powrlel diclccb 1( 

u )tl .... lalll I1llICti~e:-. b} J }Oo \ .. h~lca:-; thclechll In .. se~ IIlClC(l:-;e 

bv -1·°0 The (helerll1c cOlIslanl of ZnO r FI~ ~) 1> COII -I .1I1 
whatevel th e RIL ho\\'tvet thele I~ <1 l) tl OllU IllClea~e ùf its 
dleleclll r lo"se, (by 11 '° 0) for RJ 1 III the 1 ill!!e '-1000" 
Such lltfolllliliion <Ire .. "llIable l'or ,,,mors "ppllcahons and for 
p l l.:d idlll t( Ihe ... trthlhty n f de\lLc:-; III pa.1IcIJ1til CI1\'1I0111llCllf:..: 

\1 C' '·NeLl '{jC l~ 

.-\ IllcUlOd 1'01 IIlICl owave dieleco Ir dlru altenzalioll of 
POWdCl lnatcll~k h~,ed 011 rcsonallt-pClOllhalloll Mpal1lally­
open SI\V resoualor. IVas propo,ed The re. ull s 01 the lesled 
matellab tll e III at lOldCHll e \\'lth the liteJ anu e anJ \\lth 

' "11lllaled le,ulb A,1ll011Q oIhel ad"allta"e, tile le<hl1!qne IS 
well-SllIled for lhe lIIe'SIU"eJlleJl1 of comple>; pe11l1l111V11y or 
parllculate lIlatenals when iliey tnteract \VIth vanOll:-; ~wse;-) 

flu, " a powclful 1001 fOl plOVlthllg kcv lllformalJOII for 
sensor, apphcauOI" ilHl fOI pl edll'lm" Ihe stahllily of de""cs 
III paruclliar enVJrOlullenl s Fulure works \\'111 b e devoled 10 
, haracleJ"lLaIIOlls III \\1de frequeJlcy rall!!e 

li! 1 \I~all \ 1 .• ldl UI11,II " lh m1Il !"). \le,l.;IIIOnOlT ,1I1d \ ppl ll :Hlun lit 
('OIr~IIC!-!'lh!( \Il lfi, la i \Ia'enal~ fF.p.F. T'rtVUflrunfLf 111/ Inlt'/ulfu IDIilI 
''70IHIg(I!JO'1 \'1l1 6: ,lt''I 1 ~ pp 61-'1}..(t1..aS l'e~ :!ot ... 
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Revie\\ or Environmenlal Detection baseo on MicfQ\\a\'c tcchnolo(Jies 
~ 

of Resonators, Transmission lInes. Radiorncters and Radars Sensors 

).[aflÙ Ndo:-e' !s"<lJ1l !-;.ellOl11ll ,DUlIlllUC Dt~hulde;' ,md hedellC DOllulIgue l 

'UJUYeWle du Quehee n Tlo!S-Rt\1ereS \l-QTRI, TroL~-Rt\1ere, ((le), Canadn 
'ELOie de rechnologJe mpcneme lETS), \fontrenll ('C), ('rul<lcla 

, Ul>'lItiU dc 1\hclOcl~ct!OnHlue, Elc~llOlllal!llctl;IllC et PhotoJUque - Lawmtollc d'H:verliequenccs ct 
de CmactensatlOlllfl\lFP-f ,-\ HC ) llm\et"Ue (flellnblc-.-\Ipe~ (llclloble Flflllce 

Ib'ftrllt" - ln the last decade. various microwave 

technolog,es have been propose<! and develope<! for 
envlronmental detection, This paper presents a review of the 
current state · of-the~art microwave environmental sensars. 
Four types of envlronmental sensors, based on the 
technology used, are presented: Transmission, Resonator, 
Radiometer and Radar sensors, This work describes each 
technology by discussing its operating principle. advantages 
and weaknesses. The paper also presents the vanous sensing 

appljc;ations demonstrated and published in the literature, as 

weil as future directions and challenges. 
il,,,,,, rintlS S.lISor, -"l1er.wan , Optlc, l.mptl atm., 

\lIdtl ~.",nl' Snb,n'OI. Inr.~rarrd \\ aV'!!lu,l .. (SI\\) 

[ r:-"'TRüDLll~nON 

Today wlth techt1ol(l'Uc~1 ",""mee, III llifTerclit lield, 
,Iml Ùle de<lre for i1utolllated i1lld 10ùollzed l'OIlipiiIII e" 
Ihe 1lC!~d fOI "eflSOf'i !tas III Ct eil!'ed III TIIany i:lre(t" 
espeCially aerot1alltlc~, autolllotive clome,rlC IIlrlll;;trml. 
etc PI e,ently one of the Illosi tm \tetee1 applie~tlolh 1;; 
etn'u olUllental detechon devlCes , HlCh as ·en,o. s fo. 
lelllpenlliue. hlnllHhty pres..;nre 10:"1(" UilS and tUl quahry 
conti 01 

Sen't al type, of '''11>01 techllologle- ,u e (lin "1Itly 
d\"dIJablc 011 Ille IlIcukcL suth ClS l'aLrllytJl dlClIlll ftl 

opueal. p.czoelcctne, lhellllai and :-.ros selHOI, 
llowevet 1I10St of UltSe tec1molog.e, h"ve " l'omplex 
operallll~ pnnClple, leadlll~ to hl~her ,mt, 1'01 
et.vu olll1lental sellS01 S 011 Ule mar\..et 

Recenlly Ie:-;earrh h"..; [ocl1.;eo on Ihe de,w.!.11 .111<1 
1 eali7~tlOll of envJrollmental 'ellso., Il'IIlQ Il li CI O\\-:1VC 
tedulOlogy [ndeed, IIllCJ'Owave tedulOIO!,.'Y has the 
fldvalllé1!ii1,c orbclll~ 1té1I11t:ssed wu dc" .. dy IHIS:-ilvcly mul at 
a 10we1' (O,t .. \mOllg Ule vanou, types of eXt>ltng 
m.Cl owave ,eŒor~, four tcc1ulologle< WIll be pl ",ellted 
ane! detadecl III the l>rCSCllt paper ' trrul~IlII"~IOIl ~C1HOI', 
resOll;,lOr SellSO[o;. radiOllletet ';~tlsor ... and radar ~è11SOl s 

Tlus wOI'k bnefly re\'leWS tllC'>e fOlIi chffCl"etlt 
c~te~OI',c, of Illicrow,n'e ,eIBOI ~ r1c\'cloped 1 e~lIlally fOl 
hUllud.ty , tellllJe!ature, pre.;,ure and ga, "'II'lIlg 
apphcatloll~ For each type of techllolo~y a e!C!'ClI]H101l 
!t!oi weil <lS the opetftlmg pnnnple ctlltl Ihe ";t:u ... mg 
applieatlOll ale pre<cntecl FlIlally tÎll1uc pClSpCcrJVC, 
illld dtallenges ds,ol'lated \l'lUI Ulese tedll/ologlt, WIll ùt 
';llJlllllé1IIZed 

II CI, ISSI ~/(' \lIIJN IJ ~ t- Il 'H rHt-,',~ \11< '!WIVI \ .. " SFNS( 'K 

,-\ND UPER.~TING PRU'WIPLE 

1 - TR"\NS~IISS I0N SF.NSOR.S 

IL Descnplloll 

."­r 
Tldmllutt':f ReCPlvpr 

-\ tnub1111:,:slon lIne J~ li :-I U1ICnIJe llli'erl fOI confinlll2 and 
l'OI.boUmg the plOpagatlOlI of the elecl101llaglletlC >lgn,,1 
or wa\'e wlthm a p.opagallon chrumcl 111 a phY>lcal 
medllull devolli 01 ,ni derUlc l'hm!!e (d telet,tlle ) Uld 
fà\'OI"1IlQ, the h anmllS<lOIt ,,1' the clecD'omaQ;lletlC "~Ilal 
fiom a p01ll1 x, to a pOlllt x. FiQ,1 ~ho\\~ the plopa~at,oll 
of a !Thl SIgnai Ul ~ d.c!eClnc stnlCture 

h ()INmllllg pmli'lplp 

-nlc olde.t dlHI lIlost cOllUllOnly used IIl1cromlH 
l·OIllpullellllll..;eIHIIIW,.dpplllé1tllll1 I!'I tilt: 1Ié11l~1111';"10I1 hllc 
lt, ,~lCce,S li" III die X Ill'> lie II)' of Irs Opet'~tll1g pnnc Iplc 
TIle ftulClIonUlg of "lId. <1 de\lce .s welllll<lste!'ed toda)" 
and '"Ilple elloll~h to ~ a,p the eleeo'omaQltetlc \\n\,f;; 
,,111Ch propagate lt1 l plopagatIoll dlalUlel atTtmged 
between Ihe h\'o elellle'llt ... of élll electrolllitgnetlc wave 

tlle Clll""OIl alld ICCC]lflOIl of the eleCtlOlllaQlletlC '1~1l,,1 
TIle mltl omlVes t<lll be lIIeastn ed , alld Ute "tlenuallOll 01 
phé1~e .. llIn li1u..;cd by tilt: pU':"iClllt: of the layel Wé1:.: 

llerClllllllCd 
TIle theOlY .s pallll'ulmly bi/setl on the pha,e siun 
fonllula below li 1 

BR{ore frrOUJlII'i,\'/OIl 

El = Eq exp(-W,x) cxp(-k".x) (l ), 

\V1lel e k IS d P' opagaUolI l'al'tOl wluch " ddilled by 

k k ' 'k" - 2" ,7;:( l <")' ~. - ... - l' 'i - w" pE - - A-, - - ) -;;-; I~) 

,111<1 E, IX the all.phtuc\e (pca\.. ,"alllc) ofwaH 

,!fler (rcUl.SlIIlSSlO1/ 

E, = Eu exp{ J[k' x" t k"ex x,j )]}exp( k" X,I) 
(3), 

\V1lere k" " the pl opagatlOn factol ut tlle vaemnn, fi'oll1 
\~illch Ille obtalll Ule pha_e shln tJ.«J and attenuatlOlt na 
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TlltT>. " ,ample ,eIL';lll\'e 10 a phYSllal panulleter to be 
detecled Il.1V be mduded III lhe plOpagalIOII challllel 
l'hlls. glvel; that rhe ,!Qnal fla<~e< tlU'011~h a selBltlve 
maret laI. li chan2e of ,tate of the ,enSltlve matena 1 results 
III ,1 dl st urblllJ(~ of Ul" SI!!llaJ recelved al the recelvIIIg 
temunal nie "elav acmn;ulaterl ChU'Ul!/' the tranmm~lOtl 
of Ihe lIUCl ow"v~ sHm,,1 due 10 lhe pl e,enee of a 
d"tllrbnlQ r" etol con,lllllte lb. clltenon fOI detect1l111 
,11ch dellee, 

101 a temperanlre scnSOI 01 1Il [1-+J fOI gas ,enSOI nie 
StltucOlJ(~!(lor lechllolomes m'e Ontll Ule ulO,1 preSetlt 
and ,ohclted Ul the sen,Dl malkel mie to the 1l1l1tlU'Ity 01 
Ùlese lllmUlüKtl1l al!! lechmques. pet11Ulltug '1 subslalltml 
tedtu: tlO IJ III Iht: - l'o:-;1 of the:e dence~ fOt t1 1i1 ";:; 

plodllCITOIl 
OUlel types uf lt ,IIlS1IllSS10ll hue uun OWllve , etlson; eXlst 
\\1tllIeS~ COllllllOn llletllOd,. <ueh a~ optlcal [1 ~-L 'J tOI 
11lUllldlty and ten'.\leranlre detectlOn. respectlvely. or a 
defonnable ~tlllc hue [3J as a flexible and <tretchable 
lac Ille pressllle Stll,Or. but these mdhods ,Ile uUen not 
wellmaslered and pleseut low SellSlt lVlty pc:!lol1llanres 
Table 1 ple,et1ts <1 reVlew of tlle state-of-the-ntl ,ensors 
of LI mlSIlllSS10U sensor, m e1WU'ollllletltal detectlOlI by 
type of 4111CtlU e. manllfaclllIlllS! techlllqlle. and 
e11v1rOlUlletlt parmueLet deteded \Vlule trullSnn,'IOll hne 
IS ., ""l'y popllim lechnolot.!Y III Ule li dd of lIucrow<t\·es. 
<e\'crallll1utatlOlI' can be otltlll1e .. '11Ch a. the defle11de1lce 
on the t111c1mes,. lhe detL'Hl} or Ule physlcal dnlletlSlO1l of 
dlC sanl'Ie. the eleeh'Ieal propCttl"" of the layCt·. the 
IllUllldlty. tempel anlre or OdlCt sm-roundlllg 
etl\1rolUlletllal p"ralllettl-s [n 1I1ll'0I11rolled condtllmls. 
rhe.c parameter, can leacl ro Ulacwrate lllea~IU'elllCl1ts 

c Hm Iro/UlJelllaJ Sel/Slllf< appilcallOli 

lJepellclUlIl onlh. Il~llu'e or the s;u"ple pla,ed wllhullhe 
tT aJHlllS,IOIl channel and the phY ' Ical p~r~l11etel to be 
detecled. we callidenttfy several type~ of e11~'UOIllllent;Ti 
,CI"OH FOI exan~) le. the hUllu(hty ~en,or< pre,ented UI 
[5] 01 the temperatllre semOl lIl[l OJ nlOSe SetBot ~ are 
1 e~hLed e11tlrely ulldet Ilucro,u lp IUle teciulolO!!y OUeu. 
man}' mlcrowllt'e-type envtronlllentai <ensot' en'P loy 
"loustiC teclulology for the lJll.lletlletll~tlOIl orthe delay 
IUle li, demonstrated III [8J fot· a Illullldiry ,et1;ot. Ul [9J 
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Fc\\. '-I{)hlllllll'-l Wete dcvclope(! III rllll) 10 l:O.'lpc..11:-:ilte 
thei>e IIleonHlllcnt HOl\'cver Ihe leteel' related tn the 
Imllt.ttlOns 01 the Inyels lau only ue IIlllllllllLed uy Il'IIIg 
eon~) lex <[l1Ietln e< Tho,e mochtic ,Illon, kac! ,111 

I1H:rc:a~HII!.I; of the pIlle uf Ihe 'Cetl~01., thal wOl1ld !(}:'iC thc 
ac!\'anta'ilc of loI\' <ost promoted bv thl< IlltlIO\\m'e 
tednlOlo~'y 

rL IJesrnpllOlJ 

. \ le~OJlatOl L": <Hl)' ~lnlllllre allowHl!:! E~( ~l~llaJ!" UI 

wave. to he tlappee! III a 1I1 culm 1 eetallSl.nlal and onen 
Illctalllr ravIt y gl\' IIl~ lIse to the, eflectlOll'; of thc'c 
E~I 'I!wal. UI wave. wllhmthe ellC 10.1lI e These 
Illllltlple ranclom retlcctlons of dIe E~I wave~ eventually 
lreate a ,taltstlcally I<oh 0IHC and hOmOl!etleOns 
tJel'L.rolll<tgllctJC field 1Il the leSOlltllll ra\ Ity" !;!1\111~ UH: 

t'l"caIJoll of re~omUlC<;: IIHxlc'< al '.:et tau} fi equcIK1C:-( 

clepelldetlt on tlle Slze of lhe ,tnlchu e .-\,; .hO\\1I III 

Ftg: 

{'::::::~:~=:~:~::':\I 
~t r ' , ........ _ ........ ~ __ ........ __ • __ ... " " 1 1 

1 t f t --+----------------1 t' H 
1 1 f t --------------} ~ l 
! t t 1 t {--.. ------- l +l ! 1 
1 1 • \ ,.-.---------, } lIt t • 1 .----._.--_.-•• , J l 1 

t \ ' ... ~..--..... - ........ +--~ .. ~ ... " 1 
\. " .. _~- .... -- ............. -~-....--......... 1 ' .............. --~--~-+--+- ...... --... ' 

FuI.':: Tnp \ , ...... , "t ,1 I c ~ ntlall1ll.t f-""- f ~I~I"IIII ,1 11>1111:1111 ,-a \ Il~ 

4IUl"!lU t; 

b Opemu/JgprJJJClple 

The 1 e~ol1alor; iU'e ,tnlrtures used 1'01 dtiTCI ent 
apphcatlOtI" ,1lch a. cha,actenzLnSl. matenak maklllSl. 
hHÙI-pCl1011llallce liltet~s , etc A 1ll){'lowave lesonntor Œ 
CO~H'Jtllted b\' Il Uan~nH:-;:-;lOn Ime wllh opell (t'all be :-;1101 t 
too) Lnlpedan'ce dl>ContlllllltIes The t,almlllS"'Otllllle can 
be IIIauufactured \VlUI dlffet~etlt kincls of ;ll1lctUI e, 
<llppOltllll! electronllll!Jletlr WlIves, 'uch a~ hollo\\' 
wllvealllcles, WllXllll Illles, llucro,lnps, sil IplUles, 
dleJe~n Il slot IlIles etc The dI<Contlllllltle< of the 
IIl1pechUlce lead a refedlOll orthe prupngat1l1g wave. The 
\vaves a. e bOllnclll~ back and forth b etweell two 
reflectors or Ictlectllla dl"ontUllllhes Ul the trllllS11U"IOll 
IUle Thu., tlu. pht:!I~IIlt:!IOlI .pur, " re,on<lnt fi equt:!lry 
UlfOlI!l.ll cOnillllllli! ,)1' Illopagatlnn W1I\'C< Th" 1 eSOllallt 
ll'equt:!lt'y clep emls on Ule Size of Ule clev1," and lhe 
,heleclnc C0I1,;tant of Ihe ';lIu,;t, ate The i!t:!lerally KII()"" 
fOl1llula lOI dIe reSOtlant lieqUetlcy ofa reclangula. and a 
CIrculaI' w<Iveg\llde resonatot are as folio\\" [8"] 

= -----" I (~) " , (~)" + (~)~ 
(, ':rr" t",. '>J ' ~1-' "T" L ,,,, 1 

,,11erc IV L ,lIld h are 1 elipelllvely the W1dlh Ihe 1t:!lgth 
and the hel!l.llt of the lectamHIIa. ravit y resonatol C 1< the 
,peecl ofltght. f JS the dlelectJ Jr lQllstant ofdle ,Ubstlale 
aJl(I III u lIld pme Ule mUltes mode. 

r; = - '_' J ( P',,, ,, ")~ 1 (!!:) è 
r .!;r't', ~ ( 1 cl 
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,,!tele a l' thc racillK d" the Jcn\(th orthe ravlty ;lnd the 
\lIhle~ of p '"" ;II e zero~ of dIe tï"t dell\lItl\'e ofthe IIlth­
l~'del of the Be,se 1 flnlCll011 01 the fil st kmd for a n[cular 
Ic:-:onlltol 

... 1 e,onatm ,CIHOI c an be ea"ly ,on<lI1lCtec\ by 
UltIOchlelllSl. a .ample matel lai macle of the <ame 
elcctrotllagnetlc pJopcrtlcs as the llJelero IC that filled tlle 
"aVIl'! of Ule 1 e,0I1<1tOl So, \VIUI the pl eseure uf the 
phy,;cal parametcl ,~111ch WIll be c\etected, the 
elertrQllI"!(Ileltr ploperhes of lhe "a,lty aS the 
petllllll"' l~' m pelllleablhly .. ,e ,lffert ""cl 111llS I"acl, ,t 
\'111 lat Ion of dIe rc,ollant tl'equency of the 1 esonalOI The 
,llIf! of lhe resQlIanl [rerlueIl(Y lonshtutes the ,eIŒOI 
cletectlOn prtllClple 

EIn'lfoIJJ/JeIJ/(J ,'ièIJSJJJg app!Jc(dJOJJ 

DtiTett:!lt types of lIlalenal lall ue mtroduC'ed \\'Illuu Ule 
re,onato,. fOI Ule c1erectlon of d,fferent envu onment;ll 
parmnelcr, We ran quote tOI exmnple [~-] where tlle 
dle1ectnc tDI uXlde l,m02) 1. lIsecl ut OIder to ddeet 
hyrboSl.ell, 01 dIe IlltrochlllllQ of7nO al rhebottom OfUIC 
Il lin 0 t1u'oucll-hole~ uf a FIlm J3ulk . \(Qu~tlc ResOIwtOl 
tFBARl lI~e~1 fOI IIlOlsl1U'e delelllOII [291 
111I'Ough IIUll'OlIlac\ulled ledlllOlog\" reSouiltOl 
temp", atw'e wa, also acllle\'eci Ul [301 ""th a ""face 
dl"OllSlt" W(I\'t! rtSOllilLor on plezoelectllc ntalenal 1"01 
IIltaStlnn~ UIC lempeti'lhuê ofIH~h-voJLa!l.e '"l'\vltclulem 
Ree etltlv a dltreretlt concept of resonatol <ensor \\'lI' 

<ldueved Uu OU!!!I Ule {TenllOn of deVlces WlUlout lhe 
UltlOchletlOn of sensItIve lllatCllal. as Ul [261 for the 
Clcattotl of a IUUlUdlty Setls0r ot' Ul [28J fOl the creatlotl 
of a hUIIUdlty ,mcl temper,llw'e IIlUllt,ellsOl structure Ut 

srw tedmolO!l.Y 
Table Il prest:!lt, a revlew 01 the ,tilte-oJ-the-m1 .el»;OI'; 
ofJcsunaLor'< . .;cnsOl"i III ellVU"OIUlIenttl dclecltoll by lype 

of ,tI1lctllre, Ill11Ullfarttu'lIlg. teclUlJque, and eUVllotlllleut 
pm illlletc:r deterted 
In Sl.enet'al the IlllerO\\<lve 1 esonator " oue of the 1110,t 
used teclmolO!!Ie" cille plllllanly 10 the seuslhvlty III tlle 
var wtlOns of the physlcal pm mnett:! s of Ils slmcture 
TIle retna.~k;lble advllnt.aSl.e of 1l1ICrOWll\'e 1 esouator, IS 
thc \'et'satlllt)' of dlelr mea'lIrcrlletlt pllnelple ThIL' 
re.OI1ator st:!Œors c.m ue used 111 sevt:!l1l types of 
app hŒltOtK nol ullly for ciel er/IOII bllt also fOI Ihose fm 
\\11lch the\' \\'et e not olll!lIlally IIltencled a" fot ' 
dlma(tellS~l\On ['>4] These slnlrture. al e l"ed fOI Ùlell 
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r:th l\; Il Rl-"\dC\\- \ ~ IJ I\; .. I,,!c·,"-I h \;-,u 1 II I 1 L ... 011.11 0'" -1.:11" \ '4 " ,,11111. .. la .. 1 ttcl:uk III I.'JI\ 1I1'4l1l1l'UI ,11 lh.;h,:lI IOfl 

11\ "I-It: "J .. hllllUJt:. IlIaJlulinlUI III!.! tt:dUllttu\:. tllili \.11\ lI l"'4 I1I1Ll11 1J"illlh.1Ll dt.1L"t:U 

RcfCtem:c ","car \l1tlll.'1 S lllllftllC 

pXI ':1'1'" , I.) h'\4 en"l1 el ,11 
~ 1l111 nn~ re-0nalflf 

'SM 

1'1 ="11 I:l 1'. 11111..1 ,d 
,tollhle -\llt lr '11 Il, 

Ic ... nnaroll(}SKK 

lllm b-fDH:U ·(nllilu l 

1:111 ~Ol ~ f \ KlIn el ,)1 ha .. erl "Il "IF"-IS 
,uchllellilfe 

':q ::"1" 
\11:11.1_ Ke_onatoc tlOlfJ 

BUL1Hlt.td .1 1 \\iHt"JUll lL: 

1"1 'III ~ \' H ;"tn fi Ml.i \tlCHlootnp \f,"rn,\--;wt: 
\1 ( Jalle~lunam1 Ke"onafor 

1: 11 ::01 1 H ' l1Cn~Cf:l 1 
IlIIl'TU\\ <l \Ct:\.' III~ll.llt 

tnroc ~a\,~ re-.nnaltv 

\1 Hrxl;lHICf 
\tdru h7afltJ(\ f, ee 

1 ~ If ::nlt'o ,,1 mUllultlltllll ll l'TIl\\;H c: 

Ih t..:krtlll 1t:~(.."'4litll" 

\1 'ht1j)lr ~77ihl.h 1 
Doubk umuuplcd 

l'Ci l ~4.lt, U1tl \f 
D;II II,: ... hIlHtlld 

-p in 1 UlQ.re-.nnaIC'lf"-

:01 '::u1 ~ H FI \Inrhrut\' d '\llh ~ lrith! Inlc!Uilfo1 
~ ,1\ Il ... IL ... UIl.lflII 

1 :-1 ::'11(1 \1 'idt')c t:I .11 
Sub ~ l li1lt: 111't:~ ;t ll:J 

l If\ LI" n,:>:<U l1aIOI 

\1\.'41 :01 11111\ IIlUhl.,tlbl'l 

1 :81 ::mf'l \ 1 ~dl"'t: d ,tt ut Slw -tlitte lnl l~ l ilu;d 

l""II' 1t. ... uU<t IO' 

1291 ::015 \ 1 IJI!u!!.! d .. 1 
h llll l:Sulk hUU~Ul 
K.C!-·onalor 1 FR UO 

1"'1 ::01 " R l haflu d al 
C;uIL.t\.c:\l"lIU,IIt, \\',1\\: 

KC'WlldlU' 

I,<l l '::111':: X RUI l1 li 
\·lmdn c., I I:.,\.11'\ 

rt:~l1UaIOi 

\1 \1 Jitl lit\,.lu , 1.1 
(\,vlancu 

ICI ::(~ ,g -'lllhl1letcrwa\"C ,,1 
Re .. otn. or 

1"1 :: j ~n PI~'l1ll1 
\luhlwallw C,lIltOIi 
Ililnotube Re;ClIlilloc 

11I~1 aCClU aey In lll"ny >ltuatlOllS the rc,onatol 
ledulOlogy " found 10 ue Ule mo-t "eelU ate imd l' the 
best clenee fui the mea,1U emellt of , maIl. rhm oh.1cct'l 
The ulilm IUlUtattoll that 1; cnti cued ,md eomes up fllU'ly 
1 e~tfarly 1; the need tèll a <ample \\1111 lo\\' chdectne los> 
alld ail ",lIunal po,ltlOIl III relatloll ta ùle field pl esenee 
zOlle E-lield 

R. \ 1 II! lM ~:rFR S ~NS( IKS 

fi. DescnptlOll 

\1 itl l1lt:u .. IIU1 'Ul pl0lL.~'" 
EmUlItlIllUU.} 

1 Etll-amctcf 
Ptlnlet'tI!fClIlI Ht'-lrrl 

P( 'I:j~ ~ ia. ... 

l'l,merl IfCIIIt H4'-1nt 
\jih 

WH 

\tlll~· .. lem tec lill olo~ 1 emfl CJ':1lnre 
I"'l(t: .... 11/1!""1I 1t:: 

I.TI lechlllljlle 
HlUnult" IlqU I 

d 

Pnnterl D'curt Ht"\'mi I-liulIIrl 'f\ IlqUI 

WHI rl 

\l l l"to-V~'\.'1I tcd ll \l1~ 11l\ 
Ptc .... lIre 

pr'"lCe~ .. 

Pl lI\foil IfCtlIl H4'-1n1 
WHI 

T:IIl,tl.lltUI I.: 

Pl,"IW CIHU ,I Bllo\UU 
Hln ,",hl' 

WHI 

PI Info1 f 'IfCl' lf H(\,lrt1 
HIDJlHhl~ 

IP."'R) 

P'IlIltcd CUlU l1 BI...,,<;-ud 
\1.t ... 

œ'-BI 

f'llll11. .. d ( ulun &xlJd H1U ludlt\ 
Pf~13) 'l'cmpc:rillure 

~1I111b" _1 \lll ICdulOlol.. ... 
Hlu lu dll~ 

prÎ..:e~~ 

~dll' 0""\ "h111 h:dulOlm ..... IClllflO'"alme 
VI Ll(-C-~ 

Pl Ulfed l lfW,1 Ht~1rd 
ft.:IIIVU ,MUlt: 

1 ('("B 1 

\l lll ( .... , .. tll l1lL"dulOlo~'\ 
Pre,'llfe 

VJ-'XL~~ 

\1 Il1u-.'l.sl t.l 1l h:'l·luWk..'l.."\ 
Pre ~'llTC 

proce-;" 

b OperrdlIIg p rl/lC/ple 
.\Ilmattel 1; ~uuJect 10 Ule IIllpla"au le Iii\\' of mtt!! <letIOn 

\VIth ùle E:\I \\'lIre, "lll OIUldmll. li, Thlls. every physlcal 
body bOlh radiale:, and ab,orbs BI,[ radiatIon .\ 
1Il1l'! owave l1uft01lletel l' <Ill)' ,,,stetll or SU11dul'e Ihal u; 

'<ethltl\'e cllollgh ta ,letect E!\I \\'3ve, h om a phY'lcal 
body R,ldlometel'S al e thus stl1letures exp 100tUlg Ule 
Irldlrlll VC plopeJty o fllnt!lt:.t a ... i ltOW III FHd 

\llel owa~'e radlO1lletet'S havc ,c\'clal potenlIal 
"pp ue allolls nUOI1l1llalely , however. mil'! owa\'e 
nHhOlt Iden: UIl Ulol «>l upete 'Ul,Cl U) ..; t oUter cOIl\'entlOllal 
1ll1ClOWa\'C ;(J11cttu'e;; ln mally app lications. (hIC ta the 
eUHlplex fUlldlOllal pnllClple dnd mast!y 10 Ihelr Iugh 
co;;t 
TIl t tcdllllques and pl1llclples of mea'lu'cmellt \'ary, a~ 
SOJll~ dences C,QI lI1ea~l1le Ule radiant flux of 
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c1cch ()JIldw;Jldlc n llhatLOII \ \'lth ii tllt Of lIl~de \ \1111 \'(111 (;: :'; 

Idalk on one "de and I"zht on the L~het ) III a pmtlal 
V,lclIlHIl ,Illd wluch <pnt, dwa~ "hell e'\p o,ed 10 llgltl 
The nlOlncntttllt of the ,1IHOt becl lt2.hl 0n the black face, 
t:()n 'ÎlttJltc ~ the opel (t llll\,( pl llH.lple of l ï tdlOTT1Cl<"1 :-I" CO"OI "'; 

Thet etol cHIc operatmg pllllciple ofl achomerct< IS based 
Ol t Ute lIleaqneu"::Jtl of Ule UlI"'tstly ofladl altOtt ellulted 
by mattel 
The , bllcttlle ,a ll lllea, lIle the mdl allt !lux of 
dertlOllld!!lletIr raclldholl \\'Ilh d devlre ' emlilve 10 Ute 
mdlatlOn >tl e11 2.th CO IlUtHZ ti'olll the 'lllface ofth e abject 
flu s 1 ad tal 1011 lOt ce dep"'ld, Olll11dll ~ p,Hamelet< oflhe 
e~q) c >:oi ed ohJccl . ...;uch rl:-; lite IClllpCJ i'1f1Uc . pt.11mlLn"lty .lIId 
penneahlltty 
. \ ~ a IlOL'i t tildlilt~d by rhm~e"i III lhenua! 11l0tlUIl. 

radmllon (an be detined by eOmbllllll \( e~l1atlO ll, fro11l 
quantum phY'He>, Boltzmann , tatt , lIe'. and Planck , la\\' 
for lhe bllg/lble,. IXI orlhe , urfac e oIUle obJed [lIll] 

x; 2hf < 

c; lex/J( l!.L.) j-l 
kil' 

Whel c T" I ~ Hlephy",al tenVeJ anH c h " Planck · 
ronstant llt=6 626 10'" J ;). k 15 the Boltzmanll constant 
lk 1 38 10' " J K), c' IS lhe speed of hglll (1" 3 [1) ' lJl ,) 

mld / ls lhe fi equ etlc Y 

Theil UI 0 1 deI to rea ltze a llUClOWave rac!tomctet setl,Ot 
lhe l adlOllleter de\'l(e lllu , l be plated III froul oI lhe 
<ample wtll ch I~ ' e11~ltlve 10 the phY<Jc al paralllcrCl to be 
delel'led The radlOlueteI r~(elve~ il rOllslalll ": lgual 
wlto:-.: e \'allill.J on orthe l ï HhCltloll e1Jl1lfed by Iht: siullple III 

a IllICrOWavc fre'1l1elll y band call he dereclcd Tht' 

\"iIIWtIOJ1 \ \111 Iqn c:o't':llllhc pnlll lplc nfdt:lc: t lHm o rthe 
,~ 4eJn \VIth 18) wc can <ce rhal the phY< lC al pmpeJtlc< 
dll o\\1ng the: detelllUll of 1 \ë.lll tltlOll iue e :-;~t:1ltJi:lll y bitsc::d 
\~ l Ihe ' ample, peJmlttlvlty telnpuahu e and 
p"'llcaudlly ,Illcl ln l Ihe l'Ioperlle> l dalcd 10 Ihe 
defolmallon 0 1 phY<llal appcarallce of dIe <ample < K h 
,Utd / 

Bill /roJU/le l/lll/ ~llSll/[{ IIppllu UlO1i 

\ flls l enVH flllllletltai rad wlllctel ' ell'OI ' .lI e dC<lgned to 
Jdert t"'ltperallu e, d' ut the IIllCIO\\"<lVe l<U1!,!e, whel e the 
!1lrliartull " IIltell'tty I~ "" cctly pmpoltlonal 10 Ihe 
pllY'lCal IClllpcl allll e of the obJect and the cmli ' lnty 
onell Ihl!J e fN e :-o e\'e1 a! radHlIHelel sen~m :-: .ne rref1l ed 
tOI tClllpetahlre deree t/ oll a< /Il [J ' . 13 -J-.l] lùi rhomctel< 
<U e lIlU":i ( o11en lIsc::d (I~ tl lV IJ OlUllt11La! .,et}sOl S 1Il1~..r a Led 
UIl () <l 1It:I \ Vl llk W hCl t: IlIt: "; CIl:oi lll\ïty I!" ll ··a:1I 10 dt:lcLI 

en\"ll omllental pal alllefet < "Ich a' hlUllldlty [Ifl--I 1 J 0 1 

\!<" [4è] , 01 lllult l-al\'ll Ot llll"'llal ; elllors [r-39] Table 
1JJ pJ(~~ent. ~ rC\lCW of the 4ate-of-tlle-ilIt , C1HO!"'; of 
mdiollleta's >etliOt, 111 emn Ollllletltal detecllOll by l) pe 
of ..; fnl cltn e tIIé1 l1l1 fa (lIlflllg tetlullqlle ami en n rOll1Jlent 

pa! allleter detected 
111e Illalll dd valli age of 1 adtollleters tS lh,,1 they ,u e 
Il !ami), 1Ht!"!"n e duc lu Ilteu hslClllllY, dHII adt:II~llu; (llIcI 

SCllSltl\'tue< to c1ec U'Oma2.11etlC wavcs Raduxneler, can 
~ l,o he lI<ed III place' \\j~~1 e rel1lperanu e and hlUlIIChty 
'Ile pushed to extt ellle va lues Tlle)" cali be , ubJecled 10 
UlIlJlClï Se llIt;!a~U1t:ltlel1l!-l 1t:"l1lllll~ fi 0 111 tht: t!":\1J elllc 

condllJolB The malll Ilcgatl\'e factor of rarhol1letcl 
semor; 1; Uleu rOlllplex operatUlg pnllClples wluch onen 
ha\'e Imzh et cOlllplc, d"' llln [---86[ and IIllplt:lIlentatloll 
L"o:-: t ~ 

b'f 1) pt.: uf .. t lU l l lU...: ,U IlI111\-Dl..'II UII ...:llt p;mUtlU ll l.h.:t ..... l00 

Reference Yeal , \uthûl Stl1lCnlfC 
F II VII OI IIIIt!JI L;"t1 

~t lel er 

1.\51 ': 111)- K D. Sh..."hdll d \ l lll __ )o. l l tp1l11l:IUlit 
[c.:lIIpu allll c 

Il :\lTt1) 

1.<01 2HI I 
p R SWIIJ1i.l l1 

K...tcJP II IJUt..·l d t.. ... IH ..... IIl .. 11:1IIJh .. 1 aH ll c 
.1 

tr i ~O16 R \Van: d.lI 
\lulut.."l laJUld Tcmpt:rctllU t!'. InUlU dll\ 

RadlOUtrllle Ploti lo m rl d omi hcpllrl 

1· 0 \~nal IOlId I fcmpr:rature and 
1381 2(,0- T .1 Ht.."\\ I SUl I lD\·A.R! n..1. l1 l.:\al 

Htul1lrlltv 
fechnll)Ue 

1·0 \~n at l us ld l ranpa alure and 
1-\91 2(11 1·1 0 (' \IlIUtl li ,I I 110\·:\..R)I I.HIl"\"i11 

HlUlll rlUY 
rech Ol 'lIiC 

'\i d w ..... k ol' .. cmpiw 

1-1°1 2fll s Silhno d .11 \ I H:lC'\\ ,lVe HIIlllich ry 

Rit dl lll llt.1L1 " 

1-11) 21)1\(1 ~ PilIO~CI;' et 11 \~ISKE Sv.;fem \ 1t"",,~ lIre 

'Jilchil fllM 
I JIt..ke·"wlfch erl 

11:1 ::ltU'S Illulu .. yt..'"( u al Ü a:. 
l iOf'al "al l lI et 11 

1 i111!olllder 

1111 : I JI(1 X 'ilnr:m Iv dal \.~ ISR · E S\ )1 t..' " l·cmpClal tlle 

1"1 ~Olti \ 1cmdcl H all 1:1 al 'u\ISRES\,lIl1 ' T1:lIIpt..1 it(Ul l" 
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R.ln IR SF''1S< 'R~ 

cl DeSCllpl1011 

Radill l'an\' ,tm(tlll e 01 ,)stc:1ll ~:q.>IOltDlg lIl~ 1 dkrtJ\'~ 
plOpel1lcs of eleeIIOnlll';!lle!J( \\<l\'e:; Ul l onl~rt Il1lh a 
ph"slcal bor~' H"ldm, tnUl>nllt an B[ 'Igual and 'Ile able 
to evaluatc the ,eflecterl ,ehUll cima of th,. ft an'l11lnec! 
,I~"l I~lthlll a pl edetet111111ed delay and dlStmlC e .UI) 
dtdIOlllal,Ou:tll: wave- III i.:Ofltact \\,th a physll"al bo(i) 1:-: 

'llb,ectcc! ta the phellomem of ~b,orpllon of palt or It, 
ell~lgy ,Illd leflëlh onofth~ oIheJ p,ut oflt .h ,ho\\11III 
f'11I.1 

Il1Cd:-;IlI~IHC])t 1 [OWC\ l.1 Ihe Il:-:C of ,hl.! let1ct:holl 

pl OpetTlC; nI' eletlIOlllll'i'J1etK IVans 111 the conte,1 of 
mrhu , a11 .. Iso be u.ed rOI the ddemu11atlOll 01 
Intilllllatlon. ,ucl! a. Ihe 'halle '17e and fl of Ihe 
Icflclflll~ obJetl nUI": , rad(t1~ arc ""y,lcl1l:' Il..; 111 Il 

clect""ll~"netlc wave< ~nd iU e l'OI11po,ecl of an "mlttCl 
rcspun-;lble fOI -;endUlg: tht! 1I11UO\\'tlves imd illeCel\-el lit 

the ."me pœltton as the <lIlltlel for reC elVUl!! the rentrn 
'l(!Jla!>. called Echo-radaI The r!"tance of the enuttCt 
fi ; lIllhe ob,eds IS obt'lllled by the IOluld-tnp lt a,'el tUlle 
of the Wal'e ~llcl the dllcctlon cille to the an!!lIlar pO>ttJon 
of the ,ultelUlil of lIle rerel\eJ ,lIld Ule speed wlth Ule 
li t<IIICllry ,Iull of Ihe 1 elUIll ; 1!o{I ",1 Io(ellel atecl by Ule 
DCI]lplel-FJfcCI[SSJ 

(/ q)C 

argft 

.. 

21 
-"1 =-

" 
\\hel e I ls the d.,tance ~nd ( IS the speed of h~ht 

b Opera/mg prlllclplf' 

... ,aclar Il,ed a~ a -cnsol has ~ "lIlple pl Ulclple fOi 
lue,,,unng Il l<1t Ct·", 1 pl opel Ile> Till, prUluple lise' Ule 
ulea;urellleJll of Ule 1Il""IlJlude dllcI Ihe ph",e of tlte 
1 etlec Il 011 coeffiCIent of the 1 ehunlll~ sIgna 1 retlectefl on 
Ule smf",e of Ille salllple [{,Idat tedlllolo~')' call be lIsed 
a, a ,en'OI by e'1>10Itlllll. IWO 1" op CI1I CR of the radaI 
Sy>tCtll 

RadaI ,cmOl, are dectl UlllC dente, baser! on the 
1 etleclll~l of 111 ICI O\vave <llI.llalR COIl1I1l~ rlom non­
ab,olbulg abJects The e:,ploltallOiI ofthe letlectlllg data 
t!1mbll!~ Ihe radm ';yl'itoll to lise rmlto \.\it\e..; ln ~IVt: 

IIlfOlmatJon abolit the rlu·ectton. dl~tan(e . aJlClor ,peed ''l' 
ubJect, and outhne them GeJleJaUy. ,adm SeJI,O!, ,ue 
used lUI dlslfllIn: 1I10Vl.!lllt11t l'l'sil 10 11 (lI ~pc..:d 

'[lIe lllall.lIl!lICle and the ph~;e of the retlecnon 
coefliuent ofrhe retlUlllng 'lgnal 18 a filllCltOIl of the 
,ample Ulat rhilllges wlth lespect to il physlcal 
pal atlleter to be "erelterl 

Llhle 1\ Ke\°Ie\"O ,\f- Ihe .. fille ·nf ·fhe .-trfl'" IIH1.,. ... "Oh(\l~ lot Ihe la~1 do:;ute Il anlfflfll11etUal ctacClh'lfl 

ln I\PC ;.11 .. tlUlhuc, JlldllUhtllUIUI!r.! Il'\'hnttjuc.:. "Id mHn ... Ulll,ul P,UiU lh..1l1 ddlolh.:t.I 

~LlIlll ritl:IIU IIlJl pl OlC"-" 
Ell\'ÎrolUllcntal 

Refclt!11u_'S )'cal -\lIthO! ~tnlll1l1t! 
pifl<llllett!f 

III 
;ff'llql I~f 'rnn~n",,';'I('tl- Prlllieri l '!fClItf Hoarrl HIUIUtllt) ::01.\ x. S ~i\lIl,;t <.11 

hile ~o.:l lnn ~ .J'('HI 

II~ 1 H 1\..1IhUtll el al 
l'aldl alitullli.t wuh Pr ll1h:t.I I:unltt BUrilt.l 

T ClllpCI'ature '!1I1" 
thdeetn c re .. onillor .]-'CHI 

[1-IJ 
E \1 \.111111 cl \lultul' .. L'41<tllll ~Vlldl ... P'l mlcd ('Ul1llt Bo.lll! 

Te1l1pef~tulc 2011 
JI l1t IIlIlUU'i lllp IUle dlf'BI 

[ol5] B Kubulil cl ,il 
:: Pareh ilIlIenll;'J wnh Prllilert ("'[1 Cl III ROilirt 

TeJnperature ,011 
I.hudc ... l'L'411lh)11Ulb ,peB) 

[ 16J 
Slhl'tIIl NalllI\\llt.'!- PnUhaJ dClb lllUl '" 

HllllUt.Jll} lUIt;; _-\ \'L'lIa ct .f l 
I1ll1l1cd UII rC "'l.lItatlll tcd ulolL'IOJ 't 

WJ B KubUlillI .11 Pall'll.ffllUlllOI \"Ih Pnuler! clCllrt'lllll-
TeJUperalllre :011 

dIOde .. l t. .. lIl1vIlOlb lu:hnulû'J' 

[olS] ::111 ~ S Hou.1717 el ,,1 PI ... 1M ~ap ':lp:l\ll fI" \tlCl'O·t11iKhllllllll prO(e .. ~ Telllperature 

[ol9] 1> Hem)' Cf .11 P;,tch aiT;"" lnlOHlit 
Pr lllh.:d f"lI l"Ull Suald Telllpenltllre ::016 

<P< HI 

1'°1 Il lIatlt! el ,,1 dldedn c re .. orl:l1 or 
-'ltelO fllil\.lunm!l prexe .. , Oa" :':1110 

\\1I h ra.1a. 111.-.mlle 

l' lJ :1)11 (' naet d ,,1 hscmhh Ic,l I.I\lKh .\ Ic..'\ Iii\llll ;tl ,b~Clllbh Ua ... Pt e ...... llle 

C; lnllcil \\'a\UI,llIdc 
PJmll:d eUl'U11 Soald 

1'"1 :Oto D Hottc 1,;"1 cd o\llteumt _-\JI'" 
1~"ï:!J 

Pt e~'ll1 e 
,SW.\AI 

1' ·1 J ('!tellll"_ c1 al PlnnN l1ulluneler \"'ave Pfluted j'lf eutf Boald 
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EllVl1 ()ltJlICTltttl SClI~11lSl. (lpphtfllmn 

RadaI ",mOI S JI e kIlO\\lI 10 he lugll-pel fOlllmnce IIlllleu 
"pplttal".,- ,h,e III Ihe fa" that tl,e,e teduoolol"« "re 
d~,-Itierl as actl\'c de\'lee. Thel cf ole rk-pcnrllll!:! ŒI the 
RF PO\"'!. Ihe ulslante bcl\\eeu Ihe ,enSOI ,Utd the 
,mnple Ilbl~lI ,ail be lIluea,erl 01 the .lellllaly lall he 
lInplo\'cd 
111U", a hlllllldlt) I"dill "<l, de\e1oped UI Hl b~ lI>ut!.! 

~IIICÛllllcmo\\'LJ es that tire \'cry .;en~ltn·e ro en"'IIOtllnent~1 

hUlIudlty VlUwtJOIt dlld III ltl111 dl(UJg:e the ladm no..;~ 
.... edlOtl (lH'S) of Ult! 5ll0Up of InlTl"illll'{"101l flllt..; 0 1 111 

11-1 by 1I~IIlQ planaI plOnted (uetHt hOilld techlloI0'O' 
exp 100lllg hanllOIll( 1 adill to r reale d teulpelature SetLSOI 

For dIe detect,on of 2a, the COIlCept of ,cn,or, 1IS1Ili! a 
d,deth le ,e'OI",Iol' operatllli! "lU' \\'l'''pel Uli!-~alJet,.­
modes \\'<" lealtzed 011 mlelOmaehlllllll! rechn"lo\ly .\ 
patllllll", COIlCept l, also de\e1oped III [51] for pres'mle 
alld 2as de/cetlol>' and a cOlltaetle •• sen,OI cOllcep t IS 
tested Ul a bl-,taue llun\Vave ~IC'W lada! ,ystem 
rJble IV ple,ellls a reVlt\\ of Ule :;tale-of-Ule-ml of 
radai" SetIS01,)f the la,t decade by type of ,tl1lCtlue 
lnilllufi.lrluJ Ul~ pnx. ti"i mut etl\U OllIlltut pru-mlldt:1 
ddeelecl 
One of the Ilreate,t ad,'anta!:!e' of radaI ,ensOI' " theu 
vetsaltlllle, Rad", .ell:;OI S (ail be lIsed III (OIlIIllUOlli 
wave or p"l~e ,1I;mal Thl", the fI eqlletlCy can he flxed 
fOI the wOl'kul~ pCllod or 'lwcep 1I1 a tieqlletlCy band One 
oftlte otlter adv<Ulta!Zes ofra"", seŒOIS IS theu "blltl)' ta 
work 1I1 the tllne ctOl11a ln However. Ule IlInitauons of 
r(ulm ..;ellsors llc U1 the lleed to hilve a triIlISllullt:t" and il 
1 ece"·er 111 tlle system \bo. UliS rechllolni(Y I~ Ilot 

das'Ified JS pas>lve sell,or' 

!Il Fl Th1Œ DlRE'ïlnNS ,-\ND CH,\LLENGES 

ln ordel to optll1ll7e mlCrowa"e -en,Ol pClfOllllanle. 
theu robllsblCS, and thclr Ilfe-tune, the SCletltJtie 
(OIlUIlUlllty Illmed IOWill'ds Ole de\e!oplIIent <Uld 
exploitatIon of ne\\' etllel!(1Il2 teclmollXtles to fabllca te 
ne\\ 'tIlSOI S III the I"st te\\' years, aHet the elllet gence of 
the ~l."lIel é1 l1 ol1 of ~enSOl -antellna wluch clfe stnlcLIu c 
mte!.!!"tlll!! an "nttt1!la III dlelr ,truellQ'e [53-551 olle "f 
the Illost explOl'ed ,en~1Il1l teciUlollXtle;; has been ba~ed 
Oll llexlble substrates DeVIees based 011 th" I,,('[ulol,,!,.'y 
are IISlIa Il )' fabl \Ca ted by prllltlllll, whlth I"ak,,> tllClll 1o\\' 
co,t Thl' type of technology al,o ple,ellts ""Illero"~ 
advantage" e'1leemlly , ltort respOllse lml<:, " good 
cOlllpatlbl lt ty mth dlffet'ent 1ll0detl1 electJOIlIc 
packagmg. as weil as a small .lZe <Uld bendabllity 
,t110WIlI!! thelllio be used fOI sevel,,1 apphcatlolls, SIKh.ls 
'etl- UI 2 rn ehenu'tI,' and blollXty ['G,GO J aCOll,to-flllldic 
devlCes for lOlIlpael eketlolllcs packagUlg [61]. pl es'UI t 
,et!"." [1] tenqK1"llu'" 'etl~OI' [621 h"""cllty Setl"'~ s 
[G~-6'J and plezoe lectt IC lle'abllt1:y 1'01 wealable 
applteatlOlI' [66] 
-\noOler technolollY that ha~ been \\'Idely explol ed due to 
lts mllltlple aclvantages " Ole Sllbstrate lntegt ated 
Wave'!lIIdes (Sl\Vs) Theil fabncatlOll ploress based "n 
peB Iraml"tes lIlto a la\\' fabneallOll rosI Theil quahty 
factOl , dIe" small slze and thelr ,enSll12 mechanl"m 

hd~ed 011 pt.11111l1lv lly \lallallOn makc Ihelll c,edltlll r(),. 
~as <lefecllon [2- l i 6~1 a. wclI a< for IllUlIrrilty detectloll 
[26] .\1'0, Ihe PO"lblhty of IIItegt"tlug ,Ill '"11e/llld ta the 
'lIh"tt ate mtelll ated WaVe\llllcle QI\'e, a tall that cOllld be 
lIsed 1'01 t:llVU'0T1I11elll dl delet!uTI! rl~ l'ilrt of Ihe .;enoo(or 

I",twork [68J The 'Ize of <;T\\' ,,,n,or, can even he 
reduced U";Ulg ~Jo\\' wave tedulOJogy by lllillllttllllUlg a 
l(oMI -ensltl" It)' [62- -21 
FlIlall\', theu OpetatUl,? pnnllple ,,110\\> fOl the 
expioitalton of (htTel elll IIldtendLs, esp eClally 
bloclelll'adah le marC! lal~ (- \ -~61 \\1"ch Illake Olem 
"'1\ IrOlDlI"l1tally fi lendly 

1\' CnNr! l'~I''N 

111" pape1 pl cscnt ~ a bnef , le~( lIptlon of the va l 1011, 
IIIlU oWiI\'e techJlol~le", gellt'l ilted lU tl)e lasl decilde 
llle,e dencc' ha~'e beetl III ollp ccl tlXtetllel III rhI' papet 
uno fotu rategol1er; b1Ul."nll"if,JOll iUle .;en.sOl"i. re~on"tol 
~elL"()r..; rtlcllOTllelel ~t:ll,or!" ,nHI radaT :-:en";Œ'", FOI earh 
catc>(OIy a bllof descllpuon of the technol02Y 1;; 
plOvlded, followed by " pl esenlalton o! Ihe Uleorettcal 
\.>jJClatuH'/, pllllUplc. ddiull11ll hu\\- JI \..0111 bt: tL"it:d i1S ail 

etlnrOlUnental ~etl,OI a!ld the cllnlolunental ,elblllg 
<lppltriitlOn, <Ire gl\'etl ,b Odlet rOllrepts olnllero\\", e 
em'lfOlUllental ,elHIIl1/, al e belll2 developerl. a ,h0l1 
dlscllsslOn about tiltule wOIks ,Uld r1li1l1enges IS ilbo 
pl eloOenlerl m I1l1s re\lew 

l'OIlliet of Inttnsts 

llle atl tl lO!', declm e rhar thet e IS no conf1ret of 
Ultet e,ts regilnhng the pubhratloll oll1us pilpel 

I I I 1 \ Bilk .. hl ElnlJnllliuUlcllt ·nlClln & TII111"'1111!"SI0i1 

LUle, 2U Il pp 615-6~4 
(:~I '\, \(t.')11e net: Ilil,Ise et .11 \llIIl<tI1uued Trl1ll !o.llUS'iIOn-

LUle ~ensol for Blo.1dband Vle!ectnc l1laraerenzallon of 
BJOlmil.ll_ill flqllld .. itlld ( 'cil SII.;pdl'illnl'i" UI Œ-:EP 
n~IIS;H.::lIlJlI" \ )Jl \tilîowave nleUI)' .lnd Tedullques Hl) 

61 '10 1 fi PP IO:!6"I0I3 Il,I ':01' 
1'1 \1 D',,-;olt' cl .,1 ' \ Iillly--Illclded lle"ble ,nId 

strctchablc I11ICroWil\'C tran .. nllssloll-IUlC tactile prcs.-:ure 
"iensnr" [ErJ~ SeJl~fIf" :016 

1 Il R S l'alf ct al. "A (j"oup-Velay-Ba-cd Chipies, RFID 
HUllmhty raQ Se1lSftl t "Ulil, SlIluni N;tIlO\vlTe-i," III IEJ::E 
\nrcnnft .. and \Vtrc I Œi~ PrOp"tt:ltlon letto·., \-"01 I:! no 
pp ":9_ - J~ , "013 

r""l R "\,J<J U t:f al. "A hlUllllhl )' ..;t..1Isor rhr pas"I\,t! dllples .. RI'ln 
,tpphcatlOlls." ::Ol~ l.I::EE InttlllittlOllal CoJIllètellc:e Ol! 

RFlD-TecluLOlowles ,ntd -\l'plr<"I'<II" IRI1D- r -\1, 'hce 
':Ot2,pp 29-33 

1"1 S:\l Bal.,IIO\ el ,,1. 'SAW -ell-'" \\1tllOlIi tlle 1 eferclIC e 
chrome! ba,cd on tlle IWO patll dclay line," [EE!'. 
SEl\SüRs :01 1 Proceedlll2s, \ alcncta, ':Oll pp :06:­
':0(1"" 

1-1 \ J Lee CI JI ' ,\ rc1lc<tlon [ype ~as -cnsor liS UlQ 
(l.)mhlc.llJUl, polymt:f as .1 \.u li1hle Ill'Iped'IIIL"~ ill Il IlCrnW"ilVC 

fi'lUC,,"IC; ," lliEE S'-''NSORS ':011 Ploteedul"", 
\ ' "IeIlCI" :!O 14 PP 1819,18:!: 

181 R Runeib CI al.'HIIIllId,ty ,c,I:;or U,UlQ lenky surface 
acotlstll" Wllves UI YX-LITa03 wllh lliIlIO'ilJ1.lCtl.lrcd 
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.-\utOIJ "ltWIJ CCS\L-\.). Il.ulwlou 2015 PP 16~·165 

1""1 ') Subbaral cr li "ElcctromaOJlctlc ~Olldcstnll.: t1VC 
~Iatenall'haractcnza!ton ofDlc!cctnc; L -U1C!:EU a"cd 
PlanaI' rmll'ltlu","lotl I.ine Scn .. or III IEEE SCll~pf~ 

J ou ma 1. \'01 10. no 14. pp -Ijgl·-Ug- Uc!l èO l 6 

IlX1 Z Sh ttlcnan el id "RulaIIOi I "L,lSlIllot !Msed 011 the 
'j'mllletry propcrtlcs ùf .'ln opCll·cndcd 1l11CrO!ID Ip lille 
loaded wlth ,t ",-phi rllt\,l Ic"ullalnl" :01 '\ Cicnllim 
\ lI l rO\·,,;tvC (~O"rel elH.c, '-LII clIlhcll.I.. ::01 '\ PI' H-",; 

r 1~1 B Il NUl c.:t a l . ".\ !.!iI::! ~c.:I1';: ... lf lISlIH.! uouLle spll t-I Ill!.! 
rcsollalor cOAtcd wlth lOilductUl2 polymo al nucrow.H:C 
frcqunClcs." IEEE SDJSURS ':011 l'mcccdm,· 
Valenel,' ~IJL-I pp IHI'·IS IS 

1:01 F y Kuo ct al. "\Ionohtlllc l-lultl·SCIlsor Oc,,,", \\'uh 
Rcsona llYl-Ra..;ed \ t l:.""MS S lnlct1U"t::~ " ut IFEE JlllUllifl ni 
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