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Amayopevetal 1 avTypar], arofnKevon Kot Slvourn g Tapovcag epyaciag, €& oAoxkAnpov 1
TUNHOTOG OWTNG, YIoL EUTOPIKO okomd. Emtpémeton n avotdzmor, amobrkevorn Kot Sovoun yio
OKOTO L] KEPOOOKOTIKO, EKTOLOEVTIKNG 1| EPEVLVNTIKNG PVONC, VIO TNV TPoHTOOEST Vo avaPEPETOL
N IYN TPoEAEVONC Ko va dtatnpeitan 1o mopdv pipvopd. Epotipata mov agopovv T ypfon e
€PYOCIOG Y10 KEPOOGKOTIKO GKOMO TPEMEL VAL ameLHVVOVTOL TPOG TOV GLYYPAPEQ.

Ol amdOWYELS KOl TO CUUTEPAGLOTO TOV TEPEXOVTUL GE OVTO TO £YYPAPO EKPPALOLY TOV GLYYPUPEN
Kol 0gv TTPEMEL va. epunvevbel 0Tt avtimpoownebovv Tig enionueg 0éoelc tov EBvikov Metodfiov
[MoAvteyveiov.



HEPIAHYH

H mopodca dumhopatikny epyacio mapovctdlel Tnv oyediaor Kol KOTOOKELT] HU0G
TPOTOTUTNG TUTOUEVNG KEPOUIOG GE YAPTIVO VTOCTPOUO. HE YPNON TEXVOLOYiNG
EKTUTTOONG  WYEKOGUOV  OYOYLOL  HEAOVIOD  YloL  EQUPUOYEC  POOLOGULYVIKNG
avoyvopiong. H  padocvyviky ovayvopion (RFID) amotehei o tayéog
UETOPAAAOLEVT OIGVPLLOTY TEYVOLOYIO TOV EKUETAAAEVETOL NAEKTPOUAYVITIKA KOLLOTOL
YL TNV OUTOUOTN OVOYVAOPLOoT] Kol TOV EVIOMIGUO ovTikewévov. Eva cdotnua
POSIOGVYVIKNG Ovayvdplong omoteleital amd évav moumodéktn N etikéto (tag), o
omoiog tomobBeteitor oe €va OVTIKEIUEVO KOl YPNOUOTOlEl Mo kepaio Yo vo
EMKOWOVNOEL pe évav avayvootn (reader).

H mpotewvdpevn «epoion oyedidommke pe tv  Ponbeia 1oL  AOYIGUIKOV
niektpouayvnTikng mpocopoiwong HFSS yia évav evepyd moumodéxtn o omoiog
Aertovpyel oty UHF (ovn ocvyvotitov. o v oyedioon g kepaiog emiéydnke
€vo. LLOVOTOAO HE OMEG, TPOPOSOTOVHEVO OO YPOUU| HETOPOPAS OUOEMIMEOOV
KOHOTooNyoD, AOY® TOV  EAKVLOTIKOV  YOPOKTNPIOTIKOV Tov. To  oyédlo
BeAtiotoromOnke wote vo  emTeLYBobV  CLYKEKPYEVOL OTOYXOL 0TS SLlVYNG
TPOGUPLOYY| TNG KePaiog 6To Poptio TNe.

‘Eva mpotdétuno g mpotetvopevns Kepoiog KOTOGKELAGTNKE YPTCLOTOIOVTOS
TeYVorOYloL  eKTOMMOONG WEKACUOD G€ €UKOUTTO, YOUNAOD KOGTOLS YAPTIVO
vrootpopa. H extdmwon yekaopod eivol pio Tpm®TOTOPlOK TEXVOAOYiD Yoo TNV
dueon exTOMMOON MAEKTPOVIKOV KUKAOUATOV GE YOpTi YPNOLLOTOLOVIONS OYDYULO
aoNUEVIO HEAGVL. ZTNV gpyocion avTy, APEVOS ETICUAIVOVTOL TO. TPOTEPNLATO TNG
YPNONG YOPTIOV GOV VTOCTPOUO KOl OPETEPOV TOPOVLGLALETOL 0L EMGKOTNGT] TOL
UIKPOKVUOTIKOD YOPAKTNPIOUOD TOL YOPTIOV, DGTE VO TPOGOIOPIGTOVV Ol NAEKTPIKES
oV 1310 TeS. Emmpocheta meptypdpetal 1 KOTOCKEVAGTIKY S1OOIKAGI0 EKTOTMOONG
YEKAGUOD Oy®YLOV UEAOVIOV, TOVILOVTOG TO TAEOVEKTNUOTO TNG TEXVOAOYING OVTNG
KOl 0VOADOVTOG TO YOPOKTNPLOTIKA AELTOVPYIOG TOV EKTUTIMTY YEKAGHOV.

TéNog mpaypotomomOnkay petpnoelg £achévnong and ETCTPOPN Kol LETPNGELS
KEPOOLG, MdoTE Vo dtepeuvnBel 1 emidoon g kepaiog kot va eetaotel av 1 kepaio
IKOVOTIOLEL TIG ATOUTOELS GYESIOONG. ZVUTEPOUCUOTIKA, TO TEPUUATIKA ATOTEAECUATO
EUPAVICOY TOAD KOAN OLUQP®VIOL HE TNV TPOGOUoimoT, emaAnfedoviog v
emrevdpudTNTOL NG TEXVOAOYIOG EKTOMMONG WYekaouoh ¢ o eEonpeTikn
KOTOOKEVOGTIKN TEXVIKY Yo TNV VAomoinon kepatdv RFID g vrdéotpoua Baciopévo
o€ YopTi.

Aégerg Kierona

Poadoovyvikn avayvopion (RFID), evepydg mopmodEktng, MAEKTPOUOYVITIKN
OVTOVAKAOGT, TUTOUEVN Kepaia, HOVOTOAO, GLLLYNG TPOGOAPUOYY|, EKTVLTMON
YEKOOUOD LEAAVIO, YAPTIVO VITOGTPMLN, ACNUEVIO LEAGVL



ABSTRACT

This thesis presents the design and fabricatianradvel inkjet printed antenna on
paper substrate for RFID applications. Radio Fraguddentification (RFID) is a
rapidly developing wireless technology that utiizelectromagnetic waves for the
automatic identification and tracking of objectsn RFID system composes of a
transponder or tag, which is attached to an olgjedtuses an antenna to communicate
with a reader.

The proposed antenna is designed using the eleatpostic simulation software
HFESS for an active RFID tag operating in the UHEqfrency band. A slotted
CPW-fed monopole configuration is selected, duamigny attractive characteristics.
The design is optimized to achieve specific degigals, such as conjugate impedance
matching of the antenna to its load.

A prototype has been fabricated using inkjet-pnigtiechnology on a flexible,
low-cost paper substrate. Inkjet printing is anowetive technology for directly
printing electronics on paper using conductiveesiimk, without the requirement of a
photolithographic mask. The benefits of using pagsea substrate are highlighted and
an overview of RF characterization to determinedletrical properties of paper is
presented. In addition, the inkjet printing fabtioa process is described,
emphasizing the advantages of this technology asethilthg the operation
characteristics of the inkjet printer.

Return loss and gain measurements were carriedoomvestigate the antenna
performance and examine if the antenna satisfies dbsign requirements. The
experimental results showed good agreement with siheulation, verifying the
feasibility of inkjet printing technology as an eXent prototyping technique for
implementing RFID antennas on paper-based substrate

Keywords

RFID, active transponder, backscatter, UHF, prirgtedtnna, monopole, conjugate
impedance matching, inkjet printing, paper subsirsitver ink
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HEPIAHYH KEDAAAIQN

1 Ewsoayoyn

To Kepdroawo 1 mopovoialer pio yevikn meprypagn Tov Ogpdtov  mov
npaypatevetor M gpyacia avtn. Ilpota toviletor mn paydaic avamtuén TV
CUOTNUATOV  POSIOCVLYVIKNG avOyVOPIoNS KOOMDC KOl TO TAEOVEKTNUOTE TNG
TEYVOLOYIOG OVTNG O OoYEoMN e GALEG TEXVIKEG avayvdplong. Avaeépetol emiong n
Baocwm doun evoc mopmodéktn RFID kot tovileton n onpocio mov £yl 1 kepaio Tov
Yy TV €MIB00T TOL GLGTHLOTOG. XTI GLVEXELD AmOPIOUOVVTOL TO TPOPANLATO TOL
cuvavTouvial oty oyediaon kepatdv yioo topmodékteg RFID. Zvykekpyéva eivat:
1) péyebog 2) kdéotog 3) amoddoon 4) Aettovpyic TNV TOYKOGULN UITAVTO, GLYVOTHTMV
RFID 5) cvoppatoémra pe miextpovikd. TEAog apod meprypapel 1 mpotevouevn
Kepaio QVTAG TNG EPYACIAG, OVOPEPETOL EMYPAUUATIKO 1] OOUN TG €PYOCING Kot TO
ePlEXOUEVA TOV KAOE KEPAAAIOV.

2 Oeopntiké Yaopadpo ko Xyetikn) 'Epevva

210 kePOAoo ovtd  ToPoLCLALETOL U0 EMIOKOMNGCY TOV  GLGTHUATOV
padtoovyvikng avayvopiong (RFID). Padiocvyvikhy avayvdpion givar 1 owtdpotn
avoyvVopLon €vOG OVTIKEIWEVOL YPMOLULOTOLOVTOG NAEKTpopayvnTikd KOpota. Eva
ovomuo RFID amoteAeitoan amd dvo tufuoto: 1) ‘Evav moumodéktn 1 €tikéto o
omoiog tomobeteitar endvm oto aviikeipevo 2) Evav avayvdotn o omoiog emkovmvel
pe tov moumodéktn kol “Oowfalel” ta dedouéva tavtomoinong mov  Ppickovron
amodnkevpéva o avtdév. O mopmodéktng amoteleitonr amd £va OAOKANP®UEVO
kokAoua (IC) 1o omoio amodnkedel TIC TANPOPOPie Kot amd o Kepaio, UEGCH THG
0TO10G EMTLYYAVETOL 1) EMKOVOVIO [LE TOV OvVaYyVAOGTN. Ta GLGTAHUATA PUSLOCVYVIKNG
avayvoplong Ppiokovv moAD peyaAn epoppoyr otnv Propnyovic, otV ypouun
TAPOYOYNG, OTNV OCQAAEWN, KOl OAAOD, OAAL Kol o€ VEEG TMEPLOYEG OMMG OTA
acvppoTa OlkTLa eONTIPV.

Ot moumodéxkteg RFID xoatnyoplomotovvionr 6e 3 TOTOLG OVAAOYO LE TOV TPOTO
Tpo@odociag Tovg: Ot mafntikol TOUTOOEKTEG O0EV EVOOUATOVOLV KATO TNYY|
eVépyElng, OM®G Umatopio, Kot TOGO 1 EVEPYOMOINOT TOL  OAOKANPWUEVOL
KUKADLOTOG TOVG OGO KOl 1) EMKOIVAOVIOL [LE TOV OVOLYVAOGCTN TPAYUATOTOLEITAL OO TNV
EVEPYELDL TOV OVOKTOOV amtd TO Tedio Tov avoyvdotr. Ot evepyntikol TOUTOOEKTES
amd TV GAAN UEPLE EVOMUOTMOVOLV [0 UTaTopio 1 omoia YpnoLloToleiTat Yoo TNV
EKTEAEON KOl TOV SVO TTAPOTAVE AerToLpydV. TELOG o1 Nu-mafnTiKol TOUTOdEKTES
YPNOOTOOVY TNV UTOTOPIOL HOVO Yol TNV TPOPOSOTNGT TOL OAOKANPOUEVOL
KUKA®UOTOG. Ol TOUTOOEKTEG OLOUPOPOTOLOVVTIOL EMIONG KOl OC TPOG TOV TPOTO
Aertovpyiog Tovg o€ dVo katnyopiec: 1) ot yaunANG cLXVOTNTOC TOUTOOEKTES TOV
Aertovpyohv GTO KOVIIVO TESIO TOL OVOYVOOTH KOl ETIKOVOVOOLV UE OVTOV LE
emay®Ykn o0LeVEN. 2) ot LYNANG GLYVOTNTOG TOUTOOEKTES Ol OTTOI0L AELTOVPYOVV GTO
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HOKPIVO Tedl0 TOV avayvAdOoTH KOl EMKOWV®VOOV UE avtdév pe v péBodo g
NAEKTPOUOYVITIKNG OVTOVAKANONG.

To mo onuovtikd TuNUO €vOC TOUTOOEKTN €lval 1 Kepaio Tov Kol YU ovTO M
oyediaon g anotedel kaboploTikd mapdyovia oty nidoon evog cvotuatog RFID.
Kotd v dwdikacio oyediaong g kepaiag evOg TOUTOOEKTN ivan amapaitnTto va
TPOGIOPIGTOVV OAEG Ol OVOYKOIEG TOPAUETPOL KOl OTALTNOELS TNG EPAPLOYNS, DOTE
VO VTOAOYIGTOUV T OIOPOITNTA YOPOUKTNPIOTIKA TNG KEPAING TOV 1KOVOTOOVV TNG
Tpodlypapés. O TepIocdTEPEG KEPaieg ToL ypnoiponolovvtal o mourodékteg RFID
glval o1 TVTOUEVEG KEPOLEC LOVOL OTPOUOTOS. XvvNnOng elval n ypnon TuTOUEVEOV
OOAOV HOLOVOPIKNG LOPPNG KOl  TUTOUEVOV 0pBoymVimv HoVOmOA®V HE M Xopig
OTEC. XNV €pyacia ot TopoLctdleTal £V TUTOUEVO LOVOTTOAO LOVOD GTPMUATOC.
H oyediaon g mpotewvdpevng kepaiog mpaypatomomdnke pe tnv Ponbeia tov
niextpopoyvntikod Aoyiopkov Ansoft HFSS v10.0.

H teyvoroyia RFID £éyet vmootel paydaieg efeliéelg tor teAevtaio ypovia.
Epedvion €gouv kdvel UIKPOOKOMIKOL TOUTOOEKTEG TOV EVOMUATMOVOLV TNV KEPOLN
0T0 OAOKANPOUEVO TOLG KUKA®UO Kot €xovv péyebog evdg toum. Axduo €yovv
avantvyel evepyol TOUTOOEKTEG e aMGONTHPES, TUTOUEVOL GE XAPTIVO VITOCTPOLLOL LLE
YPNON TEYVOLOYIOG EKTOMMONG WEKAGHOV Oy®YHoL peAoviov. Télog mpémer vo
avapepBel, OTL €pevVOLVTOL EMIONG MOUTOOEKTEG OV EVOMUATMOVOVYV KUKAMOTO
avaktnong evépyelag (MAtokr, meCONAEKTPIKY, TNAEKTPOUAYVNTIKY) GOOTE VO,
eEalepOel 1 avaykn ypnong Uratapiog oTig eVePYES ETIKETEG,.

3 Xyeoiaon Kepaiog

210 KEPAAOLO VT aVOADETAL 1) dLodIKOGTO oYEdIOOMNG TG TPOTEWVOUEVNC KEPATOG
Kot TpocopowmveTon 1 €midoon . H ovluyng mpocapuoyn g kepaiag oto goptio
TOV TOUTOOEKTY OMOTEAEL TNV 7O CNUOVTIKY amoaitnon TNng KeEPoiog Kot yio avtd
apykd Oivetar €va Bewpntikd vIOPabpo oTNV TPOGOPUOYH AVTICTOONG OTO
ovotiuata RFID. T va e§acpaliotel n péylom peTapopd 16x00¢ amd TV Kepaia
TOV TOUTOOEKTY) OTO (QOPTIO TOV, TPEMEL N KePaia vo €lval TPOCUPUOGUEVT] GTO
QOPTIO KOl v €xel Hyadlkn TN avtiotaons €10000v. Avtd amotedel ovoldom
dlpopd HeTaEL oyediaong kowmv kepatdv kot kepotwv RFID, kabdg n kepaia tov
TOUTOOEKTN Oev Acttovpyel OVTE OTNV TEPLOYN] CLVIOVIGHOL TNG OAAG ovTe glval
TPOCAPLOCUEV GE VPO HETOPOPAG SOL.

XMV ouvéxeln Tov Kepaioiov Tpocdlopilovtol Ol OTMOTNOES TNG KEPOLOC.
SVYKEKPLULEVO, OL TPOSLOYPOPES TOV TPETEL VAL, IKAVOTOLEL 1 Kepaia eivat: 1)Aertovpyio
omv UHF meployn ovyvotntov pe kevipikn cvyvotra 904.5MHz 2)evpog {dvng
866-928MHz 3)opotokatevbuvtikd didypappo aktvoforiag oto alipovdio eninedo
4) avtiotoon €06dov pe Tiun 37.31-j65.98 5) Oetikny katevbuvtikodtto oe dB 6)
képdog kovtad oto. 0dB 7)anddoon peyorvtepn and 80% 8)ypappiki TOA®ON.

‘Enerta meprypdoeton n yeopetpio tng Kepaiag kot €£nyouviat o YopoKINPIoTIKA
s O kepaia eivat £va TUTOUEVO LOVOTOAO LLOVOL GTPMUOATOG TOL OOTEAEITAL OO 3
tuquata: 1) To otoryeio axtivofoliag mov cvvictatol oe po eninedn opboymdvia
empavelo. pe 6vo omég. 2) To tumopévo eminedo yng mov Ppiokerar KOT® ond TO
otoleio axtvofolriog 3) Tnv ypouur TPOPOSOGINC TS KEPALOG TOV ATOTEAOLV TO.
Vo emimeda YNG KoL EVOG OTOUOVOUEVOS 0Y®YOS OVAUEGH TOVS (YPOUUT LETAPOPAG
OUOETIMEDOV  aywyov). Xt0 TEAOC OWTAG TG mapaypdeov mapabétoviar To
TAEOVEKTNLLATO TNG YPNOTG TOL LOVOTOAOV G Kepaia avti evdg dimolovg Kot divovtat
TEPLGGOTEPEC AETTOUEPELEG TAV®D CTO TUNHATO TNG KEPALOG.
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Metd eényeiton n dudikacio oyedioong Ko Bedtiotomoinong g Kepoiog, doTe
Vo Kovomolel Tig amattovpeveg mpodlaypagés. Ilpota oyeddleton éva  amAid
TUTOUEVO 0pHOYDVIO HOVOTOAO TO OTOi0 vo Agltovpyel KOVId oTnv ovyvotnta
Aertovpyiog TOV TOUTOOEKTN KOU VO, TOPOVCIALEL OHOIOKOTELOVLVTIKO SLdypopLiLo
axTvoPoMag. AvVoADETOL O TPOTOC VLTOAOYICHOD T®V OlOTACE®V TOL KOl
TAPoLGLALOVTOL TO OMOTEAECUATO TNG TPOCOUOIMONG TO OTOi0 IKAVOTOOVV TIG
aroutnoels. 'Enerta mopovoialetor o tpomog PeAticromoinong g kepoiog, HECH
TPOCOUOI®MONG NG avtioTaong €10600V TG MOTE vo emitevydel Tpooapoyr o6To
poprtio.

210 TEAOG TOV KEPOAOIOL TAPOLGLALOVTOL TO AMOTEAEGHOTO TPOGOUOIMONS TNG
eMid0oMNG TG KEpaiag. Xvykekpiéva mopabétetal 11 Tposopoiwon e e€acBévnong
amd EMOTPOPY GE OLVAPTNON HE TNV oLYVOTNTO, TOV OlGOACTATOV KOl
TPLGOIACTATOV SLOYPAUUATOV oKTIVOPOATNG, TNG KATELOLVTIKOTNTAS, TOV KEPOOVS Ko
™G amOd0oNg TG Kepaiag. Alvetar emiong YPOOIKA Kol 1] KOTOVOLT TOV ETIPOVELOKOD
PEVUOTOC GTO 1)VOg NG KEPOLOG Ao OTOL £AYOVTOL OPIGUEVH GUUTEPAGLLOTOL.

4 Korookevn Kepaiog

H mpotewvopevn kepoio KOTOGKELACTNKE GE YAPTIVO VLTOCTPOUO HE YPNOM
TEYVOLOYIOG EKTOMMONG WEKAGHOD OYMYILOL HEAOVIOV. X& OVTO TO KEPAAMLO
ToPoVCIAloVTal TO YOPAKTNPIOTIKG Kot 1 Owadikacioc vAomoinong tg. Ilpdta
TEPLYPAPOVTOL TO TAEOVEKTNUOTO TNG YPNONG TOL YOPTWOD MG VAOGTPOUOL Yo
VAOTTOINOT LIKPOKVUOTIKOV KUKAOUATOV. [0 va elvar e@ikti 1 povteAomoinon Kot m
APNON TOL YOPTIOL O VRAOCTPOUON GTNV OYESIOCT KEPOLOV &lval omapaitnTog o
OmMAeKTPIKOG  yopaxtnpopds tov. ‘Etol, meprypdoeton o péBodog yu  tov
TPOGOIOPIGUO NG OINAEKTPIKNG oTabepdc (&) kabdC Kot TG 6TodEPIS ATOAEIDV
(tand) tov yaptvov vootpmdpartog. H pébodog avt Paciletal otnv Kataokevy £VOC
d0KTVAIOL GvvTovViopoD og Yaptvo vrdotpopa. H efaymyn Ttov SiAekTpikadv
oTafep®OV EMTVYYXAVETOL OO TOV TPOGOIOPICUO TWV GLYVOTIT®V GLUVIOVIGHOD TOL
JOKTLAIOV.

2T EMOUEVEG TTOPAYPAPOVS TOPOLCLALETOL I TEYVOLOYIO EKTOTMONG YEKOGLOV
AyOYHOV pHeAovVIoD. TNV TeXVOAOYia ovT) ypnotpomoteiton €vag e&eldikevuévog
EKTLTMTNG O OTO10C TLTTAOVEL ATEVHEING TO GYEGI0 TOL KUKADOTOG EXAV®D GTO YAPTIVO
VITOGTPOUO YPTCLULOTOLDVTOS OYMYLLO HEAGVL TOV OTOTEAEITAL OO VOVOGOALPIdLN
0T L0V,

[Ipdta mapabéTovior To TAEOVEKTAUATO TNG TEYVIKNG OVTNG GE OXECN UE TIC
ovuPatikés neBOd0Vg KATAOKEVNC TUTOUEVOV KUKAOUATOV. ‘Eterta avaAvovtal to
TEYVIKA YOPAKTNPIOTIKG KOL O TPOTOG AETOLPYIOG TOV EKTLIMTH Wekacpov. O
EKTUTTOTNG OVTOG ATOTEAEITOL OO TOIKIAG TUNUATO KOl EVOOUOTOUEVO GUGTHATO.
Yvykekpipévo, dabétel. 1) petaAlkn mAdko dnpovpyiag kevod 0€pog Yo TNV
oT00EPOTOINGT TOV VTOGTPMOUOTOS 2) KEPOAN EKTOTMONG TOL OCULYKPATEL TO
pehavodoyeio 3) khpepo LYNANG OvAALONG Ylo. TNV EMOKOTNON NG TEPLOXNG
EKTOTTOONG 4) KAUEPO VYNANG TAXDTNTOG Y10 TV TAPAKOA0VONoN TG EKTOEEVONG TV
oTOYOVISi®V TOL aoNUEVIOL pEAavVIOL 5) mAateopuo kabapiopod Tov KEPUADV
extommong. [Ipénel va onuelwbel OTL 0 EKTLTOTIG UTOPEL VAL XPNGIULOTOCEL dVO
SPOPETIKOVG TUTOVG KEQPOADY ekTOM®oNG. H o KepaAn mpoceépel ektdmmON
VYMANG akpifelag eved n dAAN eEac@arilel EKTUTTOON LYNANG Oy®OYILOTNTOS OAAG
pkpoTEPNG aKpifetog.
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H dwdikacio ektdmmong tov oyediov g Kepaiag 6To YoPTi TPOUYUOTOTOIEITOL GE
evvéa Pnuato ta omoio TEPLYPAPOVIOL GTNV GLVEXEW TOV KePaAaiov ovtov. O
ELEYYOG TOV EKTLIMOTY] TPAYUATOTOLEITAL €5 OAOKANPOL HEG® LTOAOYIOTN Kot givat
otk omAog. H kepaio ekTumdONKe ¥pNOYLOTOIOVTAG KOt TOVG dVO TOTOVG KEPAA®Y
EKTUTTMONG KOl TUTTOVOVTOS CUVOAIKA OMOEKH GTPDOLOTO, OLYDYLOV LEAOVIOD.

210 €MOUEVO OTASIO TNG KOTOOKELNG TNG KEPAIOG, TO EKTLAOUEVO TPMOTOTLIO
Oeppoivetar oe Propmyavikd @ovpvo akpifeiog otovg 100 C yie 10 opeg. H
Oépuavon g vAomomuévng kepaiog elvor amapoitmtn dote va ovénbei 1
AYOYOTNTO TOV TUVTOUEVOL OaoNUEVIOV peAoviov. Téhog évag ocuvdempag SMA
OGLVOEETOL GTO GKPO TNG TLVTOUEVNG YPOUUNS Tpo@odociog ¢ kepaioc. Emedon n
YPNON KOAANTNPLOV Kol KAAAL KPIVETOL OTOLYyOPEVTIKT AOY® TNG YOUNANG OLVTOYNG TOL
YOPTIOD OTIG VYNAEG BepUoKpacies, YPNOYLOTOLEITAL Lot EWOIKNG HLOPPNG OO UEVIN
aAolpn mov €£OGPAAMGEL HUNYOVIKT KOl MAEKTPIKY) GUVOECT TOV OKPOOEKTN WE TNV
Kkepaia.

TéNog 1 kepaia vAoToOtEiTOn Kot e TNV HEBOOO KOTAGKEVTG EMKOANONG YAAKIVIG
towiag. H dadwacioo outig TG KOTOGKEVOOTIKNG TEXVIKNG €lval oYeTIKA amhf Kot
npoypotonoleitar og tpian Prpotoa; 1) to ¥APTIVO VIOCTPOUO ETIKOAVTTETOL LE
YOAKIvN Tovia. 2) to emBountd oxfuo TG KePOog YopAcCETOL TAV®D GTNV YOAKIVN
towvio, 3) To KOpUATi Tov YOAKOD OV OMOTEAODV TO GLUTANPOUATIKO TUAUO THG
KEPALOG OPOPOVVTOL [LE OTOTEAEGLO VO OopEivel Tov emBountd 1yvog g Kepaiog
amo ybAkivn Touvia.

S Ilswpopotika AToTeEréoHOTO,

H emidoon 1t mpotewvduevne Kepoiog HETPNONKE TEPOUOTIKA Kol  TO
AMOTEAECLLATO TOV HETPNGEMV TOPOVCIALOVTOL GE OVTO TO KEQPAANLO. XVYKEKPUUEVQ
petpninke n e£acBévnon amd emMOTPOPY] GE GUVAPTNON UE TNV GLYVOTNTO KOl TO
KEPOOG TNG KEPOLNG.

v apyn Tov KEPOANiov avaAveTol 1 dladtkacio TG HETpNong g eEacBivnong
and emotpoen ¢ Kepaiag. [Ipdta tovileton 6TL n pétpnon g e&acbévnong amd
EMOTPOPT TPEMEL VAL YIVEL EUUECO HECH TNG HETPNONG TNG OVTIOTAONG €16O00V TNG
kepaiag. H pérpnon g avtiotoong €60d0v emtuyydvetor pe v Pondeio evog
Vector Network Analyzer/Emeito avoeépoviolr ta Opyovo T®V UETPNCEM®V KOl
mePLYpAQETAL 1 mEpapoatiky  Odtaln. A@od  mapovciouotel M dadikocio
avtiotdOuionc tov Vector Network Analyzer.mopabétovior ol TEWPUUOTIKES
LETPNOELS TNG aVTIOTAONS €16000V NG KeEPOIOG. XTO TEAOG TNG TAPOYPAPOV AVTAS
mapovotdlovtal to aroteAéopato g eEacfévnong and emoTpoPn TS KEPOLg O
GLUVAPTNON HE TNV oLYVOTNTA, TOGO TMV TEPUUATIKOV HETPNCEMV OGO Kol TNG
TPOGOUOIWONG Y10 GUYKPLIOT) TV OTOTEAEGLATOV.

270 TEAOG TOL KEPOANIOV TTEPTYPAPETAL 1) OLOOIKAGTO LETPTGEMV TOL KEPOOVS TNG
kepatog. Ot petpnoelg kEPOOVE EMTLYYAVOVTAL LE TNV ONUIOVPYIO U0 OGVPLLOTNG
Cevéng 6mov moumdg etvar 1 TPOTOHTLAN KePaia Kot OEKTNG o GAAN Kepaio YVOOGTOV
yapoktplotik®v. ‘Evoag Vector Signal Generatapopodotel tov mound pe £va oo
ovyvotntag ion pe Vv ovyvotnta Aettovpyiag g kepaiag kot évag Real Time
Spectrum Analyzerouvdéetar otov OKTn Yoo TNV HETPNON TOL AoUPovopévov
GNMOTOG.

Aol meprypapovv to Opyova Kot 1 01dtaEn Tov TEPAPATog EnaAnBeveTol OTL 0
O0éktng Pploketar oto pokpwvd medlo ™G TPOg UETPNONG KEPOLOS MOOTE TO
ATOTEAECUATO TOV UETPNCE®V Vo, givol cwotd. 'Emeita mapovoidletalr o tpodmog
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pvOuiong twv opydvov, mpocsdlopilovtor ot andieleg ™ acHpuoatng {evéng kot

TpOypaToTolEiTOl 1 HETPNON TNG OYLOS ANYNG oTov OékTn pécm Tov Spectrum
Analyzer.Metd gpoappoletor 1o pHovtéAo eAevbEPOL x®POoL yio. TNV acOppotn (evén,

a@o¥ emaAnBevdei 611 kavéva epmoddio dev Bpioketan péoa oty 11 {dvn Fresnehng

Cevénc. 'Etol ypnowonoidvtag v e€icmon tov Friis vmoAoyileton n mepopatiky

TN TOV KEPOOVG NG KEPALAG 1) OTTOI0 CLUPWVEL e TNV TPOGOUOIWOT).

210 TEA0G TOV KEQPAAOIOL TOPOVGLALETOL 1oL GUVOYT] OAWV TOV OTOTEAEGUAT®V,
1060 TOV TEWPOUOTIKOV HETPNCEMV OGO Kol TNG TPOGopoimong Zuykpivoviag to
ogdopéva avtd emPefordveror 0Tt M Kepoio IKOVOTTOLEL OAEG TIC ATOUTNOELS KO
TPOJYPOUPES TTOL OPIGTNKAV GTO KEPAANO 3. ZUVETMOS M YPNON TNG TEXVOLOYiaG
EKTUTTMOONG YEKOGHOV OYMYLUOL HeAOVIOD emaAnfevetalr ¢ po aldmotn Kot
QO0O0TIKY] KOTOOKEVOGTIKY] TEYVIKY YO TNV VLAOTOINGT KEPOLOV OE YOAPTLVO
VTOGTPOLAL.

6 Xvurepdopata kor Merhovtiki) Epyacia

210 KEPAAOO aVTO TOPOVGLALOVTOL TO GLUTEPAGHATO, Ad TNV OlEEay®Yn VTG
g epyaciog. [Ipdta yivetal o avakepoiaimon Tov Oepdtov mov avaAvdnKoy Kot
EMELTOL  OVAPEPOVTOL TO.  YOPOKINPIOTIKO TNG YEOUETpPlOC NG KeEPOAG 7OV
AmOdElYONKOV AMOTEAEGHOTIKG TOGO GTOV GYESOCUO TNG OGO Kol GTNV LAOTOINGoM
™m¢. H xotaockevn povomdAov Hovoy GTPOUATOC, N XPNON EMTEOOL YNNG CAAL Kot 1
€I00YMYN OOV Yo, TNV PEATICTONOINGT KOl TPOGAPUOYN TNG KEPAING GTO QPOPTio
OTOTEAEGAV CNLLOVTIKG TAEOVEKTILLOTO, TNG OC TPOG AALES YEMUETPIES.

2TV CLVEYELD TOV KEPOANIOL ovopEépovTal GAAEC TOOVEG UETPNGELS YOl TOV
TEPALTEP® YOPOUKINPIGUO TNG TUTOUEVNG KEPALOS OTMC: TEIPAUOTIKY] UETPNOT TOV
dlypappoTog aktivofoliog tng kepaiag: diepedvnon tng enidoong g dtav Ppioketal
KOVTA GE O1APOPa VAIKE. XTO TEAOG TOV KEQAANIOV OVOPEPOVTOL 10EEG Y10 TEPOULTEP®
BeAtiotomoinon g kepaiog OTmG: peimon tov peyéBouvg g Kepoiog, KOTOUOKELN
YPOUUNG TPOPOSOGING LE LEYAAVTEPO OLAKEVO, SIEPEVVIOT SLOUPOPETIKOD GLVOLUGLOV
OT®V, SIEPEVLVTON SLOPOPETIKMY WMV Kepaiag, Beitiwon T HeBdd0vL TPOGAPUOYNG.
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CHAPTER 1

Introduction

RFID (Radio Frequency Identification) is an emeggitompact wireless
technology for the identification of objects, th#tlizes electromagnetic waves for
transmitting and receiving information stored itag or transponder to/from a reader.
RFID has many advantages compared to conventioagb wf identification (e.g.
barcodes), such as higher read range and no rewgntefor line of sight. This
technology has become indispensible in a wide raofgepplications, such as
electronic toll collection, access control, assdentification and retail item
management.

The demand for low cost and efficient RFID tagshwhiigh read range and sensing
capabilities has witnessed a vast increase in dse douple of years, due to the
proliferation of the applications mentioned abowel ¢he development of other state
of the art areas, such as ubiquitous wireless semtworks. For these reasons active
(with battery) RFID tags operating in the UHF freqay band see the widest use, due
to their higher read range, larger memory capaaitg higher data transfer rate
compared to lower frequency passive (batteryleags.t An active transponder is
composed of three parts. An antenna, an Integr@iecuit (IC) that stores the
identification data and other electronic componeas! circuits, such as power
sources and sensors. The antenna is the actuami¢hat transmits and receives the
electromagnetic signals and as a result antenrigndissthe most critical part in the
transponder’s performance.

RFID antenna design faces many challenges: 1)asiddlexibility; antennas have
to be compact and flexible so that practical ta@s lse implemented 2) cost; RFID
antennas have to be extremely inexpensive in dadbe realized in mass production
amounts 3) efficiency; maximum efficiency is demesidrom RFID antennas to
increase the range and the reliability of the tpanslers 4) Global UHF RFID band
operability; each country has its own frequencyation for RFID and therefore a
tag has to operate globally 5) Integration withcetenics; in order to maximize the
power transfer from the antenna to the IC the R&tBenna has to be matched to its
load without at the same time causing interferemitie the rest electronics of the tag.

This thesis presents a novel conductive inkjettpdnmonopole antenna on
flexible, low cost paper substrate for RFID apgimas. The design and fabrication
of the proposed antenna demonstrates the feagibiliackling the above challenges,
enabling the integration of the antenna with aivad®FID transponder. The structure
of this thesis is organized as follows:

In Chapter 2 an overview of RFID systems is presgenEirst, the characteristics,
operating principles and applications of RFID tags discussed. Then a step by step
RFID antenna design process is outlined and diteentenna configurations are
given as examples. In the end of this chaptertdite &f the art in RFID technology is
highlighted.

Chapter 3 details the design of the proposed RRtBrma. First the importance of
impedance matching of the antenna to the tag's Isae@mphasized. The antenna
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requirements are determined and summarized. Thenatitenna configuration is
explained, while highlighting the advantages of tise of the ground plane in the
proposed monopole geometry. Moreover, the perfoceani the proposed antenna is
simulated while it is optimized to achieve the desgidesign goals

In Chapter 4 the fabrication of the presented araas studied. Paper is proposed
as a low cost, flexible and environmentally frigndubstrate material for RFID
antenna implementation. Conductive inkjet-printiaghnology is utilized to print the
antenna on to the paper substrate and thereforehtiracteristics and the fabrication
process of this technique are analyzed.

The proposed antenna is experimentally tested &edobtained results are
discussed in Chapter 5. Return loss and gain measunts were carried out to verify
the antenna performance. The setup of each measntreils explained and the
experimental results are compared to the simulaimwing good agreement.

Finally in Chapter 6 the compiled work is summadizand conclusions are
presented. Further experimental measurements grtigosed antenna and possible
optimization approaches are proposed as future.work
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CHAPTER 2

Background and Related Work

2.1 RFID Technology

2.1.1 RFID system overview

Radio Frequency Identification (RFID) is the autdimadentification of tagged
objects using RF signals [1]. The basic structdir@oRFID system always consists of
two components, as shown in Figure 2.1.

{=Data=—)
Contactless
RFID reader =—Clock=)> data carrier =
transponder
—Energy=>
] Coupling element
Application (coil, microwave antenna)

Figure 2.1 Reader and transponder in an RFID system

* The transponder which is located on the objecetabntified and carries

digital data

* The interrogator or the reader, which communiceaiiéls the tag and uses

radio waves to capture the stored data

The reader typically contains an RF module (trattemand receiver), a control
unit and a coupling element to the transpondecah be fixed or handheld and
usually is fitted with an additional interface inder to forward the received data to
another system.

The transponder consists of an integrated cir¢@i, (vhich stores the actual data
and a coupling element, which can be either anatnge coil or an antenna (e.g.
dipole monopole, etc). The type of coupling elentbat is being used depends on the
operating frequency of the RFID system and on tpe tof the transponder. In
addition, according to the tag type and operatingcple the transponder may also
contain other electronic components. More detdileua the characteristics of an
RFID tag will be discussed in Section 2.2.

2.1.2 Applications

Currently RFID finds a wide range of application imdustry, supply chain,
security, tracking and other expanding areas [3].
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Some applications of RFID are, as shown in Figu?e 2
Applications

e Supply chain

» Shipping

* Anti theft

* Access control

* Wireless pay systems
» Passport security

* Animal identification

e Libraries

* Human implants

Industries

» Auviation (baggage tracking, passenger registrapants)
e Automotive

* Pharmaceutical

* Retail

* Inventory control

» Transportation

* Food industry
» Cargo management

Figure 2.2 Various RFID applications
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The use of RFID has shown a dramatic improvememffiniency, productivity,
security, organization, management and qualityeofises in the above industries. In
fact it is becoming one of fastest growing sectidrthe radio technology industry and
conquers a bigger piece of the automatic identificamarket every day.

Furthermore, the exponential advancement in RFtRrtelogy and the numerous
new insights in the subject can make feasible #atization of ubiquitous ad hoc
wireless sensor networks and wearable electronics.

A wireless sensor network (WSN) consists of spatidistributed autonomous
devices, as shown in Figure 2.3 that incorporates@s to cooperatively monitor
physical or environmental conditions at differeatdtions. Inexpensive, low power
consumption and flexible RFID tags can tackle thador challenges that at present
WSN face and are: cost, size and power consumptiothis way the beginning of
WSN application in hot areas such as environmentalitoring and healthcare can be
realized.

Wearable electronics utilize the flexibility, lowoywer consumption, small size
and cost that advancements in RFID promise for mecke military applications such
as health monitor platforms on clothes, as showkigare 2.4

Unattended
‘Ground Sensors

T

Figure 2.3 Wireless Sensor Network Node Figure 2.4 Wearable Electronics

2.1.3 Transponder types

RFID tags are differentiated based on the existamcethe operation of a power
supply [1]. There are three types of tags: passigiye and semi-passive:

Passive

Passive transponders are usually comprised of #lezeents: The IC or chip, the
antenna or coil and the substrate on/in which #reyintegrated. Passive tags do not
have their own power supply (e.g. battery) andefwee all power required for the
operation of the transponder must be drawn from(éfhectric/magnetic) field of the
reader. The antenna is used to absorb RF wavesthremreader’s signal and use the
scavenged power to both turn on the IC and trantimitstored data back to the
reader. Therefore the tag is only activated andbearead when it is near the reader.

Passive tags incorporate 3 very important advastémeRFID technology. First,
they practically have an unlimited life time, sirtbey contain no battery. Second they
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are usually compact in size and can be flexibl¢hat they can be easily attached to
objects. Third, they have very low cost, approxighab cents per tag, and are easy to
fabricate in mass production. However some of tsiadvantages are that they have
a small read range which varies from some centirmétel0 meters and have a small
memory capacity (usually 96bits).

Active

Unlike passive RFID tags, active RFID tags havér then internal power source,
which is used to both power the IC and at the siame broadcast the response signal
to the reader. This enables active tags to trarsntitgher power levels than passive
tags, allowing them to be more robust in "RF chmgled" environments and have a
very high read range, which varies from 30 metermbre than 300 meters. On the
other hand they are larger in size than passiveadad have a much higher fabrication
cost. Another disadvantage of active tags is tloe tlaat the battery is depleted at
some point and has to be replaced, which mightgomt to be very challenging.

In addition, active RFID tags can be integratechwaither electronic components.
On-board electronics may consist of sensors, mioagssors and power amplifiers,
all of which are powered by the tag's on-board posoeirce. The electronics allow
active RFID tags to be used in a wider range ofiegjons than passive tags. For
example, perishable food products may be taggeld sehsors that collect data that
can then be used to determine expiry dates and tivarend user that the item may be
spoiled. Even though many products have expiratiates printed on them, these
dates are valid only if the product is stored urtderoptimal conditions (temperature,
humidity, exposure to light, etc.) for that type mfoduct. Thus, the product may
expire before the printed date if it is not stopedperly. An RFID tag equipped with a
temperature sensor might be able to predict the@abeixpiration date of a carton of
milk, for example, which may be very different frahe printed date.

Semi-Passive

Semi-passive tags are similar to active tags invihg that they have their own
power source, but the battery only powers the molip and is not used for
transmitting the signal back to the reader. The roamcation with the reader is
performed in the same manner as in passive tagghwhill be described in
Section 2.2.1.1. Semi-passive tags incorporate @hramaller battery than active tags
and have at the same time a longer life time. Hawdveir read range is lower than
active tags, but higher than passive tags.
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2.2 RFID Transponder Characteristics

2.2.1 Operating principles

An RFID transponder can exchange information wite teader in two basic
ways: Either via inductive coupling or via electragnetic backscatter [2]. These two
operating principles are described below:

2.2.1.1 Inductive Coupling

In inductively coupled RFID systems the antennaath the transponder and the
reader is a coil. Inductively coupled transpondars almost always passive and
consist of the IC, which stores the data and atbail functions as the antenna and is
directly attached to the IC. The coil of the tramsger and the coil of the reader are
coupled by the generated changing magnetic fluxghnike a transformer, as shown
in Figure 2.5.

Magnetic field H

Chip

Transponder

Reader

Figure 2.5 Operation principle of an inductively coupled trposder

The operation frequency of inductively coupled s@onders is less than 100MHz
(usually 13.56MHz) and therefore the correspondiagelength at these frequencies
iIs many times larger than the distance betweertageand the readefi<£22.1m for
13.56MHz). As a result, an inductively coupled tazgrates always in the near field
of the reader. The near field of an antenna istiemand stores energy in the volume
around it. This is the reason why a coil is usethasoupling element.

Inductively coupled passive tags are very easyalwidate and have a very low
cost, but at the same time a very short rangessftlean 1m because the field energy

decreases proportionally % s (Wherer is the distance from the tag). These types of

tags are widely used in contactless smart cardeamsportation as shown in Figure
2.6 below:
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Substrate

Die
attach

Figure 2.6 Example of an inductively coupled passive RFID $gmonder used in London
underground transportation system. Left: Oysted casing. Right: RFID transponder inside
Oyster card.

2.2.1.2 Electromagnetic backscatter

RFID tags that communicate with the reader via beatter consist always of an
antenna instead of a coil which can be a dipolenapole or other. The operating
frequency is higher than 100MHz and therefore tbaesponding wavelength is
small ¢=30cm forf=1GHz). As a result backscatter transponders openathe far
field of the reader, since the near-far field baanydis 2/2z. The reader antenna
radiates travelling waves in its far field that rgapower away from the antenna and
are received as TEM waves from the tag's antenha. thg's antenna reflects this
energy back to the reader establishing in this Weytwo way communication as
illustrated in Figure 2.7

et =t ot 1

Power +data -~ o | | Chip l

- AR — b .

) I | L RF front Analog/ | |

)> e W\ § N Ze[]" ond || digital | !

) |

RFID Modulated backscatter e e = e i

reader
A J
e
RFID tag

Figure 2.7 Operating principle of a backscatter transponder

Tags that operate via backscatter can be passigetioe. Passive back-scattered
RFID systems operate in the following way: The sradansmits a modulated signal
with periods of unmodulated carrier, which is ree€i by the tag antenna. The RF
voltage developed on antenna terminals during umuhated period is converted to dc.
This voltage powers up the chip, which sends baekinformation by varying its

32



front end complex RF input impedance, modulatinghis way the back-scattered
signal. The passive backscatter operation prinégptketailed irFigure 2.8

HIGH-FREQUENCY SYSTEM

1 An integrated circuit sends a digital

2 The electric field of the
propagating signal gives
rise to a potential difference

signal to a transceiver, which

generates a radio-frequency signal that
is transmitted by a dipole antenna.

=

READER

Integrated

circuit y/

Tag identifier code

LA

The reader’s transceiver

detects the reflected
signals and converts them to
adigital signal that is relayed
to the integrated circuit,
where the tag's unique
identifier is determined.

Transceiver

The variations in the amplitude
5 of the reflected signal, in what
is called backscatter modulation,
correspond to the pattern of the
transistor turning on and off.

':']'!f NP _
! ) 'I‘)I‘lepﬂlﬁl_m !- .|
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across the tag's dipole
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current to flow into the
capacitor; the resulting
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by the diode.
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by

Transistor

The transistor gets turned on or

off by the highs and lows of the
digital signal, alternately causing
the antenna to reflect back or
absorb some of the incident radio-
frequency energy from the reader.

\ //Eapacitnr

The voltage across the

capacitor turns on the tag's
integrated circuit, which sends
out its unique identifier code as
aseries of digital high- and low-
voltage levels, corresponding
toones and zeros. The signal
moves to the transistor.

Diode

Tag identifier code
pRBRIIETERL]

Diﬁilal siinal

Figure 2.8 Analysis of the backscatter operating principle@ gfassive RFID tag

Passive backscattered tags are as easy to fabheste the same low cost as
inductively coupled tags. However they feature ghlr read range that varies from
3m to 10m. An example of a passive backscattestsponder operating in the UHF
frequency range [11] is illustrated figure 2.9

RFID by Intermec

0123 45b7 8910 1234

8 09/00 WE 08/02
INTELLITAG 500

 —

T

G

dipole antenna

—

Integrated
Circuit (IC)

b

Figure 2.9 Intellitag card and passive UHF RFID transpondat tperates via backscatter

In the case of an active tag that operates viaduattering, the signal from the
reader is used only for activating the tag or paogning it. The tag’s integrated
power source is responsible for powering up them@ sending a signal back to the

reader.
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2.2.2 Operating frequency ranges

RFID systems are operated is a wide range of dffefrequencies, as we have
described. The operating frequencies of RFID trandprs are summarized in

Figure 2.10.
 — .,
frequency (Hz) 100K 1M 10M 1000 1G 10G
wavelength (mj) 3000 300 30 3 o8 0.03
I | I L L] l
| common RFID 125/134 1356 860-960 24
bands KHz MHz MHz GHz
tess-fraquan =7 i 5258
| RFID bands MHz MHz GHz

Figure 2.10 Available RFID operation frequencies in the RF band

Although RFID systems operate in many frequencgeantags that operate in the
UHF frequency band have received a great interebtrapid development in the last
years and see the widest use because of their attragtive features such as:

* High read range (3m to 300m)

« Both passive and active tags can be incorporatadsiystem

e High data rates (40 — 640kpps)

* Already a protocol (EPC Gen-2) has been established

* Multitag tracking from a single reader (1500tagsgsjvailable

» Each country has its own frequency allocation showfigure 2.11

iuslral-ia

918926

4W EIRP »

16

Figure 2.11 Frequency allocations of UHF RFID tags

34



2.3 RFID Tag Antenna Design

2.3.1 Dipole and monopole antenna theory

The most commonly used antennas in RF applicadodsespecially in RFID are
dipoles and monopoles. Therefore, some fundamemtatiples on the radiation
characteristics of &/2 dipole and &/4 monopole antenna will be highlighted in this
section [4].

2.3.1.1 2/2dipole

A A2 dipole antenna, depicted in Figure 2.12, is coragosf two conductive
parallel straight arms with leng#i4 each. Usually a dipole is fed by a parallel wire
transmission line in its midpoint. The lengt) 6f this antenna is approximately equal
to half of its wavelengthd&d/2) in the operating frequency as the name itself
suggests. In this configuration, the dipole anteresonates whed=0.961/2. This
means that the complex input impedance of the djpshich varies with frequency,
becomes entirely real (resistive), and approximpaf@?. In this specific frequency,
which depends on the dipole length, the radiatioiih® antenna is maximized. Figure
2.13 shows the radiation pattern for the half wength dipole antenna.

F 3

I\..ll,\.

Ty i

Figure 2.12 A theoreticall/2 dipole antenna

Yy =

YN N
N AN,

Xy

Elevation Azimuth

Figure 2.13 Radiation patterns of A2 dipole.
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2.3.1.2 /4 monopole

An ideal monopole antenna results from placing/4aconducting wire over an
infinite ground plane and applying the image thedygcording to image theory if a
conductor of lengthd/2 with a current | is placed vertically over animie ground
plane, as shown in Figure 2.14, then an imagbetonductor with lengtk /2 and
the same direction of current flow is created symnicedly below the ground plane.
As a result the combination of the element andnitage radiates identically to a
dipole of lengthd except that the radiation occurs only in the spdm®/e the ground
plane. Thus, a half wavelength dipole can be apprated by a quarter wavelength
monopole (withd/2=4/4). It has however to be noted, that the resonanpati
impedance of an ideal4 monopole antenna in the same frequency is haliaifaf a
A2 dipole and is approximately 87 The radiation pattern of an ideal monopole
antenna is depicted Figure 2.15

Monopole

. A
Ground plane # v =

Image ] v
x

NV

v
v =

A

~
|/

X v

Elevation Azimuth

Figure 2.15 Radiation patterns of an ide@# monopole antenna

When however the ground plane of a monopole antenmat infinite, but has
dimensions comparable to the dimensions of itsatadj element, the electromagnetic
field is also expanded below the ground plane. Agslt, the elevation radiation
pattern of the monopole antenna is similar to diahe dipole as illustrated iRigure
2.16
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Figure 2.16 Radiation patterns of/d4 monopole antenna with finite ground plane

2.3.2 Antenna design process

A generalized RFID tag antenna design processhi@] will be followed in this
thesis in chapters 3, 4 and 5 is illustrated diowa thart shown irFigure 2.17

Select the application and define tag requirements

Determine the materials for antenna construction

¥
Determine the characteristics of the ASIC

L
Identify the type of antenna and its parameters

Perform parametric study and optimization

Y

Build and measure prototypes

Design
requirements met?

Design
is ready

Figure 2.17 RFID tag antenna design process
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First the desired application has to be determimedorder to define the
requirements of the tag. Parameters such as tlediyphe tag (passive or active),
operation frequency, use of other electronics (gegsors), size and cost will all be
determined by the application. Second, the tagireopents are translated into the
needed materials for the antenna construction. Jiliestrate and antenna trace
materials have to be carefully decided, so that¢leirements can be met. Third, the
characteristics of the heart of the transpondee, ASIC (Application Specific
Integrated Circuit) have to be decided. The modafeshich it will be composed of
(e.g. power amplifiers, rectifiers, modulating diits, etc) and the complex impedance
in its output are some of the IC’s characteristismw based on the previous
requirements, the antenna characteristics can tegngdeed. The input impedance,
gain, directivity, radiation pattern, efficiencyplprization, frequency and bandwidth
of operation will define the final type and desugjirthe antenna.

The antenna performance is simulated using 3D releetgnetic modeling and
simulations tools that utilize the method of monse(iloM). The antenna is first
modeled and simulated. Then parametric study ariothization is performed by
monitoring the antenna radiation pattern, input edgnce and directivity until the
desired design requirements are met in simulafitye. simulation software that was
used for the antenna design in this thesis was BB &ver Ansoft HFSS v10.0

In the last step of the design process, prototygresbuilt using the antenna
materials that were determined and their performaacmeasured extensively. The
obtained experimental results are compared withulsiion and if the design
requirements are satisfied, the antenna desigreadyr Otherwise, the design is
further modified and optimized until requirements met

2.3.3 Examples of RFID antennas

As has been described in Section 2.3.2, the dedign RFID antenna is defined
by many requirements. However, most RFID antennase hsome common
characteristics. Printed, compact and single laygennas are usually preferred for
their ease of design, optimization and fabricatidncross section of these types of
antennas is depicted Figure 2.18 Common substrates that are used for RFID tags,
when a rigid tag is required are FR4, Duroid, aigt lelectrical permittivity plastics.
For flexible tag fabrication, common materials BT (Polyethylene Terepthalate),
LCP (Liquid Crystal Polymer) and paper. It is notbdt the dielectric parameters of
FR4 ares=4.4, tano=0.01 and of papekr;=3.4, tanv=0.08. As for the antenna trace
materials, copper, aluminum or silver ink are naestimonly used.

antenna trace

substrate

Figure 2.18 Cross-section of a single layer, printed RFID angen
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It is essential to note that 90% of RFID tag anéenare dipoles [2]. The length of
a dipole antenna should be approximat#® However in UHF frequencies the free
space wavelength i5=0.33m (forf=900MHz), which results in too large dimensions
for an RFID antenna. For this reason certain mimization techniques (e.g.
meandering, folding) have to be followed: decregsine antenna size while the
radiation characteristics are retained.

An example of a typical antenna design for a UHHADRPpassive tag [3] is
depicted inFigure 2.19 Meandering allows the antenna to be compact armtdvide
omnidirectional performance in the plane perpendicto the axis of the meander.
The optimization of the antenna is accomplishedtioyming the lengths of the
meander trace bar in order to obtain the desiréehaa characteristics defined by the
requirements.

- -

Sjli-: ] : i Ekd
b || ‘ H“ AT ‘ \
| | i |
vl ) S
E = —— Ay 1 1 : v~ )
% » Antenna’  RFIDchip . . L. Substrate
z trace location d a

Figure 2.19 Geometry of a meandered RFID dipole antenna

Other types of RFID antennas are single layer moleogonfigurations. Examples
of such antennas for UHF RFID applications are ctedi in Figure 2.20. It is
observed from Figure 2.20, that although all 3 glesiare monopole antennas, they
have different configurations. These antennas angposed of the same 3 elements:
The radiating element, the feeding line and theugdoplanes. The ground plane and
feeding line configuration is the same for the Beanas in contrast to the radiating
element which is different. The antenna depictedhenleft of Figure 2.20 has the
simplest configuration [21]. It composes of a plarextangular radiating element. Its
dimensions and the height from the ground plane agimized to achieve the
required antenna characteristics. The radiatingheht of the antenna shown in the
middle of Figure 2.20 is also rectangular as then&y, but has two slots embedded
[24]. The optimization of this type of antenna ch&ved by varying the dimensions
of the two slots. Finally the antenna shown onrtgbkt of Figure 2.20 composes of a
meandered radiating element with an extended caodlioe which is trimmed to
achieve optimization [20].
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Figure 2.20 Examples of planar monopole RFID antennas. Leftct&eular monopole
configuration. Middle: Rectangular slotted monopalenfiguration. Right: Meander line
monopole configuration.

Other antenna designs [2] are illustratedFigure 2.21 It is observed that an
antenna configuration can have any kind of shapd geometry including very
arbitrary ones.

Figure 2.21 Different types and configurations of RFID antennas

2.4 State of the Artin RFID

In this section some of the latest developmenRkiD technology are presented
and some state of the art transponders are exglaine
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2.4.1 Miniaturized transponders

In the construction formats for inductively coupleassive RFID tags mentioned
previously, the colil is separate from the chip @tonded to the transponder IC in
the conventional manner. An extreme miniaturizatadnthe RFID transponder is
possible by integrating the antenna coil on todhip (coil-on-chip) [1], as shown in
Figure 2.22 This is performed by a special microgalvanic psscthat can take place
on a normal CMOS wafer. In this way the size ofeatire RFID transponder can be
minimized to a chip with dimensions judtmx 3mn.

Figure 2.22 Coil-on-chip miniaturized RFID transponders

2.4.2 Flexible, paper based transponders

Another very significant development in RFID tagsalves integrating an entire
active RFID module with temperature sensing capgdsl on flexible substrates
utilizing conductive inkjet printing technology [9]n detail, flexible, low cost
substrates such as LCP and paper are utilized FtId Rpplications. The tag antenna
is fabricated on the paper substrate using direite wkjet printing technology. The
implementation of the antenna trace is achievedprgying silver ink nano-particles
on to the paper substrate. This technique will b&yazed in detail in Chapter 4. In
addition, a temperature sensor along with the o#ectronic components (IC’s
resistors, batteries, switches etc), which areireduor the active tag operation, are
integrated on to the paper. The components are tedwn the paper substrate using
silver epoxy and are connected together using itér¢hat are formed by silver ink
conductive traces which are also inkjet-printedtba paper. The fabricated RFID
platform is depicted in Figure 2.23.
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Temp. IC Trigger
Sensor Switch

Figure 2.23 RFID-enabled wireless sensor platform on papertsatiesusing inkjet printing
technology

2.4.3 Tags with power scavenging circuits

As has been emphasized in the previous sectiorastare RFID transponder has
the highest range and the most capabilities cordptwethe other types of tags.
However it requires its own power source to power IC and transmit a signal back
to the reader. Due to the fact that the power soigaisually a battery, an active tag
has some limiting disadvantages. The battery hismited life time and has to be
replaced. To seek and replace however a tag’srpatie ubiquitous wireless sensor
network with thousands of RFID nodes placed anhitna the environment, is nearly
impossible. For this reason active RFID tags assl lsss frequently than passive and
only in limited applications (e.g. military applitans).

However, the latest research in RFID technologylves the development of
power scavenging circuits used as a power soureetine tags and thus eliminating
the need for a battery. Power scavenging technolmgy many forms. The most
common ones that are being developed in RFID are:

Solar

Solar panels are used to scavenge the solar enkngysolar energy is converted
into electrical, stored in a capacitor and in thigs/ the necessary power is provided to
the tag. Solar power scavenging circuits are easgesign and fabricate, have an
acceptable efficiency and meet the power requirésnaina typical RFID transponder.
They do however have the disadvantage of requionige exposed under the sun at
all times to function and increase the profilelsd tag.

Piezoelectric
Piezoelectric power scavenging circuits utilize heedcal energy, convert it into

electrical and provide the required energy to e They show good efficiency, but
have the disadvantage of requiring an external amdchl force. A possible
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application would be in tire pressure monitoringlREags where the mechanical
movement of the wheels is utilized to create tleetelcal energy.

Electromagnetic

In electromagnetic power scavenging technologypa tyf antenna called rectenna
is used to scavenge the electromagnetic enerdyeitUHF frequencies, rectify it and
convert it into DC power which is stored in a capac This form of power
scavenging can enable the tag to operate in anyoamnvent that there is some EM
energy in the UHF frequency band. However it isyverefficient and difficult to
implement, while increasing the tag cost and peofil

2.4.4 Other developments in RFID

Finally some other latest developments in RFIDudel [2]:

* New RFID ICs for passive tags with better sengitifihe lowest amount of
power that can activate them)

* Techniques to determine tag location and movement

* Tags with sensor capabilities (temperature, presswmidity, movement,
vibration, light)

* UHF near field RFID

» Ultra-wide band RFID systems (capable of operatintpe universal UHF
RFID frequency band and in higher frequencies)

» Tags with multiple antennas (placing 2 same antewith linear polarization
perpendicular to each other increases tag perfarenay 40%)

e Multi-static reader antenna configurations

* Novel portal and conveyor belt solutions
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CHAPTER 3

Antenna Design

3.1 Introduction

It has been highlighted that the performance oRR& antenna is critical for the
operation and the range of an active RFID transponfintenna design is therefore
very important and has to be analytically detail&ince the good impedance
matching of the antenna to the load is the mosoapt requirement, a theoretical
background on impedance matching is thoroughlyudised in the beginning of this
chapter. Next the antenna requirements are definedthe antenna configuration is
described. Then the design process is outlinedlewthe antenna is simulated and
optimized to meet the defined requirements. Ingheé of the chapter the simulation
results are presented, proving that the antenngsrtfezrequirements in simulation.

3.2 Impedance Matching

The two main components of a typical active UHF REfansponder are: 1) The
integrated circuit (IC or ASIC: Application Specifintegrated Circuit) that stores the
identification data, controls the communicationhwihe reader and performs other
operations 2) The antenna that radiates the sigh#he IC’s output. However an
active RFID tag consists also of an input circuilaan output circuit, which are
connected to the IC. Each of these circuits indudiéferent electrical components,
such as:

Input Circuit

* Power sources (batteries, power scavenging dewtes$,
* Sensors (temperature, humidity, light, etc...)

e Switches (for the control of the transponder)

* LED’s (for the operation check of the transponder)

Output Circuit

* Integrated Power Amplifiers
* Lumped Components (resistors, capacitors, coils)

The block diagram of an active UHF RFID tag is showFigure 3.1 below:
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Figure 3.1 Block diagram of an active UHF RFID tag

In order to maximize the performance of the tramsigp, maximum power must
be delivered from the antenna to the IC. Howeveshasvn in Figure 3.1 the antenna
iIs not directly connected to the IC, but to thesl@utput circuit that interferes
between the IC and the antenna. As a result, ierdad satisfy this requirement, the
RFID antenna has to be matched to the Output Ciocuhe load of the tag.

For years antennas have been designed primariipaich either 5Q or 792
loads. In RFID however, the antenna has to be tiiretatched to the tag's load [1].
Adding an external matching network with lumpedwats is usually prohibited due
to cost, fabrication and size issues. As shownigurié 3.1, looking into the antenna
the antenna displays complex input impedancesZat its terminals. The
transponder’s load also displays complex impedahegp, when looking into the
opposite direction of the antenna into the outprdud. The load’s impedance is
depended on the IC’s impedancg And can be calculated if the output circuit is
known or it can be measured. The IC’s input impedas different for every IC and
is also complex, but can only have negative reactiglues (its imaginary part is
always capacitive). The equivalent circuit of tmemna-load is shown in Figure 3.2,
where \{ is the voltage across the antenna which is indérosa the receiving signal.

ZANT

Vs @ Zionp

o

antenna load

Figure 3.2 Antenna-Load equivalent circuit
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In order to ensure, as described above, maximuneptansfer from the antenna
to the load, the input impedance of the antennat ieionjugately matched to the
tag’'s load impedance in the operating frequency tlué tag [11], verifying
Equation 1. In other words, the real part of theeana input impedance must be equal
to the real part of the load’s impedance and thagimary part of the antenna input
impedance must be equal to the opposite of the imaag part of the load’s
impedance [16].

Lt = Z*LOAD = Ry=R and X, ==X, (1)
if Zayr = Ryt jXA andZopp = R+ ij

Kurokawa [15] described a concept of power waveweling between the
generator and load and introduced the followinginitedns for the power wave

reflection coefficients shown in Equation 2 and the power reflection dofift |s{2
shown in Equation 3.

x 2
Z oao ~ Lant @) ‘S{z — Z omo ZANT|
ZLOAD + ZANT ZLOAD + ZANT

0g|d <1 @3)

The power reflection coeﬂ‘icierjtsl2 shows what fraction of the maximum power

available from the antenna is not delivered to ldaa [12]. As a result, achieving
maximum power transfer from the antenna to the lgaanslated into minimizing

the power reflection coefficierjslz. It has to be noted that both the impedancef th

antenna and the load vary with frequency. For rtdaa'ison|s|2can be minimized in a
single frequency. Consequently this is chosen tdhleeoperation frequency of the
RFID tag. The value o|fs|2changes with frequency and therefore it displaysviery

frequency what fraction of the maximum power is delivered to the load. For that
reason the return loss of an RFID antenna is défxe the value of the power

reflection coefficient|s|2. The frequency response of the return losg,(as defined

above, will be utilized to evaluate the performantéie proposed antenna and define
its operation bandwidth.

It is observed from this analysis that the anteisnaot operating at resonance,
since the imaginary part of its input impedancedszero at the operating frequency.
This is a fundamental difference between commoerara design and RFID antenna
design. The most important requirement in RFID améedesign is that the antenna is
directly matched to the load, which has complex adgnce, in order to achieve
maximum power transfer between them. In other wdlds antenna is designed
neither to resonate, nor to be matched to @ &fad. The antenna’s self-resonance
happens at the frequency, where the real partsohfiut impedance is maximized,
while at the same time the imaginary part equats.z&t this frequency the power
that is transmitted by the antenna is maximizecd fidsonance of the antenna when
matched to a 30 load happens at the frequency, where the real gfaits input
impedance equals 80and its imaginary part equals zero. The differantenna’s
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resonances, in respect to the antenna’s and loagedances (£and Z) are shown
in Figure 3.3.

Resonance of
antenna with —=
50 Ohm load

Antenna
self-rasonance

-

e

Impedance

I
I
Conjugate impedance match -i

to the tag's load

Figure 3.3 Antenna impedance and load impedance as functibfrequency for a typical
RFID tag

3.3 Antenna Requirements

The proposed antenna must achieve specific desigls ¢h order to be integrated
with the RFID tag and operate efficiently. As haet discussed in Section 3.2 the
antenna is designed for the specific IC that théDREg is using. In our application
the IC has an operation frequency of 904.5MHz, hiciw communicates with the
reader. As a result the first requirement of theDR&ntenna is that it operates at the
unlicensed UHF frequency band around 900MHz andnige close to 904.5MHz. It
is also important that the antenna operates iNibth America (902-928MHz) and
Europe (866-868MHz) UHF frequency bands so thatdgefeatures operability both
in USA and Europe. This requirement demands a battlwef operation of at least
866-928MHz. Another antenna requirement emergas fifte fact that the tag must
be able to communicate with the reader in any taie@n. As a result, it is essential
that the antenna has an omnidirectional radiatadtem in the azimuthal (x-z plane).

As has been emphasized before the antenna mustelodydmatched to the tag’s
load. This means that the input impedance of thiensma must be conjugately
matched to the impedance of the load. In our apgdin the load of the RFID
transponder has a complex impedanceZgfap= 37.31 + j65.96). As a result the
value of the antenna impedance must be approxiynatglal toZant= 37.31 — j65.96
Q at the tag’s operation frequency (904.5MHz).

It is also essential that the antenna has podilinetivity, gain close to zero and
efficiency higher than 80%. This is necessary st the EIRP (Equivalent Isotropic
Radiated Power) of the antenldRP=P,G =P:eD) is as high as possible in order to
increase the tag’s read range.

Finally the antenna must be linearly polarized. Mosaders’ antennas are
circularly polarized, while tags’ antennas are Ugumearly polarized [2]. Circularly
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polarized tag antennas are avoided, because #ugoroof the circularly polarized RF
wave radiated by the antenna might be inverted, @Wuground reflection and
multipath effects. This would result inRLF=0 (polarization loss factor) between the
tag antenna and the reader’s antenna and no powedd We received from the tag’s
antenna. However linearly polarized waves recelwed circularly polarized reader’s
antenna results always inRLF=—3dB [4]. The antenna requirements are now fully
determined and are summarized in Table 3.1.

Table 3.1 Antenna Requirements

Antenna Parameter Design Goal
Operation Frequency 904.5 MHz
Operation Bandwidtt 866-928 MHz
Radiation Pattern | omnidirectional on the azimughahe x-z
Input Impedance ~ 37.31 — j65.96)
Directivity >0 dBi
Gain ~ 0 dBi
Efficiency >80 %
Polarization linear

3.4 Antenna Configuration

3.4.1 Antenna geometry details

The geometry of the proposed printed monopole aaten shown in Figure 3.4.
The antenna is designed on a paper substrate itkness of 0.254mm, relative
permittivity &=3.5 and loss tangetdans=0.08. The substrate has wid=75mm and
lengthL=100mm including the feeding line.
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Figure 3.4 Configuration of the proposed printed monopole iamse

The proposed monopole antenna configuration showifigure 3.4 is composed
of 3 parts:

1) The radiating element: The Z shaped part of therar# above the ground
planes. The radiating element radiates and recdhesRF signals and its
configuration affects all of the antenna parameters

2) The ground planes: The two rectangular areas béh@wradiating element
compose the ground of the monopole geometry. Thingt planes are
responsible for creating a symmetrical image of thdiating element in
respect to the x-z plane. Their size affects tlitateon characteristics of the
antenna and is critical for the antenna performance

3) The feeding line: The part below the radiating etatncomprises the feeding
line of the antenna. The feeding line consists afeatral conductor strip,

which carries the RF signal and also two grouncdhgdain either sides of the
feeding strip.

The parts of the antenna are depicted in Figuré&i&w:
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Figure 3.5 Parts of the proposed monopole antenna

3.4.2 Ground plane and monopole antenna advantages

The most commonly used antennas for RFID applicatiare half-wavelength
dipole antennas [1]. However, in this paper, a npot® antenna is proposed, due to
its many attractive features in comparison to aldipantenna [4]. First, the input
impedance of a resonating monopole antenna is appately 342, which is half of
that of a dipole. This value is very close to thal part of the tag’s load impedance in
our application and therefore the impedance magcwil be simplified.

Another advantage of monopole antennas is thathheg a wider bandwidth than
dipole antennas. The impedance of an IC varies frsgttpuency and the input power
applied to the chip, thus increasing the returs ladrequencies away from the centre
frequency. In addition, fabrication deviations aft only the antenna, but also of the
IC shift the centre frequency of the tag’s operatids a result the matching of the
antenna to the load is being made more challendfitgpwever a broadband antenna
is utilized, then the impedance matching to thellsaachieved in a wider range of
frequencies.

The most important advantage of the monopole iselvewthat it composes of a
ground plane. The ground plane makes easier thgration of the antenna with the
other electronic components of the tag (sensonsgpsources, IC’s) and reduces at
the same time the cross-talk and the interfereet@den them. In addition the ground
plane shields the electronic components from thersra radiation, minimizing in this
way the coupling between them. The ground plans also as a radiating surface,
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increasing the directivity of the antenna. Finalhe monopole antenna does not
require a differentially fed input signal like apdie, due to also the existence of the
ground plane, which makes more efficient the conoedo the load, since the IC’s
output is single-ended.

3.4.3 Feeding line

A coplanar waveguide (CPW) transmission line isdufae feeding the antenna,
because of its simple single layer metallic streectand its little radiation loss
compared to a microstrip line [16]. A @OCPW transmission line proved to be very
difficult to implement on a paper substrate, beeailn® design resulted in either too
large signal strip, or too small gap spacing. Hois treason the characteristic
impedance of the feeding line was chosen t&Zs60Q. As a result, the CPW line
composes of a central conductor strip with widthwef3.8mm and gap spacing
between the signal strip and the groga@®.3mm, as shown in Figure 3.4. The overall

length of the transmission line is 30mm which cepands to 40 impedance
transformation from the input impedance of the atddn element to the input
impedance of the antenna on the normalized SmidrtCh

3.4.4 Radiation element

The antenna is designed based on a rectangulatirgdelement with width of
50mm and length of 56mm. The rectangular elememieasextension of the signal
strip of the feeding line and haspacing oh=11mm from the ground plarié has to be
noted, that the monopole antenna is designed, demsg the feeding line and the
rectangular surface as a single radiating elenTemb. rectangular slots are embedded
into the radiating element from both side edges,lteng in a meander-like, Z-shaped
antenna, as shown in Figure 3.4. Both slots hawedéh of 10mm and lengths of
11=12=40mm. The length of the slots is optimized in orteachieve the impedance
matching of the antenna to the load. The impedamatehing process is discussed in
Section 3.5.2.

3.5 Design Process

As has been mentioned before, the operation freyuef the antenna is
904.5MHz. The respective wavelength in free spatethds frequency is:

/10=%=33.167:m. The wavelength is much greater than the thicknesshe

antenna trace on the substrate and for this re@®oantenna trace is considered as a
perfect conductor in the design process.

To achieve the required design goals mentionecenti& 3.3the antenna must
be optimized [3]. However there is an inevitabkdeoff when trying to meet all the
requirements. For this reason impedance matchitigpgvachieved in the end, since it
is the most important requirement. Firstly we wvitilf to achieve that the antenna is
operating at the desired frequency (904.5MHz). 8dlgowe will try to optimize the
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radiation of the antenna by ensuring that the arstdras a omnidirectional radiation
pattern in the x-z plane. In the end we will trydocomplish the matching of the
antenna to the load. The antenna performance @illdrified in simulation and if the
design goals are met, the design process will beptete.

3.5.1 Planar rectangular monopole antenna

The first step in the design process is to desigtypécal planar rectangular
antenna, as shown in Figure 3.6, which resonam@sdrthe frequency of 900MHz
and has an omnidirectional radiation pattern in dhenuth plane and a directional
pattern with 2 nulls in the elevation plane [21hid type of radiation pattern will
ensure that the RFID antenna is radiating as arehieal linear wire monopole
antenna with finite ground planes, as defined irctiSe 2.3.1.2. The planar
rectangular UHF monopole antenna will be used aslg starting point for the design
process.

Figure 3.6 Planar rectangular UHF monopole antenna configumati

First the dimensions of the rectangular monopoterara have to be determined.
It has been noted that the CPW feeding line of gheposed antenna has width
w=3.8mm, gap spacing=0.3mm and lengthg=30mm. Therefore the length of the
ground planes is alsbg=30mm. The width of the ground planes is chosem&o
Wg=35mm and a typical value [22] for the height oflisding element from the
ground is choseh=11mm. The height of the radiating element from the ground has
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a major influence on the performance of the antemsait modifies the radiation
pattern and the antenna impedance. Increasingiiled waves of the antenna are
transitioning more efficiently into free-space waand the impedance becomes more
capacitive. Maximizing it however, results intodkiand difficult to mount RFID
tags. For that reason a typical value is selected.

It is essential now to determine the dimensionsth& rectangular radiating
element. A typical value for the width of the rewalar element is chosen
Wr=50mm. As in the theoretical ideal linear wire mpale antenna the resonance is
defined by its length, in the same way the lendtthe monopole defines the resonant
frequency of the antenna. As a result, the lengtlof the rectangular element is
determined by Equation 4 defined in [4], [21]. Egora 4 is an empirical formula for
calculating approximately the resonant frequencg pfanar monopole antenna given
its dimensions. This equation is derived by equgative area of the planar rectangular
radiating element to that of a cylindrical wire ledightl (which is the same as the
rectangular monopole’s height), with equivalent radius given by (5). Due to the
fact that the antenna must have a resonance a@@@idHz, Equation 4 has to be
solved in respect tb to find the value of that makes the rectangular monopole
antenna to resonate around 900MHz. For this reagesget in (4)f=0.9GHz

_ 7.2 _
f_(I+r+h)D1 @) 2rml =LW )

where the lengthls r, h are in cm, the resonant frequericyn GHz andk is an
empirical constark=1.1

Solving (5) forl=Lr we findr=0.796cm Usingr in (4) and solving in respect tpwe
find | =5.6cm. As a result the length of the rectangular elememndtrbelLr = 56 m

Based on these configuration dimensions, the pmedoce of the planar UHF
rectangular monopole antenna is simulated at thpined centre frequency of
900MHz. The frequency response of the return lesshown in Figure 3.7 and the
normalised radiation intesity radiation patterrihe azimuth (x-z plane) and elevation
(y-z) plane at the simulation frequency is depidtedrigure 3.8. It is observed from
the return loss simulation results that the resbfregquency of the planar antenna is
close to 900MHz. Furthermore, the radiation patteremnidirectional in the azimuth
plane and directional with 2 nulls in the elevatane. As a result the requirements
for the preliminary design are satisfied.
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3.5.2 Impedance matching

The planar rectangular configuration that has lmsigned satisfies the radiation
requirements for the proposed RFID antenna. Howeagihas been emphasized in
Section 3.2, it is designed to match aXad and not the tag's load which has
complex impedance. It is therefore necessary tonige the antenna, changing the
values of some of its parameters (dimensions),ctiese the required impedance
matching.

In order to match the antenna to the load, thgthenof the two slot&l andlI2
respectively were parameterized in simulation amdinozed so that the input

impedance of the antenna approximates the valug,gf= Z,,,, =37.31- j65.980 .

The parameters, g, w, Lg, Wg, Lr, Wrare not changed. By observing the variations
of the antenna input impedance in respect to ttierdnt combinations of the lengths
|1 andl2, we can determine the values that achieve thenbatsthing. In Figure
3.9 - Figure 3.12, the real and imaginary parthef &ntenna input impedance versus
frequency is depicted with different lengthsI®f(12=15, 25, 35, 45 mm) wheld is
fixed in every variation at 15, 25, 35 and 45mnpessively. The value of the desired
antenna input impedancgg=Ra+jXa=37.31-65.96) is also shown in the impedance
plots.

It can be seen in Figure 3.9 - Figure 3.12 thateasing the lengthl the
resistance and reactance curves are shifted téethelhe resistance curves have a
local maximum and the reactance curves a local rmim. In order to achieve
maximum bandwidth, the minimum of the reactanceveumust be close to the
operating frequency. By comparing Figure 3.11b liggdire 3.12b we observe that the
reactance plots minimums approach the operatirgénecy 904.5MHz for a value of
length Il that is betweeml=35mm and1=45mm. Now we investigate the antenna
input impedance at the operating frequency 904.5Mide varying the length2
whenll is fixedat 11=40mm, as shown in Figure 3.13
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Figure 3.13 Simulated input impedance at the operating frequé0d.5MHz versus slot
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We observe in Figure 3.13 that the leni@iior which the input impedance of the
12

antenna is successfully matched to the load andnms power is transferred from

Za = 37.5 — j65.2. With the determined parameters combination thenopole
the IC to the antenna.

antenna is closest to the desired value (37.315:96¢6Q) is 12
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3.6 Simulation Results

It is observed that the required input impedanae rawliation characteristics are
achieved. In the following paragraphs the antererdopmance, with the determined
parameters (dimensions) is simulated, verifyingt i@ antenna requirements are
satisfied.

3.6.1 Input impedance

The real and the imaginary part of the antennatingpyedance is plotted in
Figure 3.14 below. The desired antenna input impeglaZza = Ra + jXa is also
depicted:
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(b)
Figure 3.14Simulated input impedance vs frequency of the @sed UHF monopole antenna
(a) Resistance R
(b) Reactance X
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3.6.2 Return loss

It is critical that we investigate the power reflen coefficient when the antenna
Is connected to the load. The calculation of tharreloss from the simulated results
is described in Section 3.2. The simulated frequeasponse of the return loss of the
proposed antenna when connected to the load istddpn Figure 3.15.

Return Loss (dB)

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1
Frequency (GHz)

Figure 3.15 Frequency response of the return loss of the pegpastenna

It is seen from the above plot that the antennaaheesonance at 904MHz, very
close to the IC’s operation frequency, and a -10dBedance bandwidth of 132MHz
(822 — 954MHz) corresponding to 14.6% around theerefrequency. The simulated
antenna bandwidth covers the global RFID UHF freqydéand.

3.6.3 Radiation pattern

The normalized two-dimensional radiation intensifdiation patterns of the
proposed UHF monopole antenna for the azimuth ptane) and the elevation
(y-z plane) at the resonant frequency 904.5 MHzlapcted in Figure 3.16.
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Figure 3.16 Two dimensional normalized radiation patterns efpnoposed monopole
antenna

It is clearly seen from Figure 3.16 that the antemlemonstrates a radiation

pattern similar to a classic dipole antenna, digpta an omnidirectional radiation
pattern on the horizontal x-z plane and a direetigattern with 2 nulls in the vertical
y-z plane. The three dimensional normalized ragimatntensity radiation pattern of
the antenna has also been simulated and is iltedtma Figure 3.17.
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Figure 3.17 Three dimensional normalized radiation patterrhefgroposed antenna

3.6.4 Directivity, Efficiency and Gain simulation

The directivity of the antenna has also been sitedlan order to further verify the
performance of the antenna. The frequency resparfiséhe directivity of the
monopole antenna is shown in Figure 3.18:
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Figure 3.18 Directivity versus frequency of the proposed moreamtenna

It is obtained from Figure 3.18 that the direcywaf the antenna at the operating
frequency is 0.23dBi. We also observe that thectlirgy of the antenna increases as
the frequency increases. This is expected, becasisine frequency increases the
wavelength decreases and as a result the eledength of the antenna increases. It is
known [4] that the directivity increases when tHecgical length of the antenna
increases.

The efficiencye and the gairs of the antenna were also simulated and the results
along with the other simulated antenna parametetfiea operating frequency are
shown in Table 3.2:

Table 3.2 Simulated monopole antenna
parameters at the centre frequency 904.5MHz

Parameter Value
D 0.23 dBi
e 88.7 %
G —0.42 dBi

ZANT 37.5 - j65.20
Return Losg -38.4 dB
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3.6.5 Current distribution

The simulated current distribution of the proposmutenna is presented in
Figure 3.19. The current pattern depicts the magdeitof the surface current at the
operating frequency on the conducting antenna wédee design. It is observed from
Figure 3.19 that the current is distributed maaliyng the edges of the two embedded
slots. This explains why varying the length of #hets affects the input impedance of
the antenna and its radiation characteristicsdttitin the current path is forced to be
extended along the edges of the slots, following theander-like shape of the
antenna. As a result, the electrical length ofahinna is increased and consequently

its directivity and gain.

Isurf[a/m]

2, 64%21e+bB2
1.5235e+8B2
g, 7845e+H81
5.8653e+0E81
2, 9287e+BE1
1. 684%1e+dE1
9. 7187 e+0A0E
5.5993e+0688
3. 2286e+000
1. 8617 e+BEE
1.8735e+880
6.15897e-B01
3. 5690e-0E1
2,8579e-881
1. 15866e-801
6, 8423e-BR2
3. 9453e-E@2

Figure 3.19 Simulated current distribution of the proposed angeat the operation

frequency of 904.5MHz
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CHAPTER 4

Prototype Fabrication

4.1 Introduction

The proposed monopole antenna was fabricated lexialé paper substrate using
inkjet-printing technology. In this chapter, finse discuss the benefits of using paper
as a substrate for high-frequency applications pre$ent a method for paper RF
characterization. Then we give details about theetrprinting technology and outline
the fabrication process of this technique. Finalfypresent an alternative method for
implementing the antenna on a flexible paper satestrsing thin copper tape.

4.2 Paper Substrate Advantages

There are many aspects of paper that make it ortheobest organic-substrate
candidates for UHF and microwave applications, saglantenna fabrication [6], [7].
Paper has excellent dielectric characteristicsdiésectric constant is close to air’s
meaning electromagnetic power can penetrate eagdy if the RFID is embedded in
the substrate. The high demand and the mass produst paper make it widely
available and at the same time the lowest cost rahtever made. From a
manufacturing point of view paper can undergo largel-to-reel processing, as
shown in Figure 4.1, thus mass fabricating RFICaysl on paper becomes more
feasible. Paper also has low surface profile arttd eypppropriate coating it is suitable
for direct write methodologies, such as conduciiviget printing, instead of the
traditional metal etching techniques. Such a fastgss can be used efficiently to
print electronics on the surface of paper subswateven embedded in a multilayer
fashion. In addition, paper can be made hydrophabishown in Figure 4.2, and/or
fire-retardant by adding certain textiles to it, igéh easily resolve any moisture
absorbing issues that fiber-based materials suga@ear suffer from. Moreover, paper
is one of the most environmentally-friendly matkxi@ne of its biggest advantages is
its high biodegradability with respect to other araeic substrates, such as FR-4,
requiring only months to turn into organic mattetand-fills.
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Figure 4.1 Reel-to-reel mass paper

production Figure 4.2 Magnified droplet of water

sitting on a paper substrate

It has to be noted that paper is also suitableiritggrating other electronic
components (sensors, integrated circuits, powercesy and making in this way
feasible the implementation of a complete RFIDrragdule on paper, as discussed in
Section 2.4.2. Last but not least paper is a flexisubstrate enabling the
implementation of flexible antennas and wearabéetebnics as shown in Figure 4.3
and Figure 4.4 respectively.

. . . Figure 4.4 Wearable RFID tag on wrist
Figure 4.3 Inkjet printed antenna on for medical monitoring

flexible paper substrate

4.3 Dielectric Characterization of the Paper
Substrate

RF characterization and the knowledge of the dieteproperties of the paper
substrate become necessary for the design and imgpdel any high frequency
structure such as RFID antennas on paper. The twet nmportant electrical
parameters used to characterize an RF/microwav&ratd are the dielectric constant
and the loss tangent. Dielectric constaqt determines the characteristic impedance
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of circuitry, such as transmission lines, the warmgth in the dielectric medium and
affects the performance of the antenna. Loss tdr(tgm®) determines the amount of
loss in the dielectric medium and hence determihassubstrate is appropriate for a
certain application depending on its power levejureements. The most precise
method for determining these parameters of papethéen UHF band and higher
frequencies is the microstrip ring resonator metfdds method has been studied and
performed by [5], [6] and an outline is presentedeh

In order to measure the dielectric constaptgnd loss tangentgno) of paper in
the frequency range of up to 2 GHz, two microstig resonator structures (A and
B) are designed and fabricated on a 3 sheet arigb& shick photo paper substrate
respectively. Typical Kodak photo paper with thieka 260+38m is used to fabricate
the structures. Since the conductivity of silvek waries with the curing temperature
and duration (curing will be discussed in Sectiof.%), an 18um thick copper foil
was selected as the metallic material and was btedé#al on both sides of the paper
substrate, in order to accurately model and de-dnthe conductive loss of the
microstrip circuit. A calibration method named Thgh Reflect Line (TRL) was
utilized to de-embed the effects of the input antpot feeding lines. For this reason
TRL lines were designed to be a quarter-wavelelggty at different frequencies over
the range of measurement. Typical SMA coaxial cotore were also used to feed
the ring resonator structure and the TRL linesufgégd.5 shows a layout of the ring
resonator along with the dimensions for the micipsteeding lines, the gap in
between the microstrip lines and the microstrig niesonator, the width of the signal
lines, and the mean radiug IFigure 4.6 displays the fabricated ring resorsatdong
with the TRL lines.

The ring resonator produces insertion losg)(8sults with periodic frequency
resonances. In this methogl, can be extracted from the location of the resoesof
a given radius ring resonator whtko is extracted from the quality factd®) of the
resonance peaks along with the theoretical calonstof the conductor losses.
Measurements of ;3 were done over the frequency range of 0.4 GHz.50GHz
using a typical Vector Network Analyzer (VNA) ancgeahown in Figure 4.7.

T T 3.70mm
370mm  // N
{"f \ =~ 7.70mm—
P — '
|l {‘ 40.25mm—T’
\ /|| 0.40mm

Figure 4.5 Microstrip ring resonator configuration diagram
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Figure 4.6 Photo of fabricated microstrip ring resonators @R lines bonded to SMA
connectors

— Measurement
— Simulation

0.5 1 1.5 2 2.5
Frequency (GHz)

Figure 4.7 Measured and simulated;$esults of ring resonator configuration A

4.3.1 Dielectric constant

In order to extract the dielectric constant, theie peaks were first obtained

from Figure 4.7: The dielectric constapican be extracted from (6), (7):

2Xeg T M -1 nxc ’
£ = 6 £, =| —— | (7
r M +1 () eff [ZXﬂerXfO ()
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where:

eef: the effective relative permittivity

fo: the i resonant frequency

c: : the speed of light in vacuum

rm : the mean radius of the ring resonator

M : a function of the dimensions of the microstrip

The values of the dielectric constant extractedhat three resonating modes’
frequencies for each ring resonator are shown gurei 4.8. The lowest value
obtained in the frequency range of 0.5-2.5 GHz, was 3.2 and the highest was
g = 3.5 with a slight decrease with increasing freapye For our application where
the operating frequency is 904.5MHz the dielectomstant of paper substrate is
founde=3.4

5 T T T
.E : | | |
1 1 |
L) i I I [
R it SEELEEEER EEEEEEE
Q L 1 1 |
&) L ;_'% I PN I
P A . SR Lle
_“: - 1 1 |
O L I I I
@ o 1 1 |
—_— - | | |
8 S I G S
a2 : H i
- I | 1
_g C : : L Ring Resonator A
L B i ImTTT T 77 #Ring ResonatorB |~
L11] F | 1 |
o r I I I
0 L | | |
0.5 1 1.5 2 2.5

Frequency (GHz)

Figure 4.8 Extracted relative dielectric constanf paper versus frequency

4.3.2 Dielectric loss tangent

The extraction of the loss tangent was performectddgulating the theoretical
values of conductor and radiation losses. Thioigedn order to isolate the dielectric
lossag from the total loss,, since the ring resonator method gives the tosd & the
frequency locations of the resonant peaks. The tisgent is a function afy (in
Nepers/m) according to (8):

ALA .| E ie —15
tand = d¥oy eff \7r, (8)

TE, (eeff —1)

wherel, is the free-space wavelength apndnde.; are defined in Section 4.3.1
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The loss tangent extracted from ring B at the thliferent resonating frequencies

is shown in Figure 4.9. The measured values vagn f6x10° to 8x10° versus
frequency. In order to verify the ring resonator asi@ement method, another
simulation-based transmission line (TL) method wakzed. A microstrip line with
length 74.8mm and width 2.53mm was fabricated o shhme paper material.
Simulation results for conductor and radiation ésss3 and a respectively, of the
microstrip line were subtracted from the total lagsThis was done by simulating a
microstrip line with no dielectric loss in HFSS, texcting & and @ and then
subtracting these effects from the total measussl. IThe TL method results are also
plotted in Figure 4.9, showing good agreement wte microstrip ring resonator
method. For our application were the operatingdespy is 904.5MHz the dielectric
loss tangent of paper substrate is fotar@=0.08.
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Figure 4.9 Paper loss tangetdans versus frequency measured with the microstrip ring
resonator method and the TL method

4.4 Conductive Inkjet Printing Technology

Inkjet printing is a direct-write technology forkfacating electronic circuits and
RF structures [8], [9]. In inkjet printing the dgsipattern is transferred directly to the
substrate. As a result there is no requirementpfustolithographic masks as in
traditional etching techniques for fabricating aits which are widely used in
industry.A specialized inkjet-printer is used to depositoaductive silver ink on to
the paper substrate. The ink contains silver nartgles and is sprayed from a
piezoelectric ink-jet nozzle forming in this waycanductive paste into the desired
position.
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4.4.1 Inkjet printing technology advantages

Inkjet printing features many advantages comparedraditional fabrication
techniques [6]. Traditional etching fabrication gedures are subtractive methods. In
these techniques the entire surface of the subsisatovered with the conductive
material and the desired pattern is created by vargdts complimentary unwanted
metal from the surface. However in inkjet printithg conductive silver ink is spayed
in the form of single ink droplets from the pririgenozzles to the desired position;
therefore, no waste is created, resulting in ameancal fabrication solution. This
makes inkjet printing also an environmentally fdgn process, because no toxic
chemicals are used as in common etching proceduresldition printing is a simple,
fast and safe process that is completely contrdhexh the designer's computer and
does not require a clean room environment. Thengavin fabrication/prototyping
time that inkjet printing brings to RF/wirelessatiits are very critical to the ever
changing electronics market of today’'s verifying iteasibility as an excellent
prototyping and mass production technology for rg@xtteration electronics especially
in RFID applications.

4.4.2 Inkjet printer details

The Inkjet Printer used to print the proposed UHBnopole antenna is a
“Dimatix Materials Printer DMP-2800 Series”, madg Bujifilm and is depicted in
Figure 4.10 below.

Figure 4.10 Dimatix Materials Inkjet Printer DMP-2800 Series

The printer is composed of many components and édasksystems, which are
all required for the efficient printing process [2[29]. The most important parts of
the printer are explained below and are visible mtie top glass lid of the printer is
open, as shown in Figure 4.11:
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Figure 4.11 Different parts of the inkjet printer

platen

A heated vacuum platen is used for holding the papbstrate. Tiny holes are
embedded in the metallic plate and create air va¢cwo that the substrate is attached
firmly on the plate. The platen can be heated uB@cC, sintering the substrate
during the inkjet printing. The sintering processnoves excess solvent and material
impurities from the ink depositions and increasesding between the silver ink and
the paper substrate.

print head

The print head holds the print cartridge and tldeidial camera. The print head
moves horizontally in the x-axis by one motor wiilie platen moves vertically in the
y-axis by the other motor. In this way it is possilo print bar by bar just like a
conventional inkjet printer.

cartridge

The print cartridge is a low cost, user-fillablégzn-based inkjet cartridge, shown

in Figure 4.12. It composes of a 1.5mL ink resarwwhich can be heated up #@ C
to ensure that the ink flows smoothly. At the bottd has 16 nozzles with 2ph
spacing in a single row, from which the conductiiveis jetted. The type of cartridge
determines the resolution of the printer. A 10pLMOD-11610" cartridge has a
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nominal drop volume of 10pL, where a highly accerapL “DMC-11601" cartridge
can achieve 20m gap spacing between printed lines. The formetridge is used
when large areas, such as ground planes, are giiatercrease their conductivity.
The latter cartridge is utilized when high preaisiprinting is required, such as
printing traces to connect the pads of an IC, anaf transmission lines with small
gap spacing. The low accuracy cartridge achievegeter a thicker printed trace, and
thus higher conductivity in contrast to the higltcwacy cartridge. It has to be noted
that when filling the high accurate cartridge, siwer ink has to be filtered first in
order to remove any large aggregates or particles.

ink tank

nozzles

Figure 4.12 Inkjet-printer cartridge

fiducial camera

The fiducial camera is a high definition macro cearthat is mounted on the print
head. It provides a close-up view of the paperstgate enabling the inspection of
printed patterns. In addition using the fiducialmesa other operations can be
performed, such as: positioning a print origin tatoh substrate placement, cartridge
alignment, measurement of features and locationesreMnformation about the
fiducial camera can be found in the AppendixFigure 4.13an image captured with
the fiducial camera showing an example of the hagicuracy of the printer is
illustrated.

Figure 4.13 Image of a printed silver ink conductive trace cagd by the fiducial camera

77



drop watcher

The drop watcher is a built in drop jetting obséivasystem, that composes of a
high-speed camera and a lens system. It is usedrify that all nozzles are firing
properly the ink droplets. A common problem thaisesxwith silver ink cartridges is
that the ink often clogs and is not being sprayatdod the nozzle. In this case the drop
watcher can be used to identify the nozzles trenhat functioning properly. Then the
voltage across them can be increased through tiwase, so that the clogged and
excessive ink can be fired from the nozzle and @abrnozzle operation can be
achieved again. In Figure 4.14 an image capturéd tlve drop watcher is illustrated,
where six nozzles are firing a single silver inkmet each.

Figure 4.14 Image captured with the drop watcher camera thaittiethe cartridge nozzles
while jetting silver ink drops

cleaning pad

The cleaning pad is placed below the print headenwtihe print head is in its
original position (it is not visible in Figure 4)11During the printing process
excessive ink is concentrated around the cartndgeles, which may result into ink
clogging and deterioration of the printing. Forsthéason a special textile replaceable
pad is used to clean the cartridge nozzles. Indpetial cleaning cycles can be set up
and must be executed several times during prinfihgs is achieved by the cartridge
moving every fixed amount of time over the cleaniagl to clean itself.

The data sheet of the DMP-2800 Series inkjet pristeited in Appendix.
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4.4.3 Silver ink and inkjet system

The material that is being used as an ink to @ipattern on the substrate is silver
ink. Silver ink is composed of silver conductive nogparticles, as shown in

Figure 4.15. Before use, it is stored in liquidnfioin temperature lower thasi C. The
ink is loaded into the cartridge reservoir usingyange. After the ink is sprayed on to
the substrate, it becomes a solid paste with lomdaotivity. In order to increase its
conductivity the silver ink must be cured. Curirsga heating process described in
Section 4.4.5.

Silver ink is sprayed from the cartridge nozzlestorthe paper substrate. The
operation of the jetting system, illustrated inu¥ig 4.16, is based on voltage applied
at the orifice of each nozzle. The spraying ofesilink droplets is controlled, by the
automatic adjusting of the voltage in the chargeetebde and across the deflection
plates. When the nozzles are not jetting a voliagstill applied so that the ink is
contained at the edge of the nozzles and is nppiiig down to the substrate. Manual
setting of the nozzle voltage can be applied thinatlng printer’s software in order to
control the thrust and speed of the ink drops.

Figure 4.15 Nano-sized silver ink

Deflection Plates

Transducer  Charge High Voltage Substrate
1 Eloctrode ' — ] hbgmmo
=
Qo 0 0@ 6—a f"‘%";._— —

-,

\.| Substrate

Fluid -
- Supply Character Data ~ Catcher

Figure 4.16 Inkjet mechanism of silver ink droplets sprayedrirthe cartridge nozzles
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4.4.4 Antenna printing process

80

The printing process of the antenna is completetytrolled from a PC connected
to the printer and is summarized in the followingt&ps:

1)

2)

3)

4)

5)

6)

7)

8)

9)

The design pattern to be printed is saved as & ldad white image in a
Gerber file format (*.gbr).

The Gerber file is opened in the included with suodtware program called
“Gerber Magic”. After verifying that all dimensiorend traces of the design
are correct the file is saved as a Bitmap file ().

The printer's software program is opened. In thestfiscreen dialog the

appropriate settings file for the desired accureastridge (10pL or 1plL) is

required to be selected. The settings for eachridget can be modified

according to the user’s preference and savedile ad that can be loaded and
applied any time. The desired cartridge is filledhwsilver ink and is placed

on the print head.

The design pattern bitmap file is opened through thols menu and is
previewed in the printing area. A reference panget in the printing area that
determines the upped left starting print originnbon the design pattern. The
bitmap file with the placed reference point is shas a Pattern file (*.ptf).

In the second screen dialog the substrate is redjtir be loaded. It is aligned
in the metallic platen and tape is placed at itgesdso that it remains firm
attached to the platen. It is very important toueeghat the paper is not lifted
from the platen, because the print head moves weiyge to the paper
substrate. Then the air vacuum is turned on andék&ed platen temperature

is selected. In our case the temperature was &€& @t

The drop watcher application is opened and all leszare verified that
operate properly through the high speed camera.nibzzle is not firing, the
input voltage is increased until the ink is uncledg

The fiducial camera application is opened and atptigin is positioned on
the substrate, which defines the upper left stgpioint of the printing area. In
this way the reference point placed in the desigttepn and the print origin
placed in the fiducial camera application are madichnd the design is printed

properly.

The basic settings have now been modified. Thetgarinas also some more
advanced settings such as cartridge angle, custeaniog cycles, ink
temperature, nozzle deactivation and others whietewot altered.

In the final screen the print pattern is previevead the printing process can
be initiated by pressing the print button.



A prototype of the proposed monopole antenna wasicited following the
above procedure and is shown in Figure 4.17. Thok 16w precision cartridge was
used to print the radiating element of the monopwold its grounds, except from the
part of the ground that was near the feeding lay@ \ghere accuracy was needed. Five
layers were printed with the 10pL cartridge to easmaximum conductivity. The
high precision cartridge was used to print sevgerkaof the CPW transmission line
of the antenna where the gap spacing between thimteonductor and the ground is
only 0.3mm. A close up image of the overlap betwidenprinted ink layers using the
10pL cartridge captured with the fiducial camergh®wn in Figure 4.18. An image
of the CPW feeding line which was printed with thel cartridge is illustrated in
Figure 4.19. The difference in accuracy and thisknman be clearly seen between the
two cartridges. It is essential to note that whdmgl accuracy cartridge is replaced
by a low accuracy or vice versa the new cartridgistnbe aligned using the fiducial
camera.

Figure 4.18 Multiple silver ink layers Figure 4.19 Close-up image of the CPW

printed using the 10pL inkjet cartridge transmission line printed with the 1pL
inkjet cartridge, showing the gap between
the signal strip and the ground planes
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4.4.5 Curing and assembly

After the printing of the antenna it is essent@lcture the prototype in order to
increase the conductivity of the silver ink. Curirsgsimply heating the fabricated
antenna, so that the printed silver ink nano-plagicnelt and connect with each other.
The curing is performed in a high precision indastven, shown in Figure 4.20, at a

constant temperature 0ot0O0C for 10 hours. The curing must be performed
immediately after the printing, because the silvde begins to oxidize which may
result into permanent poor conductivity and lowosdihcy of the antenna trace. It has

to be noted that the maximum temperature that pegreendure 1450 C.

Figure 4.20 Test Equity FS series industrial oven for perforgniniring of the prototype
antenna

The conductivity of the silver ink varies fro@4~ 2.5 10 Siemens/ndepending
on the curing temperature and duration time. Befloeecure large gaps exist between
the particles, resulting in a poor connection. Aftee cure, the high temperature has
caused the particles to expand and the gaps betwesn to diminish. That
guarantees a virtually continuous metal conducproviding a good percolation
channel for the conduction electrons to flow andsemuently high conductivity.
Figure 4.21shows the difference of the printed silver ink maarticles before and
after the curing process.
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Figure 4.21 Images of a layer of printed silver ink before jtapd after (bottom)

Finally the prototype is assembled by attachingpmcal SMA connector to the
feeding line of the antenna. An adhesive has taide® in order to mechanically
connect the SMA connector to the paper substrateemsure conductive electrical
contact between the connector and the printedrsédaéenna trace. However, given
the low temperature tolerance of paper, and thativel weak adhesion of printed
silver ink traces on paper, soldering cannot bel.uBer this reason a silver epoxy is
utilized as an adhesive, in order to permanenthchtthe connector at the edge of the
paper substrate and create an electrical connectiter the application of the silver

epoxy, the structure is cured again in the oveh2&tC for 20 minutes, to harden the
epoxy’s texture and improve conductivity. In Figwt2 the completed fabricated
antenna is shown and in Figure 4.23 a close upensghe SMA connector attached
with epoxy to the printed silver trace is depicted.
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silver ink

Figure 4.22 Prototype of the fabricated inkjet printed anteongaper substrate with
attached SMA connector

Figure 4.23 Close-up image of the SMA connector attached witteisepoxy to the printed
silver antenna trace

84



4.5 Copper Tape Fabrication

In terms of evaluating the inkjet printing techregand verifying the agreement of
the measured results with the simulation, the aratevas also fabricated using copper
tape on a paper substrate, as shown in Figure %t#ig fabrication method is a very
simple and fast process, requiring only a thin esgppe, a scalpel and a precision
electronic ruler. The process is completed in psste

1) The paper substrate is cut to the required sidenfmx 100mn).

2) Strips of a self adhering copper tape are appliedoothe substrate’s surface
(on the upper layer) in such way that each pieeglaps by 1/3 with its next.

3) The exact antenna shape is marked on the copper leyng the precision
ruler, based on the design’s dimensions.

4) The complementary copper layer part of the antescat out of the substrate
using the scalpel, forming in this way the antetraae.

Then the conductivity of the fabricated antenndested with a multimeter by
checking that different copper strips are shortuwted. Where an open circuit is
detected, solder is applied to electrically conrteet 2 parts. Finally a typical SMA
connector is also soldered at the input of theifegline of the antenna.
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Figure 4.24 Prototype of the copper tape fabricated antenna atibched SMA connector
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CHAPTER 5

Experimental Results and Discussion

5.1 Introduction

The performance of the fabricated UHF monopole rardewas experimentally
tested in the PIREAS RFID/Sensors Lab. The retoss hnd the gain were measured
and the obtained results were compared with thelaiion to verify that the antenna
satisfies the design requirements. In this chagiest the experimental setup and
process of the measurements are described. Thenretiuen loss and gain
measurements are presented and discussed. A tablenaizing the antenna
requirements and the simulated and measured rdasufiovided at the end of the
chapter for comparison and discussion.

5.2 Antenna Return Loss Measurement

The return loss of the proposed antenna is measud@ectly by first measuring
its input impedance. The antenna is designed tméiehed to the tag’s load which
has complex impedance. Attempting to measure djrdae return loss of the antenna
using a 5@ coaxial cable as a transmission line, would predincorrect results,
since the return loss of the antenna has to belesd in respect to the tag’s load [3].
As a result the return loss of the proposed antérasato be measured indirectly, by
first measuring the input impedance of the antefiin@n the frequency response of
the return loss can be calculated using the apprdescribed in Section 3.2.

5.2.1 Experimental setup

The input impedance measurement of the inkjet @diaind copper tape fabricated
antenna was performed using the following equipment

* ROHDE & SCHWARZ
ZVA 8 Vector Network Analyzer
300kHz ... 8 GHz

» Calibration Unit ZV-Z51

* Typical 3.5mm Coaxial Cable
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5.2.1.1 Vector network analyzer calibration

First the Vector Network Analyzer (VNA) has to balibrated using the
Calibration Unit ZV-Z51. The calibration is essahtiso that the measurement
reference plane is moved at the very end of theiabaable. One end of the coaxial
cable is connected to port 1 of the VNA and theepiB connected to port 1 of the
calibration unit. The VNA is connected also wittu&B cable to the calibration unit
in order to control the calibration process. Thibeation is performed through the
Network Analyzer's embedded software and the cailibn setup is depicted in
Figure 5.1. The measurement frequency range, fleedf/cable, the port numbers and
the type of the calibration unit are inserted itlte software. When the calibration,
which is fully automated, is complete the VNA islealto perform correctly
s-parameters and input impedance measurementse atnith of the coaxial cable
connected to port 1.

calibration unit —— .~

Figure 5.1 Vector network analyzer calibration setup

5.2.1.2 Input impedance measurement

Once the calibration is complete the actual inpytedance measurement can be
performed. The experimental setup is shown in Edgb2. The calibrated coaxial
cable is connected to the SMA connector of the rarate In order to minimize
backside reflections the fabricated antenna wasepleon a custom-made probe
station using high-density polystyrene foam withwv loelative permittivitye=1.06
resembling that of free space. The network analyzeset to measure the input
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impedance at the end of the coaxial cable in tequency range (700 — 1100 MHz)
and a marker is placed at the operation frequerfcyh® proposed antenna at
904.5MHz.

Figure 5.2 Antenna input impedance measurement setup

5.2.2 Input impedance measurement results

The resistive and the reactive part of the inpygadance of the inkjet-printed and
copper tape fabricated antenna are measured idHrefrequency range as described
in Section 5.2. The frequency response of the medsand simulated results is
shown in Figure 5.3. In Table 5.1 is presented dimeulated and measured input
impedance of the fabricated antenna at the operétemuency. The conjugate input
impedance of the load is also given for comparison.

Table 5.1 Simulated and measured input impedance
of the proposed antenna at the operation frequeh@94.5MHZ

antenna input impedance at 904.5 MHz (Ohm)
simulation 37.5-)65.2
inkjet-printed 36.2 —j61.5
copper 39.5-j65.4
Z ono 37.31-j65.96
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Figure 5.3 Simulated and measured input impedance versusenegwf the inkjet-printed
and copper tape fabricated antenna

(a) Resistance R
(b) Reactance X

It can be seen from Figure 5.3 that there is dyfgiood agreement between the
simulated and the measured results. It is also reédethat the resistance and
reactance plots of both the copper and inkjet-pdrdantenna agree very well in the
(900 —1100 MHz) frequency range with the simulatot; however there is a
notable deviation from the simulation in the (70060 MHz) frequency range. This
comes from the fact that, as has been mentioneddyehe dimensions of the ground
plane are comparable with the wavelength in freecep For this reason at lower
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frequencies the electrical length of the grounch@ldecomes significantly smaller
and it does no longer simulate the existence bkaretical infinite ground plane that
an ideal monopole antenna has; in high frequernmesever, where the wavelength is
significantly smaller, the electrical length of tlggound plane is larger and the
radiation of the antenna approaches that of arl Ideaopole.

5.2.3 Return loss calculation

The measured frequency response of the Returndfdse inkjet-printed and the
copper fabricated antenna is calculated based eingut impedance measurements
and the analysis described in Section 5.2. The mmedsand simulated return loss is
depicted in Figure 5.4.
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| | | |
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Frequency (GHz)

Figure 5.4 Measured and simulated frequency response of thmriess of the inkjet printed
and copper tape fabricated antenna

It is observed from Figure 5.4 that the measuredp®t of the inkjet-printed
antenna is resonant at 898MHz with —10dB impedabaedwidth of 82MHz
(860 — 942MHz) corresponding to 9.1% around theerenequency. The copper tape
fabricated antenna displays a return loss plot wahter frequency at 906MHz and a
bandwidth of 68MHz (874 — 942MHz) corresponding A% around the center
frequency. The above results are summarized ineTa@l.

91



Table 5.2 Antenna return loss comparison between experimanthkimulated results
simulation| inkjet-printed| copper
center frequency (MHz) 904 898 906
frequency range (MHz) | 822 —954| 860 —942| 874 —942
bandwidth (MHz) 132 82 68
bandwidth (%) 14.6 9.1 7.5
return loss at 904.5MHz (dB) -38.4 -23.7 -31.9

It is observed from the obtained results that tieeegood agreement between the
simulation and the measurements. The power trasgmigoefficient is greater than
99% for the inkjet printed antenna, and greatentB8.9% for the copper tape
fabricated antenna at the operation frequency. Assalt almost all of the available
power from the antenna is transferred to the loadi the range of the RFID tag is
expected to be large.

Observing the return loss measurement plot of tpper tape fabricated antenna,
it is seen that there is a slight resonance shoitnfthe desired antenna operation
frequency and that the return loss bandwidth isomaicompared to the simulation.
This discrepancy has occurred due to human ertarstéing copper tape, during the
copper tape antenna fabrication process.

5.3 Antenna Gain Measurement

5.3.1 Experimental setup

The following equipment was used to carry out tlaghgneasurements for the
inkjet-printed and copper fabricated UHF monopaiteana:

* ROHDE & SCHWARZ
SMJ 100A Vector Signal Generator
» Tektronix RSA3408A DC — 8GHz
Real Time Spectrum Analyzer
¢ AN-400 Reader Antenna with gain<6dBi
* Typical 3.5mm Coaxial Cable with attenuation=0.1dB

The equipment was set up as shown in Figure 5.8.prbtotype antenna to be
measured was treated as the transmitter and wasciaa with a coaxial cable to the
Vector Signal Generator. The antenna (transmitteay attached at a height of
h=1.60m on a piece of polystyrene foam using thihest/e tape, as shown in
Figure 5.6. Polystyrene foam was used to hold therma in place, simulating a free-
space environment. If another material had beed, Use example a metallic stand,
reflections would have occurred, changing the perémce of the antenna. The
AN-400 antenna is an RFID reader antenna [26] artdeated as the receiver in the
experimental setup The receiver was connected avitbaxial cable to the Real Time
Spectrum Analyzer and was positioned at a fixectelthat had also a height of
h=1.60m, as shown in Figure 5.7. Both distances weeasured from the middle
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point of each antenna to the ground. The distamteden the transmitter and the
receiver was measureg4.06m.

ROHDE & SCHWARZ
SMI 100A Vector
Signal Generator

monopole antenna

AN-400 Reader

(trasmitter) antenna (receiver)
d=4.064m
g "
h=1.600m h/=1.600m
Tektronix RSA3408A
Real Time Spectrum
Y Analyzer

Figure 5.6 Prototype antenna (transmitter) and vector sigaakgator setup
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coaxial cable ——»

Figure 5.7 AN-400 RFID reader antenna (receiver) and real spectrum analyzer setup

First it is essential to verify that the receiverat the far field region of the
transmitter [17]. The far field boundary is caldelh using (9), Fraunhofer’s far field
equation, shown below:

_ 2D?
A

R

(9)

where:

R: the distance from the prototype antenna at witgcfar field region starts
D: the largest dimension of the antenna

A : the free space wavelength at the transmissicuéecy of 904.5MHz

The far field boundary for the monopole antennavaluated using (9) to be
R=6.0cm Therefore it is verified that the receiverim the far field region of the
monopole antenna. It is also essential to make thiatethere is a clear line of sight
between the two antennas and that no other olgeetat a smaller distance from the
antenna’s far field boundary

Finally it is critical to make sure that both amas are placed in the optimum
orientation with each other. Each antenna mustidieed in the direction of maximum
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radiation intensity or gain of the other. In thigaywthe gain of the fabricated antenna
can be measured correctly at the operating frequand compared to the simulation.

5.3.2 Measurement process and results

The gain measurement is performed for both theetriginted and the copper
fabricated antenna. The Vector Signal Generatoses so that it transmits a
continuous wave signal at the operating frequentythe antenna, which is at
904.5MHz with poweP<=0.1dBm. The Signal Generator is connected to tivenaa,
with a 5@2 coaxial cable with losk:=0.1dB. Therefore, the power at the end of the
coaxial cable and before the input of the anteaifa+ Ps — L.= 0dBm.

In addition the antenna is not matched to th€ S®axial cable, since it has
complex input impedance. As a result there is argbower loss in the antenna input
because of power reflection, between the antendalen5@ transmission line. The
reflection coefficientp for the both inkjet printed and copper fabricatedenna is
calculated by (10) taking into account their respecmeasured input impedance at
the operating frequency.

p - Zant 0 (10)
Zant + Z0

where:

Zant: the measured input impedance of the antennaaigérating frequency
Zy : the characteristic impedance of the coaxialefij=50Q)
p :reflection coefficient

The magnitude op is found for the inkjet printed antent11ﬁ| =0.59 and for the
copper tape fabricated antenM:O.GO. The mismatch loss is evaluated for both

antennas ad._ = (1—|,0|2) =1.9dB.

dB

The input power after the losses is radiated frdme fproposed antenna
(transmitter) into space and is received by thedReAntenna (receiver). The reader
antenna has gain @,=6dBi and is matched to the @Gcoaxial cable that connects it
to the spectrum analyzer. Because the receiven@aates circular polarized and the
transmitter monopole antenna is linear polarizgablarization mismatch exists in the
wireless link between the two antennas. The patdma mismatch has to be
accounted and ikp=3dB as described is Section 3.3. The accepted piram the
reader antenna is measured by the spectrum analybéh was set to a center
frequency of 904.5MHz with a resolution bandwidth 36MHz. The measured
accepted power results are the same for both aadeand are illustrated in Figure 5.8.
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Figure 5.8 Received power at the AN-400 RFID reader antergze(ver) terminals

5.3.3 Antenna gain calculation

In order to calculate the gain of the antenna frbra measured results, a
propagation model has to be applied. To determihélw propagation model is
suitable for our measurement setup, we have tctigage if any obstacles exist in the
first Fresnel zone of our wireless link setup. Eiere, the maximum radius of the
first Fresnel zone has to be calculated. The maximadius of the first Fresnel zone
is calculated by determining the radius of the Reégone cross section from (11) at
the midpoint between the transmitter and the rezeas shown in Figure 5.9.

where:

r : the radius of the first Fresnel zone

A : the wavelength of the transmitted signal irefspace

d: : the distance from the fresnel zone cross setbidhe transmitter
dr : the distance from the fresnel zone cross settidine receiver

The radius r, whe=d,=2.03m is found=0.58m. It is observed that r is lower
than the heights of the transmitter and the receind since no object exists between
them, the requirement of clearance of the firssRet zone is satisfied. As a result the
free space loss model can be applied as the propagaodel in the wireless link of
the two antennas.
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Figure 5.9 First Fresnel zone cross section at the middletdithe wireless link setup
between the prototype antenna (transmitter) andeidger antenna (receiver)

Since the free space loss propagation model caappéed, the gain of each
prototype antenna will be calculated using thesFriansmission equation [4]. The
power received by an antenna is described by tiefBrmula, which accounts for all
antenna gains, path loss and losses in the systehmisagiven for the current
measurement by (12).

L =GG (1—\p\2)\f)t E&\Z(ﬁf (12)

0o

where

P : the radiated power from the transmitter antenna

P; : the received power from the receiver antenna

p : the complex reflection coefficient at the inpfithe transmit antenna
0, : polarization unit vector of the transmitter amtan

0, : polarization unit vector of the receiver antenna

The Friis formula can be written in a decibel foras, shown in (13) using the
definitions given in Section 5.3.2:

P=P+G+G-1L - Lp—20|0910(47”j_ 20|09.o( d) (13)

It has to be noted that the polarization mismaschiven by, Ef)r|2 and equals

the mismatch lossqhin dB. From Equation 13 the gain for both the atlgrinted and
the copper tape antenna is calculaté€sli=—0.33dBi.
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5.4 Summary and Discussion

The obtained results, along with the results frammgimulation are summarized in
Table 5.3. In addition, the design goals that Haeen defined in Section 3.3 are also
given for comparison: It has to be noted that thgut impedance, directivity, gain,
antenna efficiency and return loss are calculatethe required antenna operation
Since no radiation patteeasurements were carried out,
the directivity and the efficiency of the monopal&enna could not be experimentally

frequency, at 904.5MHz.

measured.

Table 5.3 Comparison of simulated and experimental results
with the design requirements

. . . Inkjet- Copper

Antenna Parameter Requirement| Simulation Printed Fabricated
Center Frequency (MHz) 904.5 904 898 906
Operation Bandwidth (MHz) | >866 —928| 822 — 954 860 — 942 874 — 942
Bandwidth (MHz) > 62 132 82 68
Bandwidth (%) > 6.9 14.6 9.1 7.5
Input Impedance (Q2) ~ 37.3-)65.96 37.5-j65.2| 36.2-j61.5 39.5-65.4
Directivity (dBi) >0 0.23 - -
Gain (dBi) >-1 -0.42 —-0.33 —-0.33
Efficiency (%) > 80 88.7 - -
Return Loss (dB) >-15 -38.4 —23.7 -31.9

It is observed that the return loss and gain meastesults are in close agreement
with the simulation and therefore the antenna deggguirements defined in the first
step of the design process are satisfied. It is feen the measured —10dB impedance
bandwidth, that both the inkjet-printed and the pmptape fabricated antenna can
operate efficiently across the USA (902 — 928MHERURFID frequency band. The
inkjet printed antenna can operate also in the @66 — 868MHz) UHF RFID
band, satisfying the design requirements.

As a result the feasibility of modeling, designisugd efficiently printing antennas
on paper substrate is verified. Paper proved tarbexcellent candidate as an antenna
dielectric substrate material, since its dieledmgs doesn’'t decrease significantly the
antenna gain, as seen from the gain measuremeundsrgsults. The agreement of the
inkjet printed antenna measured results with threukdtion, qualifies the inkjet
printing process as an efficient method for prigtRF structures, such as antennas on
paper substrate.

As mentioned in Section 5.2.3 there is a slightiatedn of the measured return
loss bandwidth results from simulation for the ceppape fabricated antenna.
However, as mentioned also in Section 5.2.3, muaa 89.9% of the input power is
radiated by the copper tape antenna at the operitgquency resulting in excellent
antenna performance. As a result the fact thatgdie measurements proved to
produce the same results for both antennas, alsky Yiee good performance of the
inkjet printing technique and high conductivity tfe printed antenna. The high
conductivity of the proposed inject printed anteratso verifies the need to print
many layers of the antenna trace and proper cerarttenna.
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CHAPTER 6

Conclusions and Future Work

6.1 Conclusions

The design and implementation of a novel conducinkget printed monopole
antenna on paper substrate for UHF RFID applicatibas been presented. The
operating principles and the applications of actREID tags were summarized,
highlighting their importance for the realizatiorf abiquitous wireless sensor
networks. The proposed antenna was designed amdiogd to meet specific design
goals, including UHF operation, high directivitydaimpedance matching to the load
of the RFID transponder. The inkjet-printing praced the antenna on to the paper
substrate was detailed, emphasizing the importafd¢kis technology as a fast and
simple fabrication technique. Experimental measerds were performed on the
antenna to determine its return loss in the UHFdbadth and its gain in a wireless
link setup. The measured results showed good agmewith the simulation, thus
proving the realization of the inkjet printing tewhiogy as an efficient method for
printing antennas on paper.

From this work, several conclusions are extractde: single layer configuration
of the proposed antenna proved to be suitable Her inkjet-printing fabrication
process. If a double layer configuration was chpdée implementation of the
antenna would require two sheets of paper, sinperpsubstrates can only be printed
on one side. As a result, the assembly of two sépgraper substrates would be
necessary to create the double layer prototypagu&iucial marks and creating vias,
which would make the fabrication process very @rajing.

The monopole geometry showed good results, beaafuges use of the ground
plane. The wideband characteristics of a monopaiensma were verified in the return
loss measurements, where an almost 10% bandwidthobtained. The existence of
the ground plane was also utilized in the inkjetqomg technique, since the low-
precision cartridge could be used and increasedhductivity of the antenna trace. If
a dipole configuration [9] with thin antenna traeess chosen, the high precision, low
conductivity cartridge would be required to accekaprint the antenna. Finally, the
printing of many layers was also found essentiainguthe fabrication process to
ensure maximum conductivity of the antenna trace.

The embedment of the slots in the radiation elemexd verified as a proficient
technique for the antenna optimization. It provided efficient way for tuning the
input impedance of the antenna, in order to achieygdance matching to the tag’'s
load. The use of slots increased also the currtht gnd therefore the electrical length
of the antenna, resulting in a higher value ofaivgty. The return loss of the inkjet
printed antenna at the operation frequency wasddrom the measurement results to
be —23.7dB.
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6.2 Directions for Future Work

6.2.1 Antenna further experimental measurements

Although the antenna characteristics have beeffiagtrirom the return loss and
gain measurements, further investigation of theram performance is essential for
the complete prototype characterization. In paldicu

It is essential to perform radiation pattern measents for the azimuth and
elevation plane in an anechoic chamber. In this tvewll be possible to compare the
obtained results with the simulation and verify tnidirectional pattern of the
antenna. In addition, the experimental value of #rgenna directivity can be
calculated from the measured radiation patterna Assult the antenna efficiency can
be estimated from the measured antenna directamty gain. Comparison of the
antenna efficiency experimental results to the &atmn can further verify the
antenna performance and the effectiveness of #jetiprinting fabrication process.

In addition, the performance of the antenna hasetinvestigated when attached
to various materials. An RFID transponder is alwaytsched to an object and
therefore some kind of material is always in tharngeld of the antenna. The
performance of a tag antenna changes in termsl@tian pattern distortion and gain
decrease, when applied to materials, such as mettdy or wood [19]. Metal reflects
the antenna RF radiation and water or wood absibrids is possible to discover
through the experimental study of the antenna nadtattachment that the antenna
performance is deteriorated and no longer meetsgeébgn requirements. In this case
techniques, such as input impedance tuning hae tdilized to improve the antenna
performance and radiation.

6.2.2 Antenna further optimization

Although the proposed antenna showed good resudtsreet the required design
goals, it can be further optimized. The optimizatian be performed in terms of:

Size: A more compact antenna that also achievesadhee design requirements
can be realized. The antenna can be made more conyya decreasing the
dimensions of the feeding line, ground planes adéhting element.

Feeding line: The CPW feeding line of the antenad & very small gap width
(g=0.3mm), which made challenging the antenna fatoicasince a high-precision
ink cartridge had to be used in the inkjet-printimgpcess. The feeding line can be
redesigned with larger gap width (e.g. 1mm), résglthowever in different
transmission line characteristic impedance. Therar@ transmission line can have
any characteristic impedance, as long, as the atkénpedance is achieved at the
input of the antenna.

Embedded slots: Due to the fact that the embedroérslots resulted in an
efficient way of impedance matching, other typesl gositions of slots can be
considered. For example, circular or square slotth wertical or horizontal
orientation can be investigated.

Impedance Matching: Another way to optimize theeant design process would
be to determine the parameters of the antennagroation that affect independently
the resistive and the reactive part of the antdnpat impedance. In this way the
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antenna could be matched to any load with any irapee just by changing its
parameters, so that the desired antenna input amgeds achieved. It has to be first
ensured that the other antenna characteristitsn&ét the design requirements.

Other antenna geometries: Different antenna geagsesuch as slot antennas and
other monopole antennas can be investigated insteimoptimizing the antenna
performance.
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APPENDIX

Materials Printer & Cartridges
DMVIP-2831 & DMC-11601/11610

Datasheet
System Description

O Flat substrate, xyz stage, “ink jet” deposition system

O Low cost, user-fillable piezo-based ink jet print cartridges

O Built-in drop jetting observation system

O Fiducial camera for substrate alignment and measurement

O Variable jetting resolution and pattern creation PC-controlled with
Graphical User Interface (GUI) application software

O Capable of jetting a wide range of fluids

O Heated vacuum platen

O Cartridge cleaning station

O Includes PC, monitor, and software

Dimatix ¥’

FUJIFILM

Mechanical System

O Printable area
- Substrate < 0.5 mm thickness: 210 mm x 315 mm (8.27 in x 12.4 in)
- Substrate 0.5 - 25 mm thickness: 210 mm x 260 mm (8.27 in x 10.2 in)
O Repeatability: + 25 pm (= 0.001 in)
O Substrate holder
- Vacuum platen
- Temperature adjustable; ambient to 60°C
O System Footprint: 673 mm x 584 mm x 418 mm (26 in x 23 in x 16 in)
O Weight approximately 43 kg [95 Ibs)
O Power 100-120,/200-240 VAC 50/60 Hz 375 W maximum
O Operating range 15-40°C at 5-80% RH non-condensing
O Altitude up to 2000 m Drop Watcher View
O Safety and EMC compliance
- Safety: NRTL Certified to EN 61010-1, UL 61010-1, CSA 22.2 No. 610101
- EMC: EN61326-1 Class A, FCC Part 15 Class A

Fiducial Camera
O Allows substrate alignment using reference marks G‘n‘nl )
O Allows positioning a print origin or reference point to match substrate placement g

O Provides measurement of features and locations .q

O Provides inspection and image capture of printed pattern or drops
O Provides cartridge alignment when using multiple cartridges [
EIIIIIIII

—

=
>
-
SN
O Allows matching drop placement to previously patterned substrate ﬁ

Fiducial Camera View

Cartridge
O Type: Piezo-driven jetting device with integrated reservoir and heater
O Usable Ink Capacity: Up to 1.5 ml (user-fillahle)
O Materials Compatibility: Many water-based, solvent, acidic or basic fluids

O Number of Nozzles: 16 nozzles, 254 pm spacing, single row
O Drop Volume: 1 (DMC-11601) and 10 (DMC-11610) picoliter nominal
Control PC and Application Software Replaceahle Items
O Predoaded patterned templates O Print cartridge with one-time
O Pattern preview userfillable reservoir
O Editors: Pattern, piezo drive wavefarm, O Cleaning station nozzle blotting pad
cleaning cycle, substrate setting O Drop watcher fluid absorbing pad

O Bitmap (1 bit) files accepted
O Optional Gerber [RS-274X) file import

i
FUJIFILM Dimatix, Inc. « 2230 Martin Avenue ¢ Santa Clara, CA 95050 « USA
Tel: (408) 565-9150 » Fax: (408) 565-9151
E-mail: infomdd@dimatix.com « URL: www.dimatix.com
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