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Me emidpUAaén MavIwg SIKOLWUATOC.

Amayopevetal 1 avIypaer], arobKevon Kot SlovouT| TG Tapovcag epyaciag, €& olokinpov 1
TUNHATOS OVTNG, Y10 EUTOPIKO 6KoTo. Emitpémeton | avatdTmom, amobkevuon Kot dtovourn yio
OKOTO LN KEPOOOKOTIKO, EKTOOEVLTIKNG 1 EPELYNTIKNG PVONG, VIO TNV TPOVTOBEST VO
AVOQEPETOL 1) TTNYN TPOEAEVLOTG Kot VoL OlaTnpeitol To Tapov unvopa. Epotiuota mov apopovv
™ ¥PNON TG EPYCING Y10 KEPOOGKOTIKO GKOTO TPEMEL VO, AmeLOVVOVTOL TPOG TOV GLYYPUPEQ.
Ot amdWyELS KO TO GUUTEPAGLOLTA TTOL TEPLEYOVTOL GE QLTO TO EYYPAPO EKPPALOvV TOV
ovyypapéa Kot Ogv TPEmEL va, epunvevdel 0Tt aviumposmmevovy Tig entonpeg B€celg Tov EBvikov
Metadprov [Morvteyveiov.



Abstract

The development of Biomedical Telemetry, through systems that are capable of
transmitting data and physiological parameters of the patient in real time, has created
a new perspective in the medical field, by promoting a an advanced healthcare system
based on early diagnosis and treatment. Crucial part of these intelligent systems is the
antenna integrated inside medical devices for wireless medical telemetry purposes.
The aim of this diploma thesis is the design of a novel antenna, with miniaturized
dimensions, for integration both in IMDs and WCE systems. In this thesis , the design
of an implantable dual-band patch antenna of the literature is studied, which further
enables the design of a novel patch antenna with optimized geometry and
performance, that functions in the MedRadio (401-406 MHz) frequency band. Design
of the novel antenna inside simplified tissue models are conducted, as well as
performance evaluation of the antenna.

Keywords: Biomedical telemetry, Implantable antenna, Ingestible antenna, Injectable
antenna, implantable medical device (IMD), Wireless Capsule Endoscopy (WCE),
RFID tags (radio frequency identification), Injectable neurostimulators (InNS),
MedRadio (Medical Device Radiocommunications Service) band, Industrial,
Scientific and Medical (ISM) band, Microstrip - Patch antenna, Planar Inverted F-
Antenna  (PIFA), Finite Element (FE), optimization, Tissue Models



Iepiinyn

H avéantuén g Bloiatpikng Tniepetpiog, Kot 1 epoapuoyn e HEC® CLGTNUATOV TO
omoia &yovv T SVVOTOTNTA VO LETAOIO0VV OEOOUEVA KOl PUCTIOAOYIKES TOPOUUETPOVS
oV ac0evi] GE TPAYUOTIKO XPOVO, £YEL ONUIOVPYNOEL Lo VED EIKOVA GTOV KAGOO TNG
vyeiog, TpowbdVTag £va TPONYUEVO GLGTIA VYELOVOIIKNG TepiBaiymg mov Paciletot
omv &ykoipn TpoOAnyn kot Bepomeio. AKPoymviaio TUNHO TOL GLGTHUATOG CVTOV,
amotelel 1M VmOpEN  KEPOIDV TOV EVOOUATOVOVTOL €Tl 10TPIKOV  dotdéemv
(epputevoiu@V, KOTOMOCIU®V, K.0.), Yoo TNV €miTELEN  aoVPUATNG  LOTPIKNG
TAgueTpiog. XTOY0G TG TOPOVGOS OUMAMUATIKNG epyaciog eivar 1 oyedlaon pog
TPOTOTUMNG  KePOLOS, KPOCKOTIK®OV — OlOCTACE®V, Y10,  €POPUOYEG TOGO  OE
EULPLTEVGILEG UTPIKES SLOTAEELG OGO KOl GE KAWOVAEG KATOMOGIUNG EVOOCKOTNGNG.
1o mhaiclo g epyaciag, peretdror  mopeio oyedioong og eLPLTEHGIUNG KEPATOG
pikpotoviag omAng {ovng g Piproypagiog, n omoia oamotelel ™ Pdon ywoo ™
oyedilaon Hog TPMOTOTLTING KEPOING LE PEATICTOTOMUEVT] YEOUETPIA KOl EMOOCELS KOt
Aertovpyion ot C(ovn ovyvotitov MedRadio (401-406 MHz). Ilpayuatomoieitot
oyxedioon TG TPOTOTLANG KEPALAG EVTOG AMAOTOMUEVOV LOVTEA®V 1GTAV, KOODS Kot
LEAET TOV EMOOCEDV QLTNG.

AéEerg kheword: Bioiatpun teyvoroyia, Epgutevoiun kepaio, Katondowun kepaia,
Evéoyn «xepaio,Epputevoun latpwn Xvokevn (IMD), acOpuotn &voocskomikn
kayovrlo (WCE), etétec tovtomoinong péow padtocvyvotntov (RFID tags),
Evéowog vevpodieyéptng (INNS), Zowvn Ymnpeowdv Emkowoviag lotpikodv
Euevutevpdtov (MedRadio band), Zavn Bopnyoavikov, Emempovikov kot lotpikdv
Egappoyov (ISM  band), Kepaia pikpotowviog, Eninedn kepaio avestpoappévov F
(PIFA), Mébodoc Tlemepacuévov Xtorxeiov (FE), Beltiotomoinon, Movtéia 16To0.
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Exterapévn epidnyn

Q¢ Bioiotpikr Tniepetpio opiletarl n oandknomn, HeTdd0oT Kot EpUnveia Spopwv
Bloonuatowv omd otabepd 1 Kvntd onuein  oe amodektd ko6ctoc. H Brolatpikn
Tnlepetpio amoterel avomdomooto koupdtt e TnAelaTpikig Kol SOHOPPDVEL
CLVEXMDC TNV EQPAPUOYN TNG OEVTEPNG GTOVG 0c0eveic UEC® TEXVOAOYIK®DY eEEAEEWV
OV QPOPOVV TOV TOUEN TNG TANPOPOPIKNG KOl TNAETIKOWVOVIOV , TOPEYOVIONS TN
duvaTOTNG UG O TPOGOVOTOMGUEVNG KOl  €EATOUIKEVUEVIG  LOITPIKNG
nepiBodymc.Ilpoceépel  acvppatn, yopic TEPOPIGUOVS HETAOOCT  OEOOUEVDV
(QUGLOAOYIKAOV TAPOUETPOV Yopic va amortel ) ypnon ovowsOnoiog n GAA@V
ONUOVTIKOV  QLOIK®OV Teploplop®v. To ocvotquata Buoiotpikng Tniepetpiog
OTOTEAOVVTOL OO TOWKIAES 1UTPIKEG STAEELS e GKOTO VO amOTEAEGOVV Eval SIKTVLO
W0TPIKOL ooOnpa. Le epapuoyés o€ topeic Omwg avtol tng Awdyvoong, g
O¢pomeiog, ™G ATOKATACTOONG K.0. AVOTOGTOGTO KOUUATL TOV OTPIKOV QLTOV
dta&emv gtvat ot kepaieg mov PpioKOVIOL EVOOUATOUEVEG GE AVTES, KOL Ol OTOLES
EMTPEMOLV T1] OLVATOTNTA EMKOWVOVIOG e EMTEPIKES OaTAEELS emiPAeyng/eréyyov.

Ot gpouTedolpeg 1TPIKEG CLOKEVEG fvar pia Kuplopyn Katnyopio otn Bloiotpikn
Teyvoroyia.lIpoxettal yio cuoKeLES TOL TOTOHETOVVTOL £’ OAOKANPOL 1| LEPIKMDG GTA
ocouate TOV aclevdV Kol Ol OTOIEG TOPAUEVOVY GTO GO Y10 LEPIKEC MPEG/ETN 1
OKOUN KO HOVILOL HETE A amapoitnTn XEWPOLPYIKY enéuPaoct. Ao v epedpeon
TOV TPMTOL KOPIKOD PNUOTodOTN KOl TV EMTVYN TOL UPLTELST TO 1953, TOAAES
NAEKTPOVIKEG LUTPIKEG GUOKELESG EXOVV KAVEL TNV EUPAVICT] TOVG, LLE YOPUKTNPIOTIKESG
owtaéelg Ommg elvar: ot Pnuatoddteg, ot KopPOKOol OmVIOMTES, TO KOYALOKE
euputedaTa, Ol OVTAMEG 1VOOVLAIVING, Ol VELPOOIEYEPTEG, TOL  EUQVTELLOTO
OUEIPANCTPOEIOOVE, TO GCLOTNUOTO HETPNONG TNG EVOOKPOVIOKNG TEONS, O
SPPoyHaTiKdg PnuatoddTns K.o.

Meta&d tov mieovektnudtov tov AcHpuotov Awktoov Ilepoyng Zopotog
(Wireless Body Area Networks, WBAN) kot tov AcHppatov Aiktvev ITpocorikig
IMeproyng (Wireless Personal Area Networks, WPAN) cuykataAéyovtal 1 HELOUEVN
EMEUPATIKOTNTO. KOl KOTO GULVETEW O UEWOUEVOS KIVOLVOG HOAVLVOTG, YPNYopM
dyvoon, KtAh. Znuewwvetar 6tt o 6pog WBAN avagépetor oty emkowvmvio
TOAAOTADV 1TPIKAOV OATAEEDV TOTODETNUEVOV €T 1] EVTOG TOL OVOPAOTIVOV CAONOTOC
pe €évov emi tov couatoc tomobetnuévo otabud Pdong, evd o O6pogc WPAN
OVOQEPETOL TNV ETIKOWVOVIO SLOGVVOESEUEVOV dATAEE®V YOP® amd Eva avOpdmTivo
VTOKEIEVO, TUTIKA o€ amootac Hikpotepn towv 10 m. 'Evo tumkd cvommua
QCVPUOTNG  TNAEUETPIOG YO EUPUTEVCIUEG 1OTPIKEG OTAEES HEC®  KEPULDV
aroteleiton and Evav eEmTepikd otabud Pdong (popetd N o KOVTVi AmOGTACT) OO
ToV 0c0eVT]) e TOV OTTO{OV EMKOVMVOVV dKaTELBVVTNPLA O EPPLTEVCIES Kepaieg. O
otabpudc Pdong ektelel mowciheg Asttovpyieg, dmwe: Vv enelepyacio Tov AneBEvimv
JedOUEVOV KOl TN ANYTN OTOQAcE®V, TNV amobnkevon ANeoéviov dedopévav yia
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HEALOVTIKT emelepyacio, TV €W00moinon tov achevi] yio €vo ONUOVTIKO 10TPIKo
ovuPav, 1 AomdV ELELTEVSIUMOV SUTAEEMV Y10, TNV £YYLOT KATOL0L PAPULAKOUL.

Ol 0cVPLOTEG EUPVTEVCIUEG GUOKEVEG AELTOVPYOVV GE SLAPOPO. EVPT] GUYVOTNTOV
avAAOYQ LLE TOV AOITOVUEVO PLOUS dedoUEVOV, TO EDPOG AELTOVPYING, TIC OTOLTIOELG
EVEPYELOKNG UETOPOPAS, KOL TOVG EKAGTOTE KLPEPYNTIKOLG Kovoviopovs. Evpémc
dwadedopéveg (dveg ovyvotnTmv amotedovv ot Zoveg MedRadio kot ISM (Industrial,
Scientific and Medical). Xmv Zovn MedRadio éyel evoopotmbei 0 volotapevo
eacpa g (ovng MICS (Medical Implant Communication Service) amd 402-405
MHz kot emumAéov €xetl mpootebel 10 pacpa ota 401 - 402 MHz kon 405 - 406 MHz.

H {®ovn MedRadio datifetor yioo worpikd ep@utedpoto pokpds S1dpKelog Kot
EMOUEVOG EYEL EAGYIOTN MAEKTPOUOYVNTIKY] PUTOVGYT] OV UTOPEL VO TPOKOAECEL
ToPEUPOLEG OTIG GUOKELEC OV AELITOVPYOVV GE AVTEC TIC oVYvOTNTEG. QQ0TOCO, TO
peydio pukn KOHOTog mov givor avTImpoo®meELTIKE TG {dOVNg avTrg, dnpovpyoHv
TPOKANGELS OYETIKA LE TO PLEYAAO UNKOG TNG KEPALOC, TNV 0mdd00T TG OKTIVOBoALNG
KOl TO TEPLOPIOUEVO €VPOC Aettovpyiog kTA. H mAéov cuyva ypnoipomotovpevn Covn
ISM 7 acOpuatn tAepetpio epeLTEOGIL®V 1OTPIKOV OaTdEey glvar 1 v
2400.0-2483.5 MHz. Baowo mieovéktnpa tov Covav ISM eivat 1o avénuévo gbpog
Lovng, to omoio gmrpémel T peTdooon vyniod pvOuol dedopuévav (m.y. pLeTdooon
Bivteo). EmmAéov, n dieiodvon g HM axtivoPoring eviog tov avOpdmivov copatog
otg (oveg ISM givar apketd pkpdtepn, AOY® HEYOADTEPOV OMOGPRECEWV OTIC
vynAdtepng ovyxvomrog Asttovpyiag. AAldeg (dvec Asrtovpyiag 7y 0Tpikn
Tniepetpio mov avapépovral eivar ot: Wireless Medical Telemetry Service (WMTS):
(608 — 614MHz, 1395 — 1400MHz, 1427 — 1432MHz, Ultra-wideband technology
(UWB) band 3.1-10.6 GHz.

O gpoutedoeg kepaieg elvar NAeKTpIKA PIKpEG Kepaieg mov axtivofoiodv péca
010 ovOpdTIvo copa T0 onoio yapaktnpileton amo peydheg andieleg. Emopévac n
oyedilaon Tovg Tapovctdlel TPOKANGES TPOKEWEVOL va eEacpaiotel 1 PEATIO
amodoon NG Kepaiog kol 1 eAoyloTonoinon g mhavotnTog vo emdpAcel opynTiKd
otov opyovicpd. Ot mo onuavtikol mopdpetpol mov wpémel va, ANeHovv v’ dyv
KOt Tov oYedlacpd givat: i) n opikpuvon tov daotdoewv g kepaiog (cupfaiiet
oTN UE®UEVT emepPatikoTnTo. Kot Suvc@opia tov acbevn), ii) n ProcvuPototnto (étot
MOOTE VO UMV TPOKAAOVVTAL TOEIKEG OVTIOPAGELS 1 POVOLEVO TPAVUATICUOD KOTE TNV
EMAPT TOLG UE TOLG Plodoyikovg 16ToVg), 1ii) N acediela Tov acbevy (amopaitnt
etvar m ocoppdpewon g ddratng pe ta opla tov Edikod PvBpod Amoppdenong
SAR onwg €yovv opiebel amd tovg debveig opyaviopovg), IV) n TpoPodocia TG
euputedoung  odratng (mpocavotoMopds oe  pebddovg mov  e&acparilovv
YOUNAOTEPT EVEPYELNKT KOTOVAAWMGON T.X. EMAYOYIKN oV{eLEN Yoo pHEYOADTEPN
ddpketo, Long TS oLokKeELNC), V) 1 omddoon ¢ Kepaiog (£tol dote vo eEac@aMoTel
n a&lomotio ™G euPLTEVCIUNG ddtaing - €voc cvuPifacpdc yivetor petald tov
KEPOOLG TNG KEPOUOG OTO HOKPVO EMIMESO KOL TMOV EVEPYELNKDV TEPLOPICUDV
TPOKEEVEVOL Vo  doeuiaybel o avBpomvog opyaviopds amd PAaPeg g
NAEKTPOLOYVITIKNG OKTIVOPOALNG).

Ot xvpotepeg pebodoroyieg opikpuvng Tov dwotdoewv G Kepaiog sivo:
1) N avEnon g d1adpopUnG TOV PEVUATOG GTNV EMPAVELD TG KEPALOG, KAODG HEIDVEL
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Vv emrevybeica GuYVOTNTA GLVTOVIGHOV Kol EMTVYYXAVEL CUUTAYESTEPO HEYEDOG Yo
™V gueuTedoUn Kepaia, i) 1 TpocOnkn aywyol Ppoyvkdikimong, Kabmg avédvet 1o
evepyo péyebog g Kepalag, UEIDOVOVTOG, €V GLVEXEID, TIC OMOLTOVUEVEG (PLOIKEC
JoTdoElg TG Yo pior dedopévn cuyvotnTo Asttovpyiag, 1ii)  otoifaén tavidv (n
KaTaKOpueN oToifaén Vo 1 TEPICCOTEP®V TAVIOV GUVIGTA £va TPOTO aENGNG TOV
UKOLG S 0POUNG PEOHATOS ML TOV TAVIDV, UEUDVOVTIOS, TOPGAANAQ, TO GUVOAIKO
QLo1KO péyebog ¢ Kepaiag) Kot IV) 1 xpNon SINAEKTPIKOY VAMK®OV DYNANG GYETIKNG
dmAektpikng otabepds. H yprion vAkdV LTooTp®UATOS KOl VTEPCTPMOUATOS LE
VYNAN oxeTIKN dAeKTPIKN otabepd (m.y. kepakn adovuiva, ROGER 3210) pusuovet
TO €VEPYO UNKOG KOUATOC TNG OKTIVOPOAIOG Kol 0dNYel 6€ YOUNAOTEPES GUYVOTNTES
OUVTOVIGLOV, GULVEIGQPEPOVTAG OTN OUIKPUVON TOV  Ol0GTACE®V NG KEPOLNG.

Ot katamooipeg Kepaieg TaE10e00VV KATO UAKOG TNG TEXTIKNG 0000, AKOAOLODVTOC
mopeio, amwd TOV 01G0PAY0 GTO GTOUAYL Kol omd €KEL 6TO AEMTO £VIEPO UEYPL TO TOD
évtepo kol ovuPdAriovv ot Sdyvoon acbeveldv Tov eVIEPOV,OMWS KAPKIVOG,
TOAOTOOES, VEOMAUGIEG TOV AEMTOV EVTEPOV, GLVOPOUN dVGATOPPOPNOTG, VOGOG TOV
Crohn, xotmoxd Ghyog ko dAleg mobnoelg. H kdyovAia otn ouvéyeia amofdiletal
amd TovV opyavicpd péoca omd TNV  QUGIOAOYIKY] Ol0d1KOGio EKKEVMOONG TOL
opyavicpov. H diutepdtnta g nentikng odov meplopilel v ypnoonoinon tov
onuepvav dabécipwv texvikav e&etdone. To mave Tuqpo TG YOOTPEVIEPIKNG 000V
umopet va eEetacBel pe yaotpookodmnon.Ta 600 tedevtaio LETpa TOL TOXEOS EVIEPOL
Kol Tov opfod pe Kohovookdmnon. Xt1o evoldpeco wotdco Ppiokovror 7 pétpa
OKOVOVIGTOV AENTOD €VIEPOV GTO. OTTOWL OEV VILAPYEL TPOPOCT UE TIS TPONYOVUEVES
teyvikéc. Emopévog n un-emepPatikn  evdookdmnon HEC® acHPUOTNG KAWOVLANG
EPYETOL YO VO EMTPEYEL TN TANPY ONTIKOMOINGN NG YOOTPEVTIEPIKNG 0d00v. H
Katamooiun kdwovio (oto péyeBog dnAadt evog yamov Prrapivng), podtacuévn e
pia képepa, eota LED, pikpookomiky kepaio, Urotapieg K.o. CUYKEVIPMOVEL EIKOVEC,
KOTé PNKOG TNG MEMTIKNG 0000 Kot HeTadidel To dedopévo acvppate o€ pio
eEwtepkn Pdon-otabuo. H eEmtepikn cvokevn AMymg anoteAeitor omd v GOGTN O
awcOnmpov Kot &vav KatoypagEo 0edopéveoy mov tomobeTovvion eEMTEPIKE GTOV
eEetalopevo. Ta dedopéva elvarl dwbéoipa oe mpayuaTikd ¥povo, AL HUTopovV v,
amofnkevtohv kol yoo mEpATEP® avdAivon kol emefepyacio amd EEEIOIKEVUEVO
TPOCHOTIKO UE TN YPNON KOTAAANAOL AoyioHkoy. Ot TPMOTEG EQPAPUOYES AGVPLOTIG
KOTATOGIUNG EVOOGKOMNONG ovapEPONKaY Yio TpAOTN opd T dekaetio tov 50 yo ™)
pétpnon g Bepuokpaciog ,pH. ‘Extote moAAd TETO0. GLGTAWATO GLVOVTIOVVTOL
otov gumopikd topéa. Evdetikd avapépovion ta M2A, PillCam_SB, PillCam_ESO,
PillCam COLON, Olympus Endoscope, Norika pe seoappoyéc otn dayvmon
nafoyévelng 6TovV 0160(QAY0,06T0 oD £VIEPO Kol GAADV E£CMTEPIKAOV OPYAVOV.

Onmg Ko oTIC EUPUTEVCIUEG WITPIKEG OUTAEEIS, KVUPLEG CLYVOTNTEG AElTovPYiog
amoteAovv ot Zoveg MICS (Medical Implant Communication Services, 402 MHz-405
MHz), ISM (2.40 GHz-2.48 GHz ), WMTS (608 MHz-614 MHz, 1395 MHz-1400
MHz, 1427 MHz-1432 MHz) f axoun yopnAdtepeg ovyvotmnteg (40 MHz).

Ot oYE010OTIKEG AMALTNGELS OTN KATOOKEVT] KOTOTOGIL®MV KEPOULDY TEPIAAUPAVOLV
TV OVAYKY Ol Kepaieg vo €lval HUKPOOKOMIKAOV SlOGTACEMV KOl TOVTOYPOVO, VO
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Aertovpyohv oe PEYAAO EVPOC GLYVOTNTMOV, TPOKEUEVOL Vo Elval OLVATH 1) LETASOON
EIKOVOV VYNNG evkpivelag Kot dedouévev mov oyetilovial UE QUOIOAOYIKEG
TOPAUETPOVG TOV avOpadmivov ocopatog (mieomn, Beppoxpacia, pH, cvykévipmon
ouyovov). Emumiéov, m Pektioon omv amddoon g Kepaiog Oo mpémer va
OLVOOEVETAL OO YOUNAT EVEPYELOKT] KATOVIAMGT TPOKEUEVOL 1) ACVPUOTH KOWYOLAN
Vo Umopet vor dtatnpnoel T Asrtovpyio TG Yo OAO TO SAGTNHA TOV TOPAUEVEL GTO
avOpomvo copa. Adym tov «exBpikovy» mepPdAlovioc mov amotehel TO ovOpOTIVO
oopo (eEoutiag OPOPETIKMY  YOPUKTNPIOTIKOV Kol MAEKTPIKAOV 1010THTOV Kol
daothoewv TOV dPoOp®V TOHTOV 16ToD) dNuovpyodvtol TPoPAUaTe OT®E ivol o
amocVVIOVIGHOG (detuning) NG Kepaiog Kot 1) 00TOYIOL OTNV TPOCOPHOYN NG
avtiotoong (impedance mismatch) e EMATOGEIC GTNV EMKOIVOVIN e TNV EEMTEPIKN
OLOKELN Kol 6TO KEPSOG NG Kepatog (gain) avtiotoyya. OAa avtd Tpémet va Anedodv
VTOYY katd tn Owdikacio oyedoopuol ™G Kepaiog. EmumAéov, Ommg kot ot
TEPIMTOON TOV EUELTEVCIUOV SlaTdEE®V 01 KAWYOoLAeS TTpémetl vo. givarl ProcvpPatég
€161 Wote va unv Tpokarécovv PAAPEG oTOV aBpdOTIVO OpPYOVIGHO KOt TOVTOYPOVA
e0pOOTEG MOTE TAL VYPO TOV TMEMTIKOL GLOTNUATOG v Unv PAdwovv v Kepaio.
Téhog, o1 «xotamoOowes kepoieg mpémer vo eivor  ToykaTeLOLVTIKESG Kol Vo
TaPoLGLALOVV KUKAKT TOA®GT, £TGL MOTE VO SUVOVTOL VO PETAOIO0LV OTUOTO
aveEapmta and T 0éom kot ToV TPOocavaTOMGUO Tovg. Avtd cvpPaivet, yuti 1
akpifng 0éon Kot 0 TPOGAVOTOMGUOC NG Oldtaéng mov TaSdevEl Kotd UQKOG
OAOKAN PG TNG YOOTPEVTEPIKNG 000V, ivar Ayvwortr. QG €K TOVTOV, L0 IGOTPOTIKY|
Yy axtivoBoriag omatteitanl Yoo Tov 6YeO0GUO TOVG. AESOUEVOV TOV TOPATAV®D
ATOUTNCEWV GLVNOMG EMAEYOVTOL KEPOIES LE EAMKOELON] GYNUOATICUO.

O KVP1LOTEPOG TTEPLOPIGHOC GTNV AELTOVPYIL TOV KOTOTOCIU®V KEPOIMV OGVPLATNG
€VOOCKOMNONG OV PpicKOvVIOL QVTH TN GTIYUN G€ YPNOoTN, EYKELTOL GTNV 0dLVOUid
eAEYYOL TG Kivnong ¢ kKayovAag Kab’ OAn T dadpopn| TG 6To avlpOTIVO GO,
Ot kotamdoeg SoTaEels Kvovvion madnTikd, AOY® TOV QUGIKOV TEPIGTUATIKMV
KIVIGE®V TOV EVIEPOL LE OMOTEAEGUO VO LNV LITOPOVV VO, ETICTPEYOVY GE KATOLL
neployn mOBavoL 10TPIKOV EVOLAPEPOVTOG, EVED 1 OCVUUETPIOL TOL EVIEPOL UTOPEL GE
KOTOEG TEPWTMOOELS VO 0OMYNoEL o€ TANPN ofAeyios KATOIWV  CNUOVIIKOV
TANPOPOPLOV. AALOL TTEPLOPIGLOL APOPOVY TNV AVAAVLCT TOV 1OTPIKOV EKOVOV, TN
dwpkewr Cong Tov OTaEemv Kol TNV TOEIKOTNTO TNY®V  EVEPYELNG TOL
neptloppavoviol o€ avTég (Umatapieg).

To emompovikd evdlapépov mpocavatoriletar 6t onpovpyio kot didbecn 610
EUTOPLO KATATOCIU®V KEPUIDV LE EMAVAPOPTILOUEVES /KoL YWpig pmatapies, mov Oa
SBETOLY UNYaVIGHOVG EvEPYNG Kivinomg, ot otoiot Ba emttayvvovy, Ba otapatodv 1
Ba emPpaddvouy avaroya pe to ToXOV gvPNUOTO KATA TN Topeio TG drdtadng ot
yootpevtepikny 080. Ot 000 kvplot pnyovicpoi mov €yovv avamtvybel, eivor m
EVOOUATOON EGMTEPIKOV UNYOVIGHOD, I omoia Ba PpickeTon mhvw oty Kéyovia, Kot
0 éheyyog g Kivnong pe emtepkd punyoavicpd mov Ba otnpileton otn Acttovpyia
noyvntikov medakdv nnyov (Ciuti et al. 2016). AlAec mpoomdbdeleg yivoviol Tpog
onuovpyia Peitictomompéveov akydpiuwv mov Boa efotkovopovv ypdvo HECH
ALTOLOTNG TOVTOTOINONG TEPLOYDV TNG YOUOTPEVETPIKNG 000V Kol TLYOV onueiov
OmomToL Yoo aupoppayiec N dAec kakooelg (Farnbacher et al.2014). Télog,
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TPOCTADEIEG VIO TEYVIKEC AMOKTNONG IGTOAOYIK®V OEYHATOV OO TEPLOYEC TOV
BAevoyovvou Tov Aemtod eviépov Exovv avapepbei otn Pifioypapio (Saurin et al.
2016). Tétowov gidovg TpwtdTLTEG Kepaieg Oa emttpéyouv ) Afyn Ployiog Kot T
tonofétnon  pnyoviopod odctacng oto Aemtd  éviepo. O cvvdvaoudg g
Navotgyvoroyiag pe v Otk avopévetal vo ONUOVPYNOEL JATAEELS ETOUEVNG
vevidg oto topéa g Acvpuatng Katandoyng Evoookomnong mov o emttpéyovy
UNYOVICHODS  €yYuoms  QOPUOKOL  emTLYYXAVOVTOG —EmmAEov  PeAtioon TV
OepamenTIKOV KOl OOYVOOTIKOV  OLVOTOTHTOV T®V  KOTOTOCIU®V  OlUTAEEDV
(Koulaouzidis et al. 2015).

"Evoc moAd onpavtikog TOUENS TOL GUYKEVIPMVEL TO EVOLOPEPOV TOV EMOTNUOVOV
glval 1 KOTOOKELT] NAEKTPOVIKOV GUOKEVMOV TTOL €IVl OPKETE WIKPEG £TCL MOTE VA
pumopovv va el6EABovV 610 avOpOTIVO GOUO GE EVECIUN HOPPT], HEcw cvptyyags. Ot
KOPLOL AGYOl OV OONYNGOV GTO TPOCOVOTOAICUO avtd, eivar 1 dvcseopio. mTov
wpokaieitor otov aclevi) and cuuPaTikéc, LEYAAES 1TPIKES GVOKEVEG KAOMG emiong
Kot 0 kivduvog HOAVLVENG amd Eva PETEYYEPNTIKO Tpavpa. 'Hon amd Ttig apyés tov’80,
Kot apod ot eTikéteg tavtonoinong péow padioocvyvotntev (RFID tags) eiyoav
KATOKADGEL TNV 0yopd, Ol EMGTAUOVEG ONUOVPYNGAV EVECIUO LOTPIKE ELPLTEDULATOL
YVOOoTh ®¢ pikpopovadsg (micro-modules). Inpoviikd yapaKInploTiko Topadety Lo
avt®v, vipée o pKkpo-Seyéptng (Micro-stimulator) mov oyedldoTNKE Y100 EPOUPLOYES
vevpouvikng diéyepone. Teyvoroywkég e€ediEelg oonynoav otig apyés tov "90 ot
kataokevry tov BION (bionic neuron) ¢ TP®OTING OLOKELNG EUQPLTELGIUNG
NAEKTPOVIKNG OEMPAVELNG HVOG-VvELPOL. Empdkelto yioo NAEKTPOVIKEG GLOKEVEG TOL
EUTEPLEXOVTAY GE EPUNTIKE KAEICTN KOWYOLAQ KOl NTOV OPKETE UIKPEG £TGL DGTE VAL
ewoayfovv péow €veong, dwdeppikd otovg poes. Ot TPOES  KOTOOKEVES
TPOPOOOTOVVIAV EEMTEPIKA, dedopévov OTL dev vanpye Umoatapios KOTOAANAN Yo
T£TO10L €100VG YPNoN, ®OTOGO TEAMKA N 1HEB0SOG TV apoBaing culevypévov mviov
EPAPUOCTNKE G TEYVIKT dTnpnong g woyvos. Téooepic yevieg BION odeyeptov
umopovv  vo. gviomotovv ot Piproypapio (Carbunaru et al. 2004). Avtéc
nepAapPavouv epapuoyég Ommg 1 ypfon eravaoptilopevne urotopiog (Loeb et al.
2004) kou Tpotabnkay pe 6Komd Vo 0VOKOLPICOVV TOVG 0oHEVELS Ad VEVPOLOYIKES
STapoyES CLUTEPIAAUPOVOUEVOV TG AKPATELNS 0VP®Y, TNG PAEPIKNS Opdupwong,
TOV YPOVIOV KEPUAUAYIDV, TOL TEPIPEPIKOD THVOL, TNG GTOAYYMG, TNG OTOPPAUKTIKNG
VIVIKNG dmvolog K.o.

Mo and TG KUPLOTEPEG EPAPUOYES TOV EVECIUOV LOTPIKAOV OaTAEEDV givol M
OTOKOTAGTAOT TG LVTKNG AEITOLPYING AKP®V GE ATOO TOV ELYOV YACEL TOV LEPIKO M
oMKO €heyyo ™G (Y. OE MEPIMTOON EYKEPOMKOV) HECH €VOC UIKPOGKOTIKOV
EVEGILOV EUOLTEVUOTOG TO OTTOT0 EYYVETAL KOVTH GE HVEG KOl TEPIPEPIKA VEVPO TNG
neployng evolapépovtoc. ‘Evag tétolog tumikog evéoipog vevpodieyéptng (Injectable
neurostimulators INNS) omoteleitor and tovAdyiotov éva (ebyog nAektpodiov. Ta
KUPLOTEPO, PEPM L0G TETO0G dtdtaéng eival: 1) évag dleyéptng 1oTov-empavelag, 1)
o kepaio yuoo wTpiky mAepetpio, 1) pio evbvidakmon mov e&umnpetel v oyéon
Agrtovpyiog 10100- NAekTpovik®dv e&optnudatov, V) éva PocvuPatd mepifinua, V)
Kamowot arcOntipeg ko Vi) pepikéc evepyég dwotaerg (functional building blocks
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FBBs) mov mapdyovv kol eAéyyouv Tovg NAEKPIKoVG ToApovs. Ot ouoOntipeg sivan
OVTO1 TOL AVIYVEVOLV Kol TOPAKOAOVOOVV TIC £QapUOLOUEVES TACELS, TNV OVTIOPOOT)
TOV vEDLPOL Kol GAAEC TOPOUETPOVE OTMC Tieon ki Oegpuoxpocio HETAED NG
dlempdvelng nAektpodiov-1otod. Ot evepyéc odathéelg FBBs mepihapfdvovv
LOVAdO TNG EVEPYELOKNG TPOPOSOGTag Kot dtoyeiptong g dtdtaéng, Evav TOUTodEKTN
OedOUEVMVY, EVOV UIKPO-EAEYKTT, £VOV UIKPO-O1EYEPTY], KO HI0L VELPOVIKY] HOVASQ
eyypaonc. H véa yevid tov evéSmv veupodleyepT®V, UTOPEL Vo Tpo@odoteitat amd
UIKpo- pmotapio, and enaymyiky o0ievén mviov, 1 HEc® acLPUATNG POPTIONG TOV
EMITUYYOVETAL LE PETOTPOTTEN EVEPYELNG padlocvyvothtwv (RF energy harvester).

Ot oNUOVTIKOTEPES TPOKANGELS OT OnNpovpyio evéoiumv dataéemv yia latpkn
Tniepetpio apopodv 1o péyedoc g ddtacng, TNV TPOPOdOGio TNG, Kol TNV amdo00)
¢ Kepaiog mov PBpioketar eveopotouévn oe avtmy. H evéoun uratopio mpénet vo
elval e€opetikd pkpn oAAd v 0o oTiypn va €xel o0 Yoo LEYOADTEPO YPOVO
déyepons. Ilpog avtv ™ katevBuvon €xovv mpotabel TEYVIKEG TOL APOPOVV:
emavapopTILOpEVEG puratapieg, umatopieg mov amoteAovvion ano Aibo ko yAiodeg
vovokahmdto, (Li-ion microbattery), kaBdg emiong kot pio KOVOTOHOG TEYVIKY TOL
voPAnonke to 2014 gmovopalopevn “jellyroll” mov emtpéner v cvocmpevon
OmMAACI0G TOGOTNTOG EVEPYELNS, GE OXEON UE TIS, TPONYUEVNG TEXVOAOYIOG, KO-
uratapieg (Honghao Chen et al. 2014). Ztovg evéouovng vevpodieyépteg (INNSS) mov
Tpo@odoTovVTOL omd emaywywkr ovlevén mmviov (ICL) 1 and olokAnpouévoug
uetatpomneig oyvog Padiocvyvotntewv (RF) oe 1ox0 ocvveyovg (DC) (RFEH radio-
frequency energy harvesters) n ypnon pratapidv umopei va mapakop@del and Evav
EVOOUATOUEVO TUKVAOT] TOL dVVOTOL VO ATOONKEVEL QLTOUATO TNV UETATPETOUEVT
EVEPYELD KO EMUTAEOV VO LETOPEPEL TEPIOCOTEPT] oYV CE GYEON UE TG UTOTAPIES.
Onwg Kot o1l €QOUPUOYEG EUPLTEVCIU®V Kol KATOTOGIU®V  Ootdéemy, €vog
cuupiBacudc stvar amopaitntog va yiver peta&d tov peyéBovg g kepaiog Kot g
avénpévng amddoong aktvoforiag. H Asttovpyio oe vyniég cvyvotnteg KOMOI®V
GHz pmopobdv va avénfoovv Tig €mdOceElg TG kepaios, wGTOG0 GLVOOEVETAL Omd
HEYOADTEPN OTOPPOPNON ATO TOVG 1GTOVG YEYOVOS MOV OVTOUATMS OMUOivEL HKpO
BaOog dieicdvong g ddragng.

XV EMOUEVT] YEVIH, EVECIU®V VELPOSIEYEPTOV AVAUEVOVTOL ETIONG CNUOVTIKES
AVOKOADYELG OGOV aPOPA TN XPNON LOANKADV KOl EDAVYIGTOV VAIKGV, TNV aSl0moTio,
kot 11 peBodovg éveonc. To mepifAnua tov dwtdéewv tov INNSs ka1 FBBs 6a
npénel va glvatl omd ProcvpPfotd LAIKA 0TS T0 YAAA0, To Kpdpota YOAALOV-1vIiov,
KOGGITEPOL K.0. Q26TOGO Kol 1 GIAKOVY Bo PITOpovGE Vo EQAPLOCTEL MG MUY DO
VA6, 6vtag 1000 ProcvuPartn 660 kol OKOUTTY, KOOMG pmopel va KaTooKEVALEL
KukAopoto pe vynAn arnddoon. Ilpokepévou va emtevyfel evAvyicia otn ddtaén
aAAayég mpémel vo yivouv 0cov  apopd oTo Thog N akoun Ko otn Yvmapén tov
VROGTPOMOTOS. Metdél KoAaydvo Kot GAla Proamotkodopnoipo woivpepn Ha
umopovcav vo ypnowwomonfodv Yy TV TOpOy®Y| EOKOUTTOV Kol HOAOK®OV
NAEKTPOOI®V. ZYeTIKd e TV evioyvon TG aEomoTiog ToSKE VAKE dnwg ta o&gidia
TOV YoAkoV N Ta 0&eidila Tov apceviKov, dtav mepiéyovtol ota InNSs mpénet va ivan
otafepd oOpaylcuéve Yoo TuxOV SlaPPO] GTOLG 10TOVG, EVA EMIONG KLKADUOTO
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napakolovOnong yw wOavy vrepEOpTIon /  ekEOPT®OT, KoODG Kot Ppdymv
avAdPAoTG Y10 ALTO-EAEYYO Kot avTo-Babovounocn Ba propovoayv va eicayfodv.
[Ipog 10 mapdv, vapyovv 6V0 TPOTOL Yo Vo E10aYDEL O EVEGLOC VEVPOOLIEYEPTNG
(INNS) oto cdpa: i) eite pe povopiag ewwaymyn oAOKANPNG TG dtTaéng 6To 6TOYO
i) elte péow OSwdoykNAg Eyyvone TtV PlocLUPatdY LAMKOV TPOKEWWEVOL VL
OoYNUOTIcCOVV €V TEAEL TNV MAEKTPOVIKY] GLOKEVT HEGA GTOV 10T0. Mo pébodog mov
avagépetor ot Piproypaeia, 6t dokipudotnke og in vivo Kot in vitro melpdpora,
elval 1 anmevbeiog Eyyvon otov emBuUNTO 1010, TPICOACTATMOV LATPIKAOV NAEKTPIKOV
dwtdéemv o oLVOLOCUO HE TO aydylo vypo pétadro GalnSn. H Brocvpfoartn
Cehativn emdéybnke ®¢ 10 VAKO mov Bo mepikieiel 10 MAEKTPOSIO AOY® TV
KATOAANA®V €OTAOGTOV Kol Bloomoikodounoiu®my 10THTOV . MEypt Tdpa M
EQOPUOYT Elval KATAAANAN Y100 TOAD OTAEG NAEKTPOVIKEG OOTAEELS. LVUTEPUGLOTIKA
KOVOTOpEG €EEMEEIC AVOUEVOVTAL GTO TOUEN TOV EVECIH®V Kepalwv. Emmpochetn
ouikpuven g OPUOVANS TTOL JAPOPP®VEL TNV d1dtaln Oa emdiwybel, mpokeévou
va yivel duvatny m dueon €veon o€ VELPIKEG TEPLOYES, MECH Pelovav pecaiov
dwapetpnuatog (my. 16G f 17G). H mpdodog oty avantvén tov Proiotpikdv
alcnmpov, Tov BOENTIKOV CLUGTNUATOV Kol TOV BOUOPLOKOV NAEKTPOVIKMOV
elvar avt] mov Bo kobBopicer ™V  €EEMEN g teyvoroylag twv InNSS.

Mu kepaio pmopet va opiotel og 1 petafotikny dopn petad ehevBepov ydpPov Kot
wog ovokevng kabodnynong (opoafovikn ypopun 1M Kopotodnyoc), m omoia
YPNOOTOIEITOL VIO TN HETAPOPE MAEKTPOUAYVNTIKNG EVEPYEWS OmO TNV 7NYN
EKTTOUTNG otV Kepoaio M amd v kepaia pe 1o 0éktn. [ v meprypaen ™G
amddoons oG Kepoiog,  O18popes TOPAUETPOL TPOGOIOPIGUOV &lvar: 1 €vrtaon
axtivofoAiag, To Odypappo oktvoPoriag g Kepoaiog, M korevbuvTiKOTNTA, T
nOA®OOT, TO KEPOOC, M OVTIICTACYT €16O00V, O GULVIEAEGTNG AVAKANGONS, O  AOYOG
OTAGULOV KVUOTOS, TO €0pog Cmdvng Aettovpyiog K.o. Xe €va TPONYUEVO aGVPUATO
oLGTNHO EMKOWVOVING, (o kepaio, EKTOS amd T HeTtddoon 1 T ANy oNUATog, elval
vevBouvn yua ) PeAtiotomoinon g évraong axtivoPoAiiag, kabmg eniong Kot yio v
evioyvomn g o€ oplopéveg KatevhHvoelg Kot TV KATAoTOAN TG o€ GAAles. [a to
Adyo avtd, Bo mpémel va Aertovpyel oG pol KATELOLVTIKY) GLGKELT] KO VO TOUPVEL
TOWKIAEG LOPPES, AVAAOYO. LE TIC EKAGTOTE OMOLTIGELC.

O kepaieg pikpotoviag eivor evpEmG O10OEO0UEVES Y10 EPOPLOYEG GTNV TTEPLOYN
TOV UIKPOKLUOTIKOY GLYVOTHT®V, O0mov to péyebog, to KOGTOG, TO PApog Kot M
emidoon emPariiovv avatnpovg meproptopovs. Eivar andéc kot cvpPatés pe eminedeg
KOL U1 EMPAVELEG, KOTACKEVALOVTOL EDKOA LE TN GOYYPOVH TEXVOAOYIL TUTOUEV®V
KUKAOUATOV, p@avilouy DYynA UnNyaviky ovioyn, Kot ekOnAdvouy peydain eveM&io
®G TPOG TN GLYVOTNTA GLVIOVIGLOV, TNV TOAMGT], TO OIAYPOLLO aKTIVOPBOATNG Kot TN
ouvBetn euméonon. Emumdéov, mpocBétovtag petald g touviag Ko tng yelwong
KOTAAANAEG HETOAAIKEG paPdovg 1 O01ddovg, umopel va pvBuiletar mn ovyvotnta
GUVTOVIGHOV, M oOvOetn eumédnomn, kor 10 Sdypoppa oktwvoPoriag. H tovia
axtivofoAiag umopel vo givor teTpdywvn, opboymvia, Aemty Ampida (dimolro),
KUKAKY], eAdemtiky), Tpryoviky «in. (Ewova 2.2) evod  ocvvnbéotepa
YPNOLOTOLOVVTOL 1] TETPAYOVIKT], | 0pBOYOVIKY], 1] KUKAIKN KOl 1 OIMOAKT AOY® TNG
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EVKOMOGC  KOTOOKELNG Kol  ovilvong Kabdg kot AOY® TOV  EAKLOTIKOV
YOPOKTNPIOTIKOV aKTIVOPBOAING TOVG. YTApYovv O14popeg TEXVIKEG UE TIC OMOlEg
UTOPOVLE VO, TPOPOSOTNGOVE L0 LUKPOTOVIOKT Kepaia. Ot mo dtadedopéveg eivon n
TPOPOJOGio e pIKpOTOWVIOKY ypapun (microstrip line), pe opoa&ovikd kaAdS10
(coaxial feed), pe ovlevén péow Swepdyunatog (Aperture- coupled feed) kou pe
o0levén Aoym yerrviaong (proximity-coupled feed). IMapoia awtd mapoveialovy Kot
KOO0 AEITOVPYIKG LELOVEKTLLOTA OTTOC LKPT] adO0GT), LIKPT 16Y0E KoL TOAD UIKPO
€0pog {MVNG GLYVOTATMOV TO OTTOio OUMG LE XPNON KOTAAANA®WY pnebddwv pumopodv va
BeAtiwBobv onuavtikd. Tlpokeipévonv vo BeAtidcovy v amddoon g Kepaing, ot
OYEJOTEG EICNYOyOV  oy®yOoug Ppoyvkvkimong (shorting pins) petald e yelwong
(ground plane) kot TG aydYNG EMPAVELNG GE LAPOPa. CTIUEID INUOVPYDVTOS KATA
avTOV 10 TPOMO Mo emimedn Kepaio aveotpappévov F (Planar Inverted-F Antenna
PIFA). H mpocbnkn tov oyoydv ovtdv, £gel ooV omoTéAecua T UElmon Tov
QLOIKOV JOTACE®V TNG Kepaiag yuor dedopévn GuYvOTNTO GLUVTOVIGHOV. XTNHV
BBroypaeia, moikiieg epappoyég g Brotatpikng Teyvoloyiag Exovv oyedlaotel pe
™ TEYVIKN avTn, Onwg moapovcstdletol otov mivaka 1 Tov kepaiaiov 2, TPOKEWEVOL
Vo EmTOYOLV KaAVTEPN oikpuvor kot PeAtioon Tov gupovg Aettovpyiag tove. Ot
nolventinedeg (Multi-layered) puikpookomikég kepaieg £xovv 1010iTEPO TAEOVEKTIKY
dopn| 6cov apopd ™ peimon v dwotdoewv G Kepaioc. Ot moAveminedes OOUES
neploppdavouy katakdpven otoifaln tavidv (vertically stacked radiating patches),
aLEAVOVTOG £TOL TO UNKOC SLOOPOUNG PEVUATOG €T TOV TOVIMV, UELOVOVTAG, MG
OTOTEAECLLO, TO GLVOMKO QLGIKO péyebog g kepaiag. H moAvotpopatikn avtn doun
elval  €0KOAN oIV KOTOOKELY] Kol  Owo@oAilel  KoAOTepa Ta  emBountd
YOPOKTNPLOTIKA TNG KATELOVVTIKOTNTA Kol AmOS00NG TNG KEPOLNG G GYEOT UE AAAES
dopég mov avaeépovral ot Piprloypaeio. Emmiéov, ot aktivofointég avtol Exouvv
evpl pdopa Aettovpyiog AOy® oyvpNg aAnAenidpacng tov H/M kovtivov mediov pe
TOVG AVOPAOTIVOLS 1GTOVG.

[Tpokeévov va Peitictonoinocovpe to 6teEVO €0pPOg AElTOLPYiOg TOV KEPAULDV
Miukpotawviag, S1apopeg teXViKEG éxovv mpotabel. Avtéc mepthouPavoov: i) Tnv
emidopaon tov vrmootpopatog. H peiowon g dimiextpikng otabepdg PeAtudvel to
evpog Ladvng ™ kepaiag. 'Eva vrootpopa pe peyaldtepn SMMAEKTPIK oTafepd 1 TOL
elvan wayOtepo Ba vroEEpel amd avEnuUévn S1EYEPOT EMPAVEIOKADYV KVUATWOV, 1 0ol
Oo pewwost Vv omddoon g Kepaiog. EmumAiéov, n avénon tov mhyovg Tov
VTOGTPOUOTOC Oev €ival 10aviK) ADOM Yo TG EUQLTELGIUES OOTAEELS, POV
avédvetar o 6yKog, To BApog Kol To KOGTOG TG kepaiag. i) Tnv enidpacn eloaymync
gykomwv omnv towvic. H teyvikny swoaywyng eykommv (slotted patch) amoteAel pia
OmOTEAECUATIKY LEOOOO EAEYYOL TNG GLYVOTNTAG CLVTIOVIGHLOV Kol TOV €0POVS LOVNG
TOV KEPOLADV, O10TNPOVTAG TapdAANAa Likpd To péyeboc. H Baoctkn 10€a g texvikng
elvar M avénon ¢ Sdpoung Tov PEVUOTOC TAVE® OTNV EMPAVELN TNG TOWVIOG
ONUOVPYDVTOG CIYHOEWN HovomdTio pe TN xbpaén eykommv mave oty touvia. H
TEYVIKY Uropel vo vAomoin0el pe Topéc oTic akpeg g touviag, €ite pe avAdKwon eite
LE TEPIKOTN TOV YOVIOV. Mg dedopévn T1 cuyvoTnTo GLVIOVIGHOD gival duvatd va
emtevyBel peimon tov dtaotdoewv g kepaiog. Ot eykomég pmopel va lvatl GYNIOTOC
U, E, H ktA.
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"Evoc dAhog tpdmog avénong g evpulmvikdtrog g Kepaiag ivor pe ) ypnon
TOPACITIKOV TEYVIKOV. YThpYovv 600 VAOTOWOELS TOPAGITIKNG YEOUETPIOG: 1) M
opoeminedn kot i) 1 otolPayuévn yeouetpio. Tnv mpdT vVAomoinon 1 kepaia
amoteAeiTal amo MOAAEC Tovieg evoOuEveg HE pio KOpla Tavia, 1 omoio eivotl Kot 1
povn mov €xet deyepbel. Katd puniog kot mAdtog pog kepaiog Mikpotaviag, KAmToleg
amd TIG OKUEG TNG OKTWOPoAOVV kot Kdamoteg Oxl. Otov Ol MOPACITIKES TOVieg
tonofetovviol Kovtd otnv evepyn tawvia, totE Ol TPOTEG SLVTOViCovTal, AOGY®
dwatapoync kot nAektpopayvntikng  ovlevéng  (Multiresonator MPA). X1
otolayuévn ye®UETPia Ol TOPACITIKEG Tavieg TomofeTohvTal N Hio TAVE TNV GAAN
(ToAveminedn d1dtaln) Kol 0O GUVIOVIGUOC OAMV EMTLYYAVETOL AGY® S1OPPOYLOTIKNG
o0levénc N nAektpouayvntikng ovlevéng (Multilayer broadband MSA).

Avdloya pe to €i60¢ Tov 16ToV Kot Tn cvyvotnTa Tov H/M Kdp0Ttog ot mapaueTpot
™G OMAEKTPIKNG  EMITPENTOTNTOC KOL  Oy®OYILOTNTAS TOV  PLOAOYIKOV  10TOV
emmpedlovton avtiotoryo. 10 Ke@dAowo 2-mivaxkeg 2&3, ava@EPovTol EVOEIKTIKA Ol
TIWES TOV OMAEKTPIKOV GTOHEPDOV TOL GLVAVTIMOVTOL GUYVE GE EUPUTEVGIUES Kot
KATATOOUES 1oTpikég Olatdéels. [a va pmopécovpe va aEOAOYNGOLLLE TV 0mOd00T)
plog xepaiog €vtdg TOL  AVOPOTIVOL  OPYOVIGULOD  YPNOUYLOTOOVUE  LOVTEAD
npocopoimong tov avBpomivov copotoc. Ta poviélo avtd dSwukpivovioar ce 60O
ueyddeg katnyopiec ta apOunTikd Kot To. puoikd (phantoms).

2y Katnyopia T@V aplOunTIK®V HOVTEA®V OVNKOLV TO Kavovikd (canonical
models) kot ta avatopkd povtéda (anatomical models). Ta kavovikd povtéda, Exovv
OamAT  YEOUETPlOL KO YPNOLUOTOOVVTAL €VPEMS KOODS HEIDVOLV OPKETO TOV
VTOAOYIGTO KOGTOG TNG TPOGOUOIONG TPOCOEPOVTINS TAPAAANAL  aElOTIoTO
amoTeAEoHATO. ZVVIHOMOE OMOTEAOVVTOL OO €VOL 1) TEPIGCOTEPU CTPOUATH GE OTAN
yveopetpikry ddtoln (opboydvio kovuti, KOAwdpog, oogaipo k.o.). To avotopkd
LLOVTEAQ YPTCLULOTOOVVTAL OTAV BEAOVUE VO EKTIUNGOVLE TIS OOdOGELS TNG KEPAIOG
KAvOvTag ypfoN MO  PEOAMOTIKOV TPOCOUOWDGEMY. To  OovOTOUKE  LOVTEAL
TPOKLATOVY amd TO0 GVVOVACUO dedopévav Mayvntikng Topoypagiag (MRI) 1/xon
Ymoloyiotikng Topoypaeiog (CT) pe Tic MAEKTPIKEG 1O10TNTEC TOV 1GTMOV TOV
avOpomvov copatog. H ypron avtdv tov pHoviélmv amottel 1oyvpd VITOAOYIGTIKA
oLOTAHOTA KOl O XPOVOC mpocopoimong avédvetal onuoviikd. Télog to Quoikd
LOVTEAQ YPNGULOTOLOVVTOL GTN TPAEN, LE OKOMO TNV TEPAUOTIKY ETOANOELoN TOV
OTOTEAECUAT®OV 7OV TPOoEKLYAY ond T apluntikd poviéha. Mmopel va €yxouvv
OTOLOONTOTE GYNLLOL, OKOLO KOl VOTOHKO, Kot 1) cVGTACT TOVG Umopel va glvar gite
OLLOLOYEVIG ELTE 1] OLLOLOYEVTG.

Mo ™mv mpoPreyn TV enevepyeldv NG MAEKTPOUAYVNTIKNG OKTvOPoAlog M
uébodog twv nenepacuévav otolyeiov (Finite Element Method, FEM) &ivai avth mov
EQUPUOCTNKE OTN TAPOVCO, SUTAMUATIKY Epyacio. XOppova pe ) uébodo FE, to HM
TpOPANUA, TO 0molo amoTeAEital OO TN YEWUETPIO TNG TNYNG, TN LOVTEAOTOINGT TNG
O€yeponG, TOLG OKEDOOTEG KOL TIC GLUVONKES OmMOPPOPNONG, OLKPITOTOLEITOL LE
petafintd  tpémo. T v TWEPYpOoen  TOV  TOAVTAOK®OV  YEOUETPLDV,
YPNOOTOOVVTOL HKPE OTOlXElo. TAEYUATOS, EVAD YO O OUOLOUOPPES TEPLOYES
YPNOLOTOOVVTOL UEYHADTEPO TAEYHOTIKO oTotyelo. Ta otoyeion mov emdéyovtan
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gtvon amhod oyfuotog (€00 teTpacdpikd). H vroloyiotikn oyedioon kot HeAétn g
Kepaiog Tpaypororolovviol oto Aoyiopkd Ansoft HFSS (High Frequency Structure
Simulator) pe t PonBeia g peboddov TV Ilenmepacuévov Trtorxeiov. To douikod
mAeypoatikd otoyeio tov Aoyispukod HFSS éyer oyfuo tetpaédpov, 10 omoio
emupénel MV okpipr] poviehomoinon kot toyeion eTilvoTm KOUTOA®V YEOUETPUDV,
OGS 01 TPOTEWOUEVEG KeEPaTleg KUKAKNG YewpeTpiag. To mA&yua diakpitomoinong tov
vd mpoocopoiwon HM povtéhov PeAtiotomoteitan avtdpato omd 10 AOYISHKO pe
emovonmtikd tpémo. To mAéypo petafdrietor katd, to moiv, 30% oe kdabe
EMOVAANYT. Ol ETOVOANYELS GTANATOOV OTOV 1 HEYIOTN O(pOPE GTOV VTOAOYIGUO
TOV HETPOV TOV GLVTEAESTY] avakAaons ™G kepaiag (IS, ) peta&d dvo emavorlnyemv
elvar pikpotepn tov 0.02 (kot’ amodAvtn Tun), N 6tav o aplBudg TOV ETAVIANYEDV
etvar peyarvtepog tov 10. INa Adyovg evotdbeiog g apOunTIKNG ETiAVONG, 1| KEPaia
nepPdiieton and aépa o dotnpa (A,/4 , 6mov A, eivar T0 PRKOG KOPOTOG GTOV
eAe0BepO YDPO GTN GLYVOTNTA GLVIOVIGHOV). XTO. OplaL TNG TEPLOYNG EMIALONG
Bewpodviar oploKeéS ocvvinkeg amoppdPNONG Ol OMOlEG TPOGOUOLDVOLV TNV
axtivofOAnom otov eEAebBepo ydpo anelpwv S0GTAGEWV.

210 Ke@AAOO 3 peAETNONKE O HIKPOOGKOMIKY TOAVEMIMEON Kepatd, 1 omoia
Aertovpyel oe VO €0p1M GuyvotHTOV, 0T ZOVN YInpeoiwv Emwowvoviag latpucomv
Epgutevpdtov (MedRadio band 401- 406 MHz), koaw ot Zodvn Bopnyavikov,
Emomuovikov kot lotpikov Eeoppoyov (ISM - band 2.4-2.483 GHz) ywo
epeutevoueg epaproyés. H kepaio tomobeteitar o tpla Kavovikd HOVIEAQ TOL
TPOCOUOIOVOLV TIG SMAEKTPIKEG WOOTNTEG TOL HVOG, TOV AVOPAOTIVOL KEPAALOD, Kot
G TPICTPOUOTIKNG OTAOTOUEVIG €KOOYNG TOL CAOUATOS (HLG-Aimoc-0éppa) Kot
UEAETMVTOL TOPBUETPOL TOV OLPOPOVV TO GUVTEAEGTN AVAKAMONG S, , TO KEPOOS TNG
kepatog, To dudypappo axtivoforiag x.o. H kepaio amoteleiton and téooepa kdbeta
oTolayuéve. VTOGTPAOUOTO  HE OTIPOEWN opHoydVIH ETUETOAA®GT OTO YOAKO,
mhyovg 35um Kot 016TAGE®V OV Tapovstdlovion oty kéva 3.5. To viAkd mov
ypnowonomdnke yu avtd eivar 1o Roger TMM 10 (ahovpiva) Adym g peyding
OMAEKTPIKNG TOL eMTPENTOTNTAS &£,=9.2 KOl TOL YOUNAOD GULVIEAECTI] OTMAELDV

tand=0.0022. H o&wdroén mepikieieton péco o€ P KOAMVOPIKY KAWOLAD oo
BroovpuPato vikod PEEK (Polyetheretherketones) méyovg 0.8mm. O cuvoAiKdg 6YKOG

™me kepaiog eivon  x5°x 32.1mm?. TIpokeiévov va  mpocopoledel peoloTikd M
emBounT vVIodoPeL ERPHTELON 1 KepPaio TOmOOETEITOL £KKEVIPA GTO KLAWVOPIKO
Kavovikd povtédo (25mm katd tov X-dEova & 17mm katd tov Y- aova).

Ta omoteléopata, Otav m Kepaio mpooopowwveror oty Zovn MedRadio
Bpiokovion o ovuemvio peE 00O OVOUEVOVIOV MG TPOG TS TOPOUETPOVS TOV
OUVTEAESTI OVAKAOGONG, KEPOOLS, KATELOVVTIKOTNTAS, WGTOGO 1 Kepaio cuvtoviletal
ekt10g TV opiov ¢ MedRadio (401-406 MHz). Zuykekpiuévo, 0 GLVTOVIGUOG TNG
Kepaiag emttuyydveral peta&h Tov vpovg cuyvottev 385-390 MHz. Agdopévov, 6Tt
oA To Prjpoata g dadikaciog oyedaopold g dudtadng, akoAovOnOnkav pe
TPOCOYN, TOKIAEG TEYVIKEG TPOTAOMKOV TPOKEUEVOL VO KOUEOEL 0T 1 ATOKALOT).
H mo elxvotikn, eivor n avTikaTdoTtaon ToV VAIKOD TOV VTOGTPMOUATOS amd To Roger
TMM 10, oto Roger TMM 6 (youniotepne dmAekTpikng emtpentdtrog). Onmg
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SPAIVETOL OTIG YPAPIKEG TOPOUCTACELS TOL TOPOVSIalovtal oty ewkova 3.14 n
oVYVOTNTO GUVIOVIGHOV, HeTakiveltal TOTE mpog TV embounty Zovny Agitovpyiog.
Ymv Zovn ISM, 1o amoTteAéoHOTo TOV TPOCOUOUDCEMY EVOL TKAVOTOINTIK(, OTMG
napovcioletor oTig ewoveg 3.15-3.18.

21N ouvéreln HeAETATOL 1] EMIOPACT OV £XOVV Ol OAAAYEC KATOI®V TOPUUETPDV
omv amoddoon ¢ kepaiog. E&etdalovrar petafAntég mov agopolhv: 10 SNAEKTPIKO
VAMKO TOV VRTOGTPOUATOV, TO TAYXOC TV UETOAMK®OV Awpidwv, TO onueio
TPOPOO0Ging TG Kepalds. To amoteAésHTA TG TOPAUETPOTOINONG TapovstdlovTan
oT1g ewoveg 19-27 tov keparaiov 3. Téroc, mpayuatomoleiton PeATioTomoinon TV
TOPAUETPOV TNG LETOAMKNG S1adPOUNG TG KEpaLog LE xpror Tov aAydpiBuov Quasi-
Newton (QN method). H pébodog Aappdvel o¢ mapapetpikéc 16000vG To TAATN Kot
O UAKN TOV UETOAMKOV Aopidmv Tng kepoiog, Kot He OEOOUEVO  KPLTHPLO
TEPLOTIGHOD, TO TAATOG TOL GLVTIEAEGTH avakAaong va givol pkpotepo and -20dB
OTN GLYVOTNTO GLVTOVIGHOV, TPAYLATOTOEL dtadoyIKd 350 emavalYeELlg TPOKEYUEVOL
va emtvyel o Pétioto amotédecpa (Ewdveg 3.28 3.29. 3.31). O Babudg cvykhiong
010 {nTovpevo amotéAeopa gaivetal og kabe emavaAnyT and tn GLVAPTNOT KOGTOVG,
N omoio emoTpéPel UNdEV OTav 0 OAYOPOUOC €XEL TKOVOTOUCEL TO KPLUTNPLL
avalnmong kol peyaieg TWEG OToV dgv Kavomowovvtal to Kpttnpila. Qg PéATio
Aoon tov TpoPAnpoTog emAEXONKE AT LE TO pKpOTEPO KOGTOG (COSt=2.835), amd
OTLYUN TTOL G€ KOUio ETAVAANYN SEV IKOVOTOONKE TO KPITNPLO TEPUATICUOV.

210 KeQAAN0 4 TOPOVGLALETOL O GYESUGUAC KOl 1| HEAETN TOV EMOOCEDV LIOG
TPOTOTLANG Kepaiog Tov otnpiydnke oTnv LAOTOINOT TG TOALETITEONG KEPALNG TOV
keporaiov 3. H véa kepoaio eivor akdun mo HIKPOOKOTIKAOV OSOGTACEDV Kol
amotteiton ) Aettovpyia g otn Zovn Zvyvoritov MedRadio. H duitaén amoteleiton
TAEOV OO TPio VTOGTPOUATE avTi Yo T€ooepa, diektpikod vAikov Roger TMM
10, evd o cvvolkog 0yKkog TG kepaiag eivar 2018 mméévavtt Tov apykod 2529 mm?.
To mhyog KGBe LVTOGTPOUATOG UELOVETAL EAAPPO OTMOC EMIONG Kol TO UNKOG TNG
dwataéng katd 2mm. To mhdtog TG LETOAAMKNG SLOOPOUNS TOV pedUATOS ovEdveTon
KaBdg emiong Kol 10 PUNKog G, OG0V aPopd Kupimg TiG O0GTAGELS TG OTO TPMTO
vrndotpopa. Onwmg kot wpiv, v Kepaia mepikieietl frocvpfarn Kayovia, KOAMVIPIKOV
oynpotog, and viko PEEK.

H «epoio, ot0 mpdT0 0T TPOocoUOIDGE®Y, TOomoDeTEiTOl  GE TPlOL KOVOVIKA
HOVTEAQ TOL  TIPOGOLOLMVOLV TIG SMNAEKTPIKEG 1010TNTES TOV HVOG, TOV aAvOpOTIVOL
KEPOAOV, KOl TNG TPIOTPOUOATIKNG OTAOTOINUEVG EKOOYNG TOL COUATOS (LVG-Almog-
dépua) mpokeévonu va edeyybel yio epappoyég oe gpeutevoipeg owtdéerc. Ta
amoTeEAECHATO  KATAOEKVOOLV €0pwotn Aettovpyio. H xepaio ovvroviletor ota
405MHz pe pétpo ovvtekeot avakiaong (IS ,;|) mov Eemepvael ta 20dB kot otig
1peig mepumtdoets. Ta péyiota képon tng kepaiag vroroyilovtat ota -24.2 dB, -28.06
dB, kot -25.49 dB ota tpic. KOvovIKOTOMUEVO LOVTELD OVTIGTOLYO.

E&aitiog tov pikpookomikoh peyEBovg Kot TG 1GOTPOTIKNG TG aKTVOPOAinG, 1
KePaAio O6TO OEVTEPO GET MPOGOUOLDCEMV EAEYYETOL YIO. EPOPUOYN OE KOTOUTOGULES
dwtaéels. EEapmuota Ommg HMKPONAEKTPOVIKA KLUKA®UOATO, olcOntipes, Kduepa,
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eonto LED, puropodv va tomofetnbovv otov Kevd ydpo mov PpiokeTon KAT® Kot Tiom
and Vv kepaia (BA. Ewova 4.1). H didtaén tomobeteiton o€ Kovovikd HLOVIELD TOL
TPOGOUOIDOVOLV TIG OMAEKTPIKES 1O10TNTEC TV 1OTOV TIS YOUOTPEVIEPIKNG 000V
(160(Qayov, GTOUAYOV, AETTOV KOl TAXEMG EVIEPOV). XTOV 1GOPAYO, GTO GTOUAYL Kot
010 moyL €viepo M kepaio ocvvroviCetar ota 401.5 MHz, 395 MHz, 405 MHz
avtiototya e cvvteheot S, mov Eemepvaet ta -20dB kot oTig Tpeic TeptToES. XTO

Aemtd  éviepo M kepailo  @aivetor vo  emnpedaleton  Eviovo  amd  QOVOUEVOL
OTOGVVTOVIGLOV, TO OTOI0 €VOEYOUEVMG VO OQEIAETOL GTN LYNAY SMAEKTPIKY TOV
ayOYUOTNTO TOL 16TOV, LE OMOTEAEGILO. O GUVIEAEGTNG OVAKAAONG Va. Eivol LELOUEVOC.
[Mop'olo owth € MO PEAMOTIKG HOVIELD TPOGOUOUDGEMY, TO (POIVOUEVOH LT
avapévetor va kopedodv. Xvvolkd 1 mpwtdtumn Kepaio epeaviCel g 0pwoT
Aertovpyio T000 GE ELPLTEVGYLES OGO KO GE KATATOGILES EQAPLLOYEC.

Melhovtikn epyocio Ba pmopodoe va mePAapPAvel TOV ETAVOCYEOIAGUO TNG
Kepailog TPOKEWEVOL va emTeELYOOVV: €MMALOV GUIKPLVGT), OKPPNG TPOGUPUOYN
(éto1 dote N dudtaln va Asttovpyel pe emapkeic amodOcElg 6 OAOL TO. ATAOTOUUEVAL
LOVTEAQ), HEAETN) GAA®V OMAEKTPIK®OV VAKAOV oL B pmopovoay evOEYOUEVMS VO
xpnowonomBodv yi v gvioyvon g anddoons g Kepaiog, Kab®OG emiong kot
TEPOLOTIKN KATOAGKELT KOl LETPNOT TNG KEPOLOG GE PUGTKA LOVTEALL.
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Chapter 1

Introduction

The first chapter is introductory and depicts the current state-of-the-art in implantable,
ingestible and injectable medical devices for medical telemetry. One of the most major
components of these devices, are the antennas embedded in such systems, which enable
the transmission of physiological signals at a certain distance .The challenging request of
wireless performances for implantable / ingestible devices reflects on the difficulties of
the design of these antennas. The subject of this thesis is presented, which is the design of
an optimized antenna for data telemetry.

1.1 Biomedical telemetry and applications

Recent advances in information and communications technology (ICT) enable the
acquisition, transmission, and interpretation of different biosignals, from fixed or mobile
locations, at an acceptable cost. This is what biotelemetry is about. It can support better
prevention and well-being and provide valuable and prompt diagnostic tools in various
application domains, ranging from home care to emergency care, or situations in which a
second or a specialist opinion is required before taking a clinical decision.[1]

Biomedical telemetry offers wireless, restraint-free, simultaneous, real-time, long-term
data gathering of physiological variables in conscious, unrestrained humans. Biomedical
telemetry systems consist of various medical and other devices to create a medical sensor
network that can be used in various application domains such as:

* Diagnostic Applications: In order to gather biomedical, physiological or histological,
data from the sensors within or around the body in order to identify and diagnose any
kind of pathologies (i.e. eye implants to measure intraocular pressure to diagnose low
tension glaucoma, endoscopic wireless camera-pill to capture images from the digestive
tract,..)

 Therapeutic Applications: In order to alleviate certain symptoms and help in the
treatment of a disease (i.e. drug delivery systems, ePatch, ECG holders,..)



* Rehabilitative Applications: Rehabilitative biotelemetry systems used to substitute a
lost function, such as vision, hearing, or motor activity (i.e. neuromuscular
microstimulator to stimulate paralyzed muscle groups, visual prosthetic device designed
to stimulate ganglion cells in retina in order to restore vision to people, fall detection
sensors, etc.) [2]

1.2Biomedical telemetry link to Telemedicine

Telemedicine (also referred to as "telehealth” or "e-Health") is defined as the delivery of
health care and sharing of medical data over distance using communication technologies.
Current telemedicine systems are supported by state of the art technologies like
interactive video, high resolution monitors, biomedical telemetry data acquisition
systems, high speed computer systems, expert clinical decision support systems,
electronic patient record systems , and telecommunications systems including fiber
optics, wireless networks, satellites and cell phones .

Telemedicine services have become successful in delivering and exchanging health care
information, and it is widely recognized that modern wireless technology has an
important role in making that possible. It is obvious that the delivery of health care and
health care organizations are converted by advances in biomedical telemetry
technologies. These advances trigger a range of improvements in the way in which
healthcare services are delivered. Patient-specific healthcare is a research field that has
recently garnered much more attention due to the benefits of better services provided to
patients and a reduction of healthcare costs. A series of emerging technologies and the
exploitation of Information and Communications Technologies (ICT) aim to emphasize
the provision of personalized healthcare services to patients [3][4][5].Preventive medical
care will be highlighted for individual health management, data will regularly be
transmitted to the hospital via built-in sensor and monitoring systems, while mobile and
wireless technologies will, support the acquisition, integration, analysis, and storage of
clinical data in all its forms.

1.3 Implantable Medical Devices

The field of IMDs (Implantable Medical Devices) is one major category of Biomedical
Telemetry. These devices, permit the measurement of physiological signals at a distance,
through either wired or wireless communication technologies. Electronic implantable
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medical devices (IMD) are designed to be fully or partially implanted in the human
bodies through surgeries [6], and remain in bodies for several hours to several years or
even permanently after the surgical intervention. From the invention of the cardiac
pacemaker with its first implantation in 1953, a bunch of electronic IMDs for both
therapeutic and diagnostic applications have emerged over the last decades. Especially in
recent years, there have been significantly increasing demands on electronic IMDs. In
today's clinical application, well known IMDs include cardiac pacemakers, implantable
defibrillators, cochlear and retinal implants, nerve stimulators (Functional Electrical
Stimulation- FES), limb function stimulation, ,bladder stimulators, sphincter stimulators,
diaphragm stimulators, implantable infusion pumps for drug delivery, blood-glucose
sensors such as Continuous Glucose Monitoring (CGM) Biosensor , Intracranial pressure
sensor system (ICP), bio-monitoring devices such as temperature monitors or the capsule
endoscope. Some of these devices are presented below:

Cardiac Pacemakers

Pacemaker is an implantable medical device including a small battery and placed beneath
the epidermal tissue of the chest. Electrical impulses are sent by the pacemaker to
stimulate the muscles of the heart, in order to contract and produce a heartbeat. Most
pacemakers work just when they’re needed - on demand. Some pacemakers send out
impulses all of the time - this is called fixed rate. [7]

Figure 1.1 Pacemaker
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Cochlear Implant

A cochlear implant (Cl) is a surgically implanted electronic device that provides a sense
of sound to a person who has a severe or profound hearing loss; Cochlear implants
bypass the normal hearing process; they have a microphone and some electronics that
reside outside the skin, generally behind the ear, which transmits a signal to an array of
electrodes placed in the cochlea, which stimulate the cochlear nerve. [8]

Ear with cochlear implant
Transmitter L]

Speech
processor

\ - Electrode array

Ear with cochlear implant
Source: NIH/NIDCD

Figure 1.2. Cochlear Implant. [9]

1. A sound processor worn behind the ear or on the body, captures sound and turns it into
digital code. The sound processor has a battery that powers the entire system.

2. The sound processor transmits the digitally-coded sound through the coil on the
outside of your head to the implant.

3. The implant converts the digitally-coded sound into electrical impulses and sends them
along the electrode array placed in the cochlea (the inner ear).

4. The implant's electrodes stimulate the cochlea's hearing nerve, which then sends the
impulses to the brain where they are interpreted as sound.[10]
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Retinal Implant

Retina implant technology involves the use of microelectronics and microchip electrodes
surgically implanted into the back of the eye (retina) to restore the function of the
damaged light-activated cells found there. Via electrical stimulation of retinal neurons,
degenerated photoreceptors are being bypassed, achieving, to some degree, restoration of
the patient’s vision.

Eyeglasses with
camera

Video
processing unit

Electrode
array Electronics

Wireless
receiver

Figure 1.3.Retinal Implant [11]

Continuous Glucose Monitoring (CGM)

CGM is a way to measure glucose levels in real-time throughout the day and night. A
tiny electrode called a glucose sensor is inserted under the skin to measure glucose levels
in tissue fluid. It is connected to a transmitter that sends the information via wireless
radio frequency to a monitoring and display device. The device can detect and notify you
if your glucose is reaching a high or low limit.

Figure 1.4. Figure 1.4 CGM system [12]
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Diaphragm Pacing Stimulation (DPS)

Diaphragm pacing ,also known as phrenic nerve pacing, is the rhythmic application of
electrical impulses to the diaphragm to provide ventilation support for respiratory failure
or sleep apnea. At present, diaphragmatic pacing systems are still cumbersome, though
work is being done on more portable miniature systems. All currently available systems
involve an external transmitter and an implanted receiver. Fully implantable
diaphragmatic pacing systems are being developed.

3 i

Pacemaker
The older method of phrenic nerve stimulation for The newest approach to diaphragmatic pacing; the pacing
diaphragmatic pacing. electrodes are introduced via laparoscopy from the left chest.

Figure 1.5. Diaphragmatic pacing systems [13]

Intracranial pressure sensor system (ICP)

Intracranial pressure (ICP) monitoring uses a device, placed inside the head. The monitor
senses the pressure inside the skull and sends measurements to a recording device. There
are 3 ways to monitor pressure in the skull (intracranial pressure).

i) The intraventricular catheter is the most accurate monitoring method. To insert an
intraventricular catheter, a hole is drilled through the skull. The catheter is inserted
through the brain into the lateral ventricle. This area of the brain contains liquid
(cerebrospinal fluid or CSF) that protects the brain and spinal cord.

ii) Subdural screw. This method is used if monitoring needs to be done right away. A
hollow screw is inserted through a hole drilled in the skull. It is placed through the
membrane that protects the brain and spinal cord (dura mater). This allows the sensor to
record from inside the subdural space.

iii) Epidural sensor .An epidural sensor is inserted between the skull and dural tissue.
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The epidural sensor is placed through a hole drilled in the skull. This procedure is less
invasive than other methods, but it cannot remove excess CSF.[14]

Figure 1.6. Telemetric ICP Measurement. RAUMEDIC®

Functional Electrical Stimulation (FES)

Functional electrical stimulation (FES) is a technique that uses small electrical currents
to stimulate the nerves that connect to the paralyzed muscles. This causes the muscles to
contract. FES can be used to stimulate nerves in the arms, legs, trunk and buttocks that
have been traumatized or affected by a stroke, in order to achieve a range of functional
movements .The FES current is generated by a small battery-powered electronic device.
There are two ways of delivering the current to the nerve:

1) Surface (external) FES: The most common way is to use electrodes placed on the skin
over the nerve. It is important that the electrodes are accurately placed each time FES is
used if the correct movement is to be produced.

2) Implanted FES: This involves surgery in which the electrodes are placed directly onto
the nerves and controlled by a small implant placed under the skin. The FES device
activates the implant through a wireless antenna worn on the outside of the body.
Implanted devices remove the need to position electrodes on the skin each day. They also
significantly reduce or eliminate the sensation associated with external stimulation.[15]
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Foot Switch

Figure 1.7.Spinal Cord Stimulator [16] Figure 1.8.Implanted Dropped Foot Stimulator [17]

1.3.1 Wireless Medical Implantable System for Data Telemetry

The wireless body area networks (WBANS) can be seen as an integration of intelligent
networks, which permits devices and sensors to work together to obtain a series of
critical physiological parameters, such as blood flow velocity and heartbeat
frequency[18]. Recently, implant WBANSs for biomedical applications have brought
about a revolutionary change due to the development of antenna technologies and
wireless communication systems. Ubiquity, reduced risk of infection and early diagnosis
of a health risk are among the advantages of the WBANSs with implant devices.[19]
Modern wireless technology has provided the capability of a less invasive and disturbing
biotelemetry and has gained a lot of approval among medical implementations for a
number of reasons, including low power consumption, simple structure requirements
and potentially fast transmission data rates [20][21]. The main aim of a healthcare
monitoring system, with a wireless implantable device, is to provide reliable information
from inside of the human body to an external Base Station (BS) or subsequently a
smartphone. Physiological signals are obtained by means of appropriate transducers, then
postprocessed, and eventually transmitted to exterior monitoring/control equipment for
analysis by the operator. The components of a typical wireless biomedical telemetry
system are:

1. Base Station (or Smartphone) — consisting of several sub-systems such as :
a)a controller to drive the entire system and store the measurements

b)a receiver which encloses antennas;

c)a connector to the data collecting system.
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2. Channel Propagation

The analysis of the Electromagnetic (EM) propagation from the implanted device to the
Base Station is of great importance .Due to mostly indoor applications of IMDs, the study
of the multi-path propagation of the radiated EM waves and the scattering because of
nearby objects is crucial, as it can evidently improve the performance of the entire
system.

3. Human Body

The complex, dispersive and highly lossy characteristics of the human body inevitably
affect the analysis, design, realization and characterization of implantable antennas, thus
the wireless performances of the entire system.

4. Insulation

The human body is a hostile environment for the Radio Frequency (RF) radiation. Thus,
biocompatible insulation is necessary for any implantable device, in order to avoid any
undesirable reaction with the living tissues. Moreover, placing insulating layers around
the antenna or on the surface of the human skin, can enhance the EM transmission from
an implantable radiator to the Base Station.

5. Implantable Antennas

The design of the radiator is essential for an implantable device operating in a WBAN of
a few meters range. Factors such as radiation efficiency, bandwidth characteristics,
coupling with the lossy biological material and optimal use of accessible volume must be
taken into consideration.

6. Power supply and Electronics

The power supply takes up the most space within the device and its degradation
determines the longevity of the device. To extend the life span of IMDs several options
are being explored including; the use of internal power supplies; transferring power
wirelessly from an external source; and blood sugar energy harvesting.

Electronics of an IMD are responsible for exchanging data and providing signal
processing, as well as regulating the power demand, that is required to make the unit
operational.

7. Bio-sensors and Bio-actuators

Depending on the purpose they need to serve, IMDs either include biosensors, which
utilize biological material to monitor physiological process, or bio-actuators to stimulate
a physiological reaction to perform a bodily function. In some cases, IMDs work both as
sensors and as stimulators.
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8. Characterization and Experiments —Compliance with Regulations

All devices constituting the healthcare monitoring system, must strictly conform to
regulations regarding patient’s and operator’s safety. They must also, undergo extensive
testing in order to validate the accuracy and reliability of the results. Thus, in vitro and in
vivo testing on animals is required before human testing can commence.

1-Base 2-Channcl 3-Human
Station propagation body

™7

4-Insulations S-lmplantable 6-Electronics 7-Bio-sensors
antenna and power supply  and bio-actuators

o 0 we o=

Figure 1.9. Wireless Implantable system for data telemetry [22]

1.3.2 Frequency bands

Wireless implantable devices operate in several frequency bands depending on the
required data rate, working range, power transfer capability and different government
standards. The prevailing frequency bands include the Medical Implant Communications
Service (MICS) band (402-405 MHz) and the Industrial, Scientific and Medical band
(ISM) (2.400 - 2.500 GHz).

Medical Implant Communications Service,( MICS)

Until recently, no globally accepted frequency band had been given over to biotelemetry
for IMDs’ applications. In order to overcome range limitations in the mid-1990s,
Medtronic, petitioned the U.S. Federal Communications Commission (FCC) for spectrum
dedicated to medical implant communication. The 402-405 MHz Medical Implant
Communication Service (MICS) band was recommended for allocation by ITU-R
Recommendation SA1346 in 1998. The FCC established the band in 1999 with similar
standards following in Europe. In March 2009, the FCC announced the establishment of
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the MedRadio Service (401 — 406 MHz) under Part 95 of the Commission’s rules,
following earlier European regulatory approval in 2007. The creation of the MedRadio
Service incorporated the existing MICS spectrum at 402 — 405 MHz and added additional
spectrum at 401 — 402 MHz and 405 — 406 MHz for a total of five megahertz of spectrum
for implanted devices as well as devices worn on the actual body [23]. MICS is permitted
to operate at an Effective Isotropically Radiated Power (e.i.r.p.) level of -16dBm (25
microwatts) or less in a reference bandwidth of 300 kHz in order to provide adequate
protection to the Meteorological Aids Systems [24]. The MedRadio band is available for
long term medical implants, and therefore has minimal electromagnetic pollution that can
cause interference in this band. However, caused by long wavelength for MedRadio
band, antenna design at MedRadio band would cause some challenging problem, such as
large antenna size, low radiation efficiency, and narrow operating bandwidth. [25]

Industrial Scientific and Medical,(ISM)

The industrial, scientific, and medical radio band (ISM band) refers to a group of radio
bands or parts of the radio spectrum that are internationally reserved for the use of radio
frequency (RF) energy intended for scientific, medical and industrial requirements rather
than for communications. ISM bands are generally open frequency bands, which vary
according to different regions and permits. The 2.45 GHz ISM band (2.400-2.4835 GHz)
with the mature circuit technologies, wide support for connecting to smart phones and
other mobile devices, convenient access to the network, is also widely used for
implantable medical systems [26]. According to ETSI EN 300 328 [ETSI, 2004]
Standard, ISM has an effective radiated power of up to -10 dBW (100 mW). A great
advantage of the ISM band is the enlarged bandwidth which enables higher data
transmission rate (i.e. video transmission).

Note however, that higher frequencies suffer from greater body attenuation. The
industrial, scientific and medical bands (ISM) are heavily used by other systems (i.e.
Bluetooth devices, ZigBee, cordless phones, Wi-Fi computer networks etc.) and they are
generally less favorable for the communication of medical data.

Other frequency bands designated for biotelemetry devices:

-Wireless Medical Telemetry Service (WMTYS): (608 — 614MHz, 1395 — 1400MHz, 1427
— 1432MHz) is a wireless service specifically defined in the United States by the Federal
Communications Commission (FCC) for transmission of data (except voice and video)
for remote monitoring of a patient's health.
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- _Ultra-wideband technology (UWB) :Several countries (US 2002, Singapore 2003,
Australia 2004, New Zealand 2005, Hong Kong 2005, Japan 2005, Europe 2006, and
South Korea 2006) have adopted domestic UWB rules that permit medical imaging
devices in portions of the band 3.1-10.6 GHz. However, these rules are not harmonized
worldwide. The UWB frequency band is a promising candidate due to its simple
structure, multipath fading, and high data speed. Nevertheless, the weaknesses of UWB
are that it only offers short-range of coverage and it experiences higher energy
attenuation. [27]

1.3.3 Design challenges for Implantable Antennas

Implantable antennas are electrically small antennas radiating into a lossy medium
(human body), which has a relevant impact on the design of an efficient implantable
antenna. In order to perform a successful design, the following requirements and
constraints must be taken into consideration:

= Implantable Antenna Biocompatibility

For the IMD not to be rejected by the patient’s body ,the implantable antenna must be
biocompatible. Furthermore, human tissues are conductive, and would short circuit the
implantable antenna if they were in direct contact with its metallization [28].The
prevailing method for preserving the biocompatibility of the antenna-while
simultaneously separating the metal radiator from the human tissue — is to cover the
structure with a superstrate dielectric layer as shown in Fig 10.

Shorting Pin

Figure 1.10.Biocompatibility issues for implantable

patch antennas: the addition of a superstrate.

Frequently used biocompatible materials are Teflon (permittivity ¢, =2.1, dielectric loss
tangent, tand= 0.001) , MACOR ®( ¢,=6.1, tand=0.005), and ceramic alumina (&, =9.4,

tand= 0.006) [29].Although, it is essential to highlight that ceramic substrates are not the
most suitable choice for drilling and round cuts .Another commonly used technique for
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making the IMD biocompatible is the encapsulation of the antenna by using a thin layer
of low-loss biocompatible coating. Commonly used materials include zirconia (&, =29,
tand=0), PEEK (¢,=3.2, tand= 0.01), and Silastic (&,=3.3, tand=0). High permittivity
and low loss encapsulation materials (zirconia) allow the near fields of the antenna to

concentrate inside the encapsulation layer, thus mitigating power loss. However, PEEK
and Silastic are much easier to manufacture and handle.

=Miniaturization

Miniaturization becomes one of the greatest challenges in implantable-antenna design,
with new developments aiming at ultra-small antennas that however preserve the
desirable EM performances. The use of microstrip (patch) antennas enables some further
miniaturization techniques, since they appear to be highly flexible in design shape and
conformability. The aim is to decrease the antenna physical size, while increasing its
electrical size.[30]

The main design strategies are:

1) Lengthening of the current flow path on the patch surface; longer effective current-
flow paths can reduce the resonance frequency, and achieve a more-compact size for the
implantable antenna.

2) Addition of shorting pins; inserting a shorting pin between the ground plane and patch
increases the effective size of the antenna, which consequently, reduces the required
physical dimensions.

3) Patch stacking; vertically stacking two radiating patches reduces antenna size by
increasing (nearly doubling) the length of the current-flow path [31].

4) Use of high-permittivity dielectric materials for both substrate and superstrate. Their
use shortens the effective wavelength and leads to lower resonance frequencies, thus
assisting in antenna miniaturization [32].

ground patch
P Py
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Figure 1.11. (1) (2) (3) (4)
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Table 1.1

Various implantable antennas reporied in the literature,

Substrate S;mm Patch Shape aﬂﬁfﬁ?ﬁi | mplantation Miniaturization Technique [:r'rl{‘ |
Rogers 3210 Rectangular Spiral 402-405 Skin - 10240
RT Duroid 6002  Rectangular Wallle 402-405 213 Muscle Shorting Pin 64810
Rogers 3210 Rectangular Spiral A02-405 Skin Shorting Pin 6144
ARLOM 1000 Square SRR coupled  402-405 Skin Shorting Pin 13754
spiral 2400-2480

Rogers 3210 Rectangular meandered A02-405 Skin Shorting Pin 1200
Rogers 3210 Rectangular MN-shaped 402-405 Muscle Shorting Pin 7909
Rogers 3210 Circular Hook-slotted  402-405 Skin Shorting Pin and Patch stacking 3358
Rogers 3210 Square Spiral 402-405 Viterous humor  Shorting Pin and Patch stacking 2736
Rogers 3210 Square Spiral 402-405 Skin Shorting Pin and Patch stacking 14940
Rogers 3210 Circular Hook-slotted ~ 402-405 Skin Shorting Pin and Patch stacking 1492
Rogers 3210 Circular meandered 402-405 Skin Shorting Pin and Patch stacking 110,44
Alumina Circular meandered 402-405 Skin Shorting Pin and Patch stacking  32.7

*Patient’s safety

The rate at which power is absorbed by the human body [W/kg]:

SAR(X,Y,z) = G(X’;';)Z())(Ey(:)’ Y. 2)

p: tissue density [kg/ m®]

o: tissue conductivity
E: electric field amplitude [V/m]

Power limitations are necessary to prevent hazardous heating of biological tissue as
defined with peak spatial-average Specific Absorption Rate (SAR) limits. Indeed, the
maximum input power for the transmission from any implantable device must comply
with the SAR limitations, presented below:
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Table 1.2

_ IEEE C95.1-1999 | IEEE C95.1-2005 ICNIRP

whole-body 0.08 W/kg 0.08 W/kg 0.08 W/kg
average

partial-body 1.6 W/kg 2W/kg 2W/kg
average
averaged over 1g of lissue in  averaged orer 10g of tissue in averaged over 10g of
the shape of a cube the shape of a cube CORtigHoNs 1ssie

=Power supply

Towards the direction of lower power consumption, in order to extend the lifetime of
the implantable medical device , alternative solutions have been proposed, investigated
and developed. Nonetheless, inductive power transmission across the body tissue is
currently the prevailing solution to deliver sufficient power to various kinds of IMDs
with miniaturized dimensions [33].This method is based on a mutual inductance between
two coils in which one is located outside the body while the other is integrated with the
implanted device. As the external antenna transmits a varying electromagnetic signal, a
voltage would be induced in the receiver coil . The wireless power efficiency depends on
the resonance frequency (or operating frequency), distance, alignment, and coupling
matching between the transmitter and the receiver coils [34]. Furthermore, power
scavenging sources including motion, vibration, air flow, temperature difference, light
and infra-red radiation have been suggested.[35]

=Efficiency

Far-Field Gain, indicates the desired receiver sensitivity for achieving reliable
biotelemetry communication. There is a tradeoff between the size of the implantable
antenna and the far-field gain. Very small-sized antennas indicate low levels of gain,
which subsequently means low radiation efficiency. On the other hand, antennas with
high levels of gain, are of greater proportions. Thus, a compromise must be made
regarding those two parameters and the existing power limitations of the implantable
antenna.
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1.4 Ingestible antennas

1.4.1Wireless Capsule Endoscopy, (WCE)

These are the antennas inside the capsule that travels through the digestive tract and other
parts of the internal organs and diagnoses GI related cancers , tumours, Crohn’s Disease,
Celiac Disease, OGIB (Obscure Gastrointestinal Bleeding) ,inflammatory bowel disease
(IBD),etc. [36]. Studies are also extending the indication of CE to protein loss, growth
failure, abdominal pain, suspected polyp or graft-versus-host disease (GVHD) and
regular follow-up for the known small bowel diseases. The particularity of the alimentary
tract restricts the utilization of the current available examine techniques. The upper
gastrointestinal tract can be examined by Gastroscopy. The bottom 2 meters makes up the
colon and rectum, and can be examined by Colonoscopy. In between, lays the small
intestine being very long (average 7 meters) and very convoluted. However, this part of
the digestive tract lies beyond the reach of the two previously indicated techniques.
Therefore, the non-invasive technique, ‘Wireless Ingestible Capsule Endoscopy (WCE)’
enables the visualization of the whole Gl tract cable freely [37]. The swallowable pill
endoscope is a miniature telecamera that acquires images as it travels through the
gastrointestinal tract. The imaging system consists of a swallowable capsule, a data
recorder, and a workstation. The patient swallows the capsule, which contains a color
video camera, LED lights, wireless radio frequency transmitter, antenna and battery. The
capsule acquires images and transmits video signals to receiver. These capsules move
through the digestive tract by the natural motility of the tract itself. WCE takes images in
its 8-hour journey through the digestive tract, after it is swallowed by the patient. The
capsule is then excreted naturally in the patient’s bowel movement, and the data it
contains is retrieved and interpreted. Fig. 12 shows the human Gl tract consisting of four
main parts, that is, the esophagus, stomach, small intestine/bowel, and large intestine or
colon.
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7. Radio telemetry transmitter
8. Antenna

|_J UGI Tract

] Small
Intestine
‘ Colon

Figure 1.12.Complete Gl path of a bio-telemetric capsule and typical components found within an
imaging capsule system.

1.4.2 Applications

The first examples of wireless medical capsules were developed beginning in the late
1950s and measured temperature, pressure, or pH. Little further progress was made until
the recent development of a video capsule. However, video is only one of the several
measurements that physicians wish to obtain from the Gl tract. Accurate measurements
of temperature, pressure, pH and other ion concentrations can reveal pathologies that are
undetectable by video.

M2A

The very first capsule-type endoscope, that was designed, called the M2A, was developed
and commercialized in 2001 by Given Imaging Inc., Israel [38]. It is 10 mm in diameter
and 26-mm long with a charge coupled devices (CCD) camera, an RF module,
illuminating LEDs, and a battery integrated. It can be swallowed and can transmit
wireless still and moving images from the gastrointestinal tract.

In 2002 the company introduced M2ATM Plus, making it possible to know the location
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of the capsule, with an accuracy of about + 3 cm, by means of a triangulation process of
the signal strength received by three adjacent aerials. Then, the suspected blood indicator
(SBI) utility was implemented in order to decrease the time to interpret WCE
recordings.[39]

Al

Figure 1.13. M2A Capsule and schematic diagram of its components

PillCam SB

M2A was renamed PillCam SB (meaning “small bowel”; Fig. 14) after the advent of
esophageal CE (PillCam ESO; Fig. 15), also developed by Given Imaging [40]. PillCam
SB was approved by the Ministry of Health, Labor and Welfare of Japan in April 2007,
and finally reimbursement for CE costs was approved by Social Insurance Agency of
Japan in October 2007. The PillCam SB system has three components: a capsule
endoscope body, an external receiving antenna with attached portable hard disc drive
(data recorder), and a customized PC workstation (RAPID: reading and processing
images and data) with dedicated software for review and interpretation of images [41].
The PillCam SB capsule (11 mm x 26 mm, 3.64 g) contains among others a CMOS chip
imager, two watch batteries, and a UHF band radio telemetry transmitter. The activated
PillCam SB capsule provides images at a frequency of 2 frames per second until the
battery expires, after about 8 hours, which enables the device to take up to 55000 still
images (JPEG format).[42]
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PillCam ESO

Besides PillCam SB, Given Imaging produces PillCam ESO (Fig. 15), marketed in the
U.S. by the InScope Division of Ethicon Endo-Surgery Inc., Johnson & Johnson Group,
Cincinnati, Ohio (USA), [43]. The body of PillCam ESO harbors two cameras, one on
each side and, while it proceeds along the esophagus, it captures 14 images per second.
Other features, concerning dimensions, field of view and resolution, are the same as the
PillCam SB. The PillCam ESO acquires images which are directly transmitted to the
sensor arrays and then to the storage unit.

Figure 1.14. PillCam SB(11x26mm); a first line tool for Figure 1.15.PillCam ESO (11x26MM); capsule endoscope
the detection of abnormalities of the small bowel for investigating esophageal diseases

PillCam COLON

PillCam COLON (Fig.16, 11 mm x 31 mm) was developed by Given Imaging to detect
colonic neoplasia. Interestingly, some polyps can be detected by PillCam COLON that
are missed by a traditional colonoscopy, according to this interim analysis [44].

mPillEn

Figure 1.16.PillCam COLON
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Olympus Endoscope

In October 2005 Olympus Corporation, Tokyo (Japan), launched in Europe EndoCapsule,
a disposable and passive pill for small bowel endoscopy, 26 mm in length and 11 mm in
diameter, with a CCD sensor camera (Fig. 17) and an operational time of 8h.An antenna
sends two images per sec to the recorder. Moreover, thanks to the Real Time Viewer
monitor (Fig. 17), physicians can view real-time images and estimate the capsule
position. Then, the EndoCapsule Software allows the management of the acquired data.
Its main features are: a multi display function for optimal observation, structure
enhancement and enlargement display function to highlight the tiniest details, red color
detection function to highlight suspected bleeding symptoms, and auto speed adjustment
function to optimize the review speed.

-

Figure 1.17. Olympus WCE system: EndoCapsule & Real Time Viewer

Norika

Another wireless type endoscope called Norika V3 is being developed by RF System Co.,
Japan (Fig.18). It does not have any battery module in its body, and thus requires a
smaller volume. .The diagnostic system includes a pill, 23 mm in length and 9 mm in
diameter, a camera, 4 LEDs for illumination, an external controller, a transmitter vest and
a workstation. It receives the energy externally through transmitted microwaves. Besides
being able to transmit images, it can change the view point of the camera with a rotating
mechanism based on rotor coils. [45] The newly developed capsule-type endoscopes have
an advantage in reducing pain and discomfort of the patient due to its wireless nature.
However, they must move passively from the mouth to anus by the peristaltic waves.
Thus, no active diagnosis is possible due to the lack of a locomotive mechanism.
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Figure 1.18.The Norika3 capsule endoscope

1.4.3 Frequency Bands
Ingestible antennas operate in the following bands:

* Dual band MICS (Medical Implant Communication Services): 402 MHz-405 MHz
* ISM band: 2.40 GHz-2.48 GHz

* WMTS bands (608 MHz-614 MHz, 1395 MHz-1400 MHz, 1427 MHz-1432 MHz)
* Or even lower frequencies: 40 MHz

1.4.4 Design requirements for ingestible antennas

» The antenna should have enough bandwidth to transmit high-resolution images and
large amount of real-time data such as temperature, pressure, pH and oxygen
concentration of Gl tract. Thus, antennas with a miniature size but wide bandwidth are
required.

 The enhancement of antenna efficiency should facilitate lower power consumption , in
order to maintain the communication link given the power requirements imposed by
international safety guidelines (IEEE Std C95.1-1999 and Std C95.1-2005).[46]

*The antenna should drain a fairly small amount of energy so that the wireless capsule
can maintain its operation during the entire GI tract (typically 8 - 9 h). A future option ,
could be the wirelessly transmission of power to ingestible antennas using principles of
magnetic induction in order to avoid the use of batteries that limits the lifetime of such
systems

* The endoscopic capsule operates inside the dissipative multi-layer human body . So the
electric properties of this medium (high dielectric constant, conductivity different from
zero) are going to modify the antenna performances such as radiation pattern, resonant
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frequency, radiation efficiency, and must be considered while designing the antenna

« Same as for implantable antennas, ingestible antennas must be biocompatible so that
they do not harm the patient and durable so that the body fluids do not harm the antenna.
These requirements constitute packaging of the ingestible antennas inside a shell. Capsule
casings and circuitry have been found to have a minor effect on the performance of the
ingestible antenna. Therefore, taking the effects of casing into account while modeling
the antenna is not necessarily compulsory.

«Different from implantable antennas, the ingestible antenna needs to be omnidirectional
and exhibit circular polarization in order to transmit signals independent of its position
and orientation. That’s because the exact position and orientation of the capsule device
travelling along the entire GI tract, is unknown. Therefore, an isotropic radiation pattern
is required for ingestible antennas. [47]

Given the above considerations, normal mode helical antennas are most commonly

employed for such applications (Fig 19.a).

Capsule shell
—

Helical antenna

0=12 mm

Figure 1.19. Example of ingestible antennas: (a) helical (48), (b)spiral (49) geometries.

1.4.5 Limitations of present capsules

Present capsule endoscopes do not provide high image resolution and frame rates.
Although the limited power is an issue, a highly efficient transceiver chip can boost the
data rate with the optimized power. The most concerning limitation however, is the
limited control of the movement of the capsule. Current WCE models are passive devices
and their motion relies on natural bowel peristalsis, which implicates the risk of failing to
capture images of significant regions, since the practitioner cannot control
capsule/camera orientation and motion. The system is incapable of repeated examination
of the same area, and the asymmetrical bowel transit (slow or fast) increases the
likelihood important information chance not to be detected [50]. For this reason, present
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capsules are commonly used for inspecting the small bowel. When applied to the
examination of the large bowel, robotic endoscopic capsules may overcome the
drawbacks of pain and discomfort, but they still lack in reliability, and —overall- fail due
to their inherent inability to combine therapeutic functions with common screening aims
[51][52]. In addition, all of the capsules are powered by two coin-cell batteries, so, if
transit is too slow for any reason, the batteries may be depleted before the examination is
completed [53]. Furthermore, the usage of an internal power source, such as a battery, is
a critical issue as to toxicity and length. In particular, the latter sets a limit on the amount
of available energy devoted to the acquisition of pictures. This affects the choice of the
image sensor: CMOS technology may be preferable since it ensures a lower power
consumption than CCD, but at a price of a poorer image quality [54]. Moreover, the
limited energy provided by a battery makes it impossible to add other functional modules
to endoscopic capsules, especially those for the locomotion and control of movement.

1.4.6 Future prospects of WCE

The primary focus of CE research in recent years has been enabling active CE
locomotion and extension of the technology to therapeutic functionality (i.e. the
integration of sensors could make other diagnostic and therapeutic tasks feasible, e.g.
biopsy and drug delivery.)

Locomotion

If a capsule had an active locomotion it could vary its speed, hence reducing the transit
time, and with stop mechanisms it might stay at a specific point of diagnostic interest for
a prolonged time. This would enable the physician to conduct a more thorough analysis,
whenever he spots interesting sites. The main issue in that is related to technological
integration. It is difficult to embed a locomotion module into a swallowable capsule
because of the size of actuation and power constraints. Two main strategies allow the
implementation of active locomotion in an endoscopic swallowable capsule: one consists
in embedding on-board a miniaturized locomotion system(s), i.e. internal locomotion; the
other requires an external approach, i.e. external locomotion. This latter approach
generally relies on magnetic field sources [55].
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Figure 1.20.a)Internal locomotion b) External locomotion platform c) System architecture of a robotic capsule
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Reading time and identification of lesions

Capsule recordings are of extraordinary length, therefore, requiring significant time for
analysis of the examiner. Improvements and enhancements of software algorithms will
allow for more time-sparing approaches by automatically identifying gastric, duodenal
and cecal landmarks and by automatically scanning images for bleeding-suspicious or
lesion-suspicious images.[56]

Therapeutics

Two technical possibilities have been proposed for obtaining histological evaluation of
the small bowel mucosa with a capsule: (1) real samples could be obtained through
aspiration/cutting or (2) virtual histological images could be obtained by using confocal
imaging or optical coherence tomography [57]. Novel capsule prototypes will allow
obtainment of mucosal biopsies and placement of clips for hemostasis.[58] The Nano-
based capsule-Endoscopy with Molecular Imaging and Optical biopsy project by Given
Imaging Ltd. and a global consortium ultimately intends to develop a capsule system that
will combine optical and nano-technologies in order to further improve diagnostic and
therapeutic possibilities. Other innovative capsule models, intended to be used for drug
delivery in the next-generation wireless CE include the micro-robot; developed by
Woods and Constandinou the micro-positioning mechanism allows a needle to be
positioned within a segment of a cylindrical capsule and be extendible by up to 1.5 mm
outside the capsule body (Fig. 21.a), the intelliCap, the Enterion Drug Delivery
Capsule(Fig.21.b), etc. [59]
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Powering

At least, externally rechargeable batteries (using radio frequency, microwave, ultrasound
or electric induction) or even ‘battery-free' capsule endoscopy systems are under
development to extend retention times and enable activities like capsule movements or
clip placements.[60]

1.5 Injectable antennas-applications

A major field of interest, that is constantly gaining more ground among researchers , is
the development of tiny electronic devices that are small enough to be injected trough a
syringe. The main reasons behind this scientific orientation, are the side effects, provoked
by conventional, large implantable medical devices such as discomfort , risk of infection
and post-surgery trauma.

Since the early-1980s, and after millions of RFID tags, (radio frequency identification
tags), have been sold, research laboratories have developed injectable medical implants,
known as micromodules. The RFID tag was a subminiature glass capsule containing a
solenoidal coil and an integrated circuit, used for livestock, pet, laboratory animal, and
endangered-species identification. Due to the electronic and implant-packaging research
progress, the development of a variety of injectable micromodular electronic implants
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was made possible. A significant representative of these micromodules ,was the
microstimulator, designed for use in functional-neuromuscular stimulation.[61]
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Figure 1.22.a)Commercial injectable radio frequent (RFID)  1.22.b) Microstimulator. At each end ,a stimulating
metal transponder. Within the glass capsule is a microcoil electrode exits the glass capsule
connected to an integrated circuit.

Technological advances led, in the early-1990s, to the design of the first device of
implantable electronic interfaces with nerve and muscle. BIONs (bionic neurons),
hermetically encapsulated, leadless electrical devices, were small enough to be injected
via a percutaneous procedure into muscles. They received their power and digital
addressing and command signals from an external transmitter coil that could be worn by
or placed under the patient [62].They were aimed to be used at various patterns of
therapeutic stimulation, in order to build strength and bulk in hypotrophic muscles, e.g.
following stroke, spinal cord injury, major trauma and orthopedic reconstructions. Early
designs were externally empowered as there was no battery suitable for such a purpose at
that time. Ultimately, an inductively coupled link (ICL) was inserted for power and data
telemetry. Four generations of BION technology can be seen in Figure 23.a. BION1: RF-
powered, continuously controllable, BION2: RF-powered, continuously controllable
stimulators and sensors , BION3: Rechargeable battery-powered, programmable
stimulators BION4: Rechargeable battery-powered, intercommunicating stimulators and
sensors [63] .Other implementations such as the rechargeable battery-powered bion®
microstimulator ,that can be seen in Fig.23.b), was applied in order to alleviate patients
from neurological disorders ,including urinary incontinence, prevention of deep vein
thrombosis ,fecal incontinence, chronic headaches, peripheral pain, angina and
obstructive sleep apnea [64].
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1.5.1 The InNS Concept

Functional recovery of limb movement requires feedback signals about ongoing
movement, for which attention was drawn to the development of next generation BIONs
that provide outgoing telemetry of such data .In order to restore the motor function to
paralyzed limbs by functional electrical stimulation (FES) , the BION was developed to
enable neuromuscular stimulation through a miniature, self-contained implant designed to
be injected in or near muscles and peripheral nerves[65].BION was the first prototype of
the injectable neurostimulator [66].

A neurostimulator is a biomedical electronic device that provides low-frequency pulses,
thus stimulating electrically the nerves in order to palliate neurological symptoms and
rehabilitate nerve or muscle function [67]. Injectable neurostimulators (INnNSs) are
currently applied in clinical trials to replace the dominant bulky implantable
neurostimulators (IMNS) . Due to its smaller size, wireless-updatable software, and
wireless power supply, the injectable neurostimulator is indubitably less invasive,
‘smarter’, and has a longer lifetime. Moreover, its smaller power consumption, leads to
less heating is of the tissue. A typical INNS consists of at least a pair of electrodes. INNS
components:

ea stimulator tissue-interface

an optional antenna for power and data telemetry

+a package that serves both the electronics-tissue interface

«a protective layer that shields the electronics from the body

*Some sensors , and

sseveral functional building blocks (FBBs) in order to generate and control the electrical
pulses.

34



The sensors detect and monitor supplied voltages , electrode impedance ,neural signals’
behavior, temperature or pressure of the interface between the INNS and the tissue .The
FBBs

include the power supply and power management module ,a data transceiver , a
microcontroller, a microstimulator and a neural recording module. Unlike the ImMNS, the
INNS has no electrode extension leads, because of direct delivery to the stimulation
target.

The new generation of INNSs can be powered from a microbattery, a radio-frequency
energy harvester, or an inductive coupling link as shown in Fig. 24.

a) 1mm

Pressure sensor
Bio and temperature sensor,
Eyelet

Electrode

1 mm

Electrode s ase Bio and temperature
Bondwire ASIC2  sensor

TRENDS in Blolechnology

Figure 1.24.Conceptual architecture of the new generation of InNSs to be powered by (A) a battery, (B)
a RFEH (ASICS3) for low-threshold stimulation, (C) an ICL
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1.5.2 Implementation Challenges and development trends

There are many challenges for researchers to embrace as far as the realization of the InNs
is concerned. Obstacles include the implementation of injectable batteries, injectable
antennas, and radio-frequency energy harvesters (RFEH).

*The injectable battery needs to be exceptionally small, but at the same time needs to
have high power capacity for longer stimulation time. Towards this direction, a
rechargeable battery has been introduced, which can make Bion last for one or more
weeks before running out [68], and also the Li-ion microbattery consisting of Lithium
and thousands nanowires[69].An innovative technique, called the “ jellyroll” technique
was also submitted in 2014 ,which enables double energy packing, comparing to the so
far advanced microbatteries [70]

*In RFEH- and ICL-powered INNS , batteries can be sidestepped by a built-in capacitor
,that both conserves instant harvested power and conveys more power than batteries.[71]
*Regarding the injectable antenna, a tradeoff stands between small size antenna and high
efficiency. The RFEH-powered INNS demands an injectable antenna of few millimeters
length to meet both its power and data telemetry needs .High frequencies (microwave
frequencies of few GHz) increase radiation efficiency, but simultaneously experience
more intensive absorption by the tissues leading to limited penetration depth [72]. Thus, a
compromise must be made between the two parameters.

The realization of INNSs also awaits breakthroughs in soft and bendable materials,
reliability, and the mode of injection.

*The FBBs and packages of the INNS can utilize biocompatible materials such as gallium,
or gallium-indium alloys and tin as conductive materials [73]. Nevertheless, Silicon could
be applied as a semiconducting material, being both biocompatible and flexible, due to its
ability to build circuitry with high performance. In order to achieve bendiness in silicon-
composed InNs, alterations should be made to the thickness or even presence of the
substrate. Silk, collagen and other biodegradable polymers could be used to produce
bendable and soft electrodes and FBBs [74].Nonetheless new materials and new types of
ASICs (application-specific integrated circuits) are yet required to build genuinely
bendable InNSs.

*In terms of reliability, toxic materials like copper oxides or arsenic oxides, when
contained in the INNSs must be firmly sealed to prevent harmful chemicals from leaking
into the tissues [75]. In addition, battery monitoring circuitry in essential for possible
overcharging /over-discharging, as well as feedback loops for auto-control and self-
calibration. Software and connection failures, materials’ efficiency, and isolation layers
must be also put rigidly under control, in order for reliability to boost.
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*Currently there are two methods of injecting an InNs into the body:

1)either inject the whole device into the target ,all at once,

2)or inject biocompatible materials into the tissue step by step, in order to form an entire
electronic device and then design an operative InNs from several such devices.

Another method that was attempted recently, in both in vivo and in vitro experiments,
was the direct injection of 3-D medical electronics into the target biological tissues
combined with conductive liquid metal.[76]Fig.25 .The liquid metal used was GalnSn
because of its desirable properties; low melting temperature, well controlled wettability,
and high electrical conductivity .The biocompatible gelatin was selected as the packaging
material, owning to its excellent bio-degradable and injectable properties, while a green
dye has also been employed to enhance the identification of the used packaging material.
Nonetheless, until now this application is only suitable for simple electronic devices .

(@) (b)

Figure 1.25.Injectable packaged bio-electrode in a 1 ml pipette pin. a) Schematic illustration of the
fabrication process: During the procedure of (2) and (3) a syringe needle with a diameter of 1 mm was
employed to shape the electrode mold. And through injecting the GalnSn-based liquid metal ink, an
electrode with diameter of 1 mm was fabricated in the final step of (4). b) Formed electrode [140]

To sum up, the liquid metal based 3-D injected fabrication technique opens the way for
minimally invasive medical implantation. It offers a much superior tool in a variety of
biological and medical applications, for instance fabricating a RFID (Radiofrequency
Identification) (Fig. 26). Through a precise control of the injector’s shifting and injection
speed, a much complex RFID antenna can be easily fabricated inside the biological body.
Future research in InNSs, will focus on next generation microbatteries with high power
density, innovative antennas for power and data transmission in vivo, and new materials
to create truly bendable InNSs. Moreover, further miniaturization of form factor will be
pursued, so that direct injection into nerve sites can be made possible, by means of
middle-gauge needles (e.g. 16G or 17G).It is all up to developments of biomedical
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sensors[77][78] biomimetic systems[79] and biomolecular electronics [80] that will

define the evolution of InNS technology.

Figure 1.26. Profiles for injectable 3-D RFID
antenna.

(a) Schemattic illustration for the fabrication
procedure of injected RFID antenna within
the biological tissue.

(b) A 3D RFID antenna fabricated by injecting
the liquid metal into the packaging domains.

Figure 1.27.An InNS being injected into a muscle site by

means of a syringe with a 16G needle. [81]
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Chapter 2

Antenna Theory and Modeling Features

This chapter outlines the theoretical framework and research background necessitated to
design an implantable/ingestible antenna .Initially, the properties and operating principles
of microstrip, and PIFA antennas are presented alongside with Antenna Performance
parameters and their modification by certain miniaturization techniques .The analysis
exhibited in this chapter serves as a common base for all the investigations and results
presented later on. Moreover, the Biological Tissue Properties are displayed, since the
biological environment is essential to the operation of an implantable medical device.

2.1 Antenna Performance parameters

An antenna can be defined as the transitional structure between free space and a guiding
device (coaxial line or waveguide), which is used to transport electromagnetic energy
from the transmitting source to the antenna or from the antenna to the receiver. To
describe the performance of an antenna, definitions of various parameters are necessary
[82].The definitions are taken from IEEE Standard Definitions of Terms for Antennas,
IEEE Std 145-1983.:

*An antenna radiation pattern is defined as a graphical representation in three dimensions
of the radiation properties of the antenna as a function of angular direction. In most cases,
the radiation pattern is determined in the far-field region (that region of the field of an
antenna where the angular field distribution is essentially independent of the distance
from the antenna). Antenna radiation performance is usually measured and recorded in
two orthogonal principal planes (such as E-plane and H-plane or vertical and horizontal
planes) and the pattern is usually plotted either in polar or rectangular coordinates. The
pattern of most base stations contains a main lobe, containing the direction of maximum
radiation, and several minor lobes, named side lobes. The minor lobe that occupies the
hemisphere in a direction opposite to that of the major (main) lobe is called back lobe.
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= Radiation intensity is defined as “the power radiated from an antenna per unit solid
angle.” The radiation intensity is a far-field parameter, and it can be obtained by simply
multiplying the radiation density by the square of the distance. In mathematical form it is
expressed as:

U=r’W_, ,where
U =radiation intensity (W/unit solid angle)
U ..« =Maximum radiation intensity (W/unit solid angle)

U, =radiation intensity of isotropic source (W/unit solid angle)

P, = total radiated power (W)

W_, = radiation density (W/m?)

For an isotropic source U will be independent of the angles 0 and ¢, as well as forW,,, .
Thus the radiation intensity of an isotropic source can be written as:

UO = Prad
A

= Antenna directivity of an antenna defined as “the ratio of the radiation intensity in a
given direction from the antenna to the radiation intensity averaged over all directions” .If
the direction is not specified, the direction of maximum radiation intensity is implied. The
average radiation intensity is equal to the total power radiated by the antenna divided by
4n. The directivity of any source; other than isotropic, is always greater than unity. In
mathematical form, it can be written as:

p- Y _ 4 o b Y WU
Uo Prad Uo Prad

D = directivity (dimensionless)
D, = maximum directivity (dimensionless)

= Antenna Polarization: The polarization of a wave radiated by an antenna in a specified
direction at a point in its far field, is defined as “ the polarization of the (locally) wave
which is used to represent the radiated wave at that point”.” At any point in the far-field
of an antenna the radiated wave can be represented by a plane wave whose electric field
strength is the same as that of the wave and whose direction of propagation is in the
radial direction form the antenna. Polarization may be classified as linear, circular, or

elliptical.

=Antenna Efficiency: The total antenna efficiency is related to losses at the input terminals
and within the structure of the antenna. These losses are owed to the two following
losses:

a) Reflections because of mismatch between the feeding transmission line and the
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antenna and b) conduction and dielectric losses IR?

*Antenna Gain: The maximum gain of an antenna is defined as the product of the
directivity and the efficiency e of the antenna.

G(9,0) = & D(6,0)

If the efficiency is not 100 percent, the gain is less than the directivity. When the
reference is a lossless isotropic antenna, the gain is expressed in dBi, the efficiency is

e =1 and is the same as the directivity of the antenna. When the reference is a half wave
dipole antenna, the gain is expressed in dBd (1 dBd = 2.15 dBi).

=Far-field region: “that region if the field of the antenna where the angular field
distribution is essentially independent of the distance from specified point in the antenna
region”. The radiation pattern is measured in the far field.

=Input Impedance Z, : “The impedance presented by an antenna at its terminals or the
ratio of the voltage to current at a pair of terminals or the ratio of the appropriate

components of the electric to magnetic fields at a point”. The input impedance is a
complex function of frequency with real and imaginary parts.

= Coaxial antenna: “An antenna comprised of an extension to the inner conductor of a
coaxial line and radiating sleeve which in effect is formed by folding back the outer
conductor of the coaxial line”.

=Directional antenna: “An antenna having the property of radiating or receiving
electromagnetic waves more effectively in some directions than others.

=Omnidirectional antenna: “An antenna having an essentially non-directional pattern in a
given plane of the antenna and a directional pattern in any orthogonal plane”.

=Reflection Coefficient S;; of an antenna is defined as the ratio of the reflected wave’s
amplitude to the amplitude of the incident wave. The reflection coefficient is zero
(S,,=0dB) if the transmission line impedance is the complex conjugate of the antenna

impedance; then all the power is reflected from the antenna and nothing is radiated.
Sometimes it is written as gamma: I" or return loss.

%o

. . . . Z
I' =voltage reflection coefficient at the input terminals of the antenna= Zm—Z
in + 0

[Z,,= antenna input impedance, Z = characteristic impedance of the transmission line]
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*Front-to-back ratio: “The ratio of the maximum directivity of an antenna to its
directivity in specified rearward direction”. Sometimes the directivity in the rearward
direction is taken as the average over an angular region

=\/oltage Standing Wave Ratio (VSWR): The radio of the maximum/minimum values of
standing wave pattern along a transmission line to which a load is connected. VSWR
value ranges from 1 (matched load) to infinity for a short or open load. For most base
station antennas the maximum acceptable value of VSWR is 1.5. VSWR s related to the
reflection coefficient as shown below:
VSWR = voltage standing wave ratio = %

*Frequency Bandwidth: “The range of the frequencies ,on either side of a center
frequency, within which the performance of the antenna, conforms to a specified standard
,with respect to some characteristics (e.g., input impedance, reflection coefficient, etc.)”.
VSWR of an antenna is the main bandwidth limiting factor.

2.2 Operating principles of implantable antennas

In addition to transmitting or receiving energy, an antenna in an advanced wireless
system is usually required to optimize or accentuate the radiation energy in some
directions and suppress it in others.[82] Thus, the antenna must also serve as a directional
device in addition to a probing device. It must then take various forms to meet the
particular need at hand, and it may be a piece of conducting wire, an aperture, a patch, an
assembly of elements (array), a reflector, a lens, and so forth.

2.2.1 Microstrip - Patch Implantable Antenna

Microstrip antennas are becoming very widespread within the wireless communication
market. Patch antennas are low cost, light weight, have a low profile and are easily
fabricated using modern printed-circuit technology. They are, mechanically robust,
compatible with MMIC designs, and their thin profile configurations enable
conformability to mounting hosts [83]. According to the patch shape and mode selected,
they are adaptable as far as resonant frequency, polarization, pattern, and impedance are
concerned. Moreover, by adding loads between the patch and the ground plane (pins,
varactor diodes, etc.), adaptive elements with shifting resonant frequency, impedance,
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polarization, and pattern can be designed.[84]However, microstrip antennas also have
some limitations including; low efficiency, narrow bandwidth and associated tolerance
problems ,lower power handling capability, poor polarization purity , complex feed
structures for high-performance arrays, extraneous radiation from feeds and junctions,
excitation of surface waves etc. There are ways to minimize the effect of some of these
limitations by certain structures and techniques as mentioned below.

The following drawing shows a patch antenna in its basic form: a flat plate over a ground
plane (usually a Printed Circuit board).

fringe field ,fringe field

o , probe feed v
- /\ top layer
] ] { { \ substate
1 ] =

ground plane

>

electrical field

\\
feedline

Figure 2.1. Basic form of patch antenna

The electric field is zero at the center of the patch, maximum (positive) at one side, and
minimum (negative) on the opposite side. The minimum and maximum continuously
change side according to the instantaneous phase of the applied signal. The electric
field does not terminate brusquely at the patch's periphery as in a cavity; rather, the fields
extend the outer peripheryto  some degree. These field extensions are  referred as
fringing fields and cause the patch to radiate. [85]

As shown in Fig.2, a microstrip antenna consists of a very thin radiating strip (patch)
placed on one side of a dielectric substrate, with a ground plane on the other side. The
patch is generally made of conducting material such as copper or gold and can take any
possible shape. There are various substrates that can be used for the design of microstrip
antennas, and their dielectric constants (&,) usually range between 2.2 and 12. The

thicker a substrate is, the lower value ¢, has, so better efficiency and larger bandwidth are

achieved on the downside of larger antenna size. [86]
The frequency of operation of the rectangular patch antenna of Figure 1 is determined by
the length L. The center frequency will be approximately given by:
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(2.1)

c _ 1
° 2L\/z B 2L /¢, 1,

The above equation says that the microstrip antenna should have a length equal to one
half of a wavelength within the dielectric (substrate) medium. Other parameters
that will influence the resonant frequency:
- Ground plane size
- Metal (copper) thickness
- Patch (impedance) width

The width W of the microstrip antenna controls the input impedance. It is given by:

o [2
2f Ve +1

(2.2)

Larger widths also can increase the bandwidth. By increasing the width, the impedance
can be reduced. However, to decrease the input impedance to 50 Ohms often requires a
very wide patch antenna, which takes up a lot of valuable space. The width further
controls the radiation pattern.
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Figure 2.2.Geometry of Microstrip (Patch) Antenna.

The radiating patch may be square, rectangular, thin strip (dipole), circular, elliptical,
triangular, or any other configuration, as illustrated in Figure 2. The first three are the
most common because of ease of analysis and manufacture, and their desirable radiation
characteristics, especially low cross-polarization radiation. Microstrip dipoles are
preferred due to their inherent possession of a large bandwidth and less space occupation,
which makes them attractive for arrays [82]. Linear and circular polarizations can be
obtained with either single elements or arrays of microstrip antennas. Arrays of
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microstrip elements, with single or multiple feeds, may also be used to introduce
scanning capabilities and achieve greater directivities.

Square Rectangular Dipole Circular

A P

i (7 y \
i i @

Iriangular Circular Ring Elliptical

Figure 2.3.Common shapes of microstrip patch elements

Prominent feeding techniques of microstrip antennas are ; coaxial feed (probe coupling ),
microstrip line (coplanar feed) ,proximity-coupled feed, aperture —coupled feed and
coplanar waveguide feed.[83]

2.2.2 Probe-Fed Shorted Patch or Planar Inverted F-Antenna (PIFA)

In order to improve antenna’s performance ,designers introduced in patch antenna
design shorting pins (from the patch to the ground plane) at various locations, which led
into the Planar Inverted-F Antenna (PIFA). The Planar Inverted-F Antenna is popular,
and is widely used in wireless communication because it has a low profile and an
omnidirectional pattern. Owing to the fact that the patch is shorted at the end, the current
at the end of the patch antenna is no longer forced to be zero. Subsequently, this antenna
actually has the same current-voltage distribution as a half-wave patch antenna (resonant
at a quarter-wavelength). However, the fringing fields which are responsible for radiation
are shorted on the far end, so only the fields nearest the transmission line radiate.
Consequently, the antenna gain is reduced, but the patch antenna maintains the same
basic properties as a half-wavelength patch, but is reduced in size 50%.
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Figure 2.4.The Planar Inverted-F Antenna (PIFA).

The impedance of the PIFA can be controlled via the distance of the feed to the short pin
(D). The closer the feed is to the shorting pin, the impedance will decrease; the
impedance can be increased by moving it farther from the short edge. In addition, the
shorting pin can become capacitive if instead of extending all the way to the ground
plane, it is left floating a small amount above. This introduces another design parameter
to optimize performance.

2.2.3 Literature Review of Antenna Designs_

In literature, most of the antennas for biomedical telemetry applications have been
designed by embracing the stacked planar inverted-F antenna (PIFA) structure in order to
achieve better size reduction and bandwidth enhancement. Many of the proposed
antennas include the rectangle stacked PIFA [87] [88]the spiral PIFAs [89] , the spherical
stacked PIFA [90], and the meandered PIFA [91][92] etc. Nevertheless, among these
antennas, even though the antenna reported in [93] has the most compact size with only

volume 26.4 mm® (11 mmx8 mmx0.3 mm) and that presented in [94] is as small as nx 4°

x0.65=32.7mm?®, the two antennas are still suffering from inherent detuning effects and
subsequent low return loss or can only provide a narrow bandwidth to become a
dominant block to the fabrication of both implantable and ingestible medical devices.

Multi-layered stacked design has proven to be advantageous to reducing the radiator’s
size. Multi-layer structures including vertically stacked radiating patches increase the
length of the current flow and further contribute to miniaturization. Multilayer structure
also presents a simple realization process that assures both better directivity and
efficiency comparing to other typologies mentioned in literature. These radiators have a
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wide bandwidth behavior because of the strong interaction of the EM near field terms
with the human tissues.

In the article [95] (2015), a new compact three-layer stacked PIFA antenna was proposed
for use in the biotelemetry communication when operating at the 402 - 405 MHz
frequency band. The proposed antenna is a modification of Planar Inverted-F Antenna
(PIFA), consisting of \ ground, lower patch, and upper patch. The design has an overall

size of only nx 4.5% x1.27 mm?®, which reaches a size reduction of 57.5%, comparing with
the reported work in [88].With a spiral structure etched on the patch surface and with
the insertion of a shorting pin between the two lower patches ,not only reduction in
antenna size but also good resonant performance was obtained.

The design proposed in [96] (2016) has an overall size of 2 cm x 1 cm x 3.81 mm®.The
skill of meandering the radiating patches was applied to lengthen the effective current
path and thus achieving wider bandwidth and more compact size than those reported in
[90], [97] making this antenna more suitable for implantable biometry devices.

As the antenna dimensions shrink, the effect of fabrication issues becomes even more
critical. Other reported stacked PIFAs occupy miniaturized volumes of 762 [96] (2016),
416 [98] (2012), 273.6 [99] (2011), 110.4 [92] (2011) etc. A detailed table of the majority
of the literature from the recent years is presented as follows.
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Table 2.1 Various antennas reported in the literature.

Ref Year Substrate Applicatio | Implantation | Vol Frequency Miniaturization techniques
Shape n tissue 3 | Band
(MM Mz — :
1 Dielectric | Patch Shape | Shortin | Patch
material g pin Stacking

[91] 2016 square Biomedical | Skin-fat- 67.5 402-405 Silicon meandered - -
telemetry | muscle wafer

[96] 2016 Rectangular | Biomedical | Skin Tissue 762 402-405 Rogers meandered YES YES
telemetry 2400-2480 | 3210

[90] 2015 cylindrical | Leadless heart 1440.1 | 402-405 polyamide | spiral - -
Pacemaker

[100] | 2015 square Biomedical | Skin Tissue 200 402-405 LTCC spiral YES -
Telemetry

[93] 2015 Rectangular | scalp Skin Tissue 26.4 402-405 Rogers serpentine YES -
implantabl RT/duroid
e 6010
Biotelemet
ry

[101] | 2015 Rectangular | Wireless 2/3 Human 461.25 | 402-405 FR-4 meandered YES -
Biotelemet | Muscle
ry

[95] 2015 Cylindrical | Biomedical | Skin-fat- 80.75 402-205 Rogers circular YES YES
telemetry | muscle 3210

[97] 2014 Rectangular | Breast Skin-fat 1950.7 | 402-405 Rogers spiral YES -
Implanatio | Tissue 4350
n

[89] | 2014 circular Intraocula | Vitreous 334.4 402-405 Rogers spiral - -
r Humor RO3010
transceiver

[102] | 2013 Rectangular | Biomedical | Skin Tissue | 366 402-405 Rogers Spiral - -
telemetry 2400-2480 | RO3210

[98] | 2012 Rectangular | Implantabl | 2/3 Human 416 402-405 LTCC meandered YES YES
e Muscle
biomedical
telemetry

[94] 2011 Circular Head Skin Tissue 32.7 402-405 Alumina meandered YES YES
implantati
on

[103] | 2012 Rectangular | Biomedical | Skin-fat- 188.4 1350-1710 | Roger meandered YES -
telemetry muscle 5880

[92] | 2011 Circular Skin Skin Tissue 110.4 402-405 Rogers meandered YES YES
implantati 3210
on

[99] 2011 Square Retinal Vitreous 273.6 402-405 Rogers Spiral YES YES
prosthesis | humor 3210

[104] | 2010 Square Implantabl | Skin Tissue 1375.4 | 402-405 ARLON SRR coupled | YES -
e 2400-2480 | 1000 Spiral
biomedical
telemetry

[88] | 2008 Square Biotelemet | Skin Tissue | 190 402-405 Rogers Rectangular | YES YES
ry R0O3210 spiral
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2.3 Bandwidth enhancement

In order to optimize the narrow bandwidth (BW) of the MPA (Microstrip Patch
Antennas), which can be as low as 1% [105], different techniques have been proposed.
Some of these techniques are cited below.

2.3.1 Substrate Effect on Bandwidth

The most straightforward way to improve the MPA bandwidth is to increase the patch-
ground plane separation by using a thicker substrate [106]. Thus, given the mathematical

VSWR -1
form: BW =———= |, where is the quality factor of the antenna
9 VSWR Q q y
= Energy_stored it is easy to conclude that BW will increase monotonically with
Power _lost

thickness. Another important substrate parameter that influences the bandwidth is the
permittivity. The bandwidth of a patch antenna increases with decreasing substrate
permittivity. By using low dielectric constant and thick substrate (h/A0>0.1), the
bandwidth can be reached 10%. (Fig.5) [107]
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0.804 E
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o =
E 0.40 &
L5000
Bandwidth w
0.20- €10 e
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¥ v T T T r Y v 0.00
0.00 0.02 0.04 0.06 0.08 0.10
SUBSTRATE THICKNESS hiig

Figure 2.5.Effect of substrate thickness and dielectric constant on the impedance bandwidth (VSWR)
and radiation efficiency

Unfortunately, the thick substrate except from an certain increase in the volume of the
antenna, will support surface wave modes that will increase mutual coupling in antenna
arrays [85]. Mutual coupling will result in serious degradations in impedance mismatch,
large radiation loss, polarization distortion and scan blindness in phased array antennas
[108].
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2.3.2 Slotting Patch antennas

Considering the fact that smaller area is preferable, the technique of modifying the
topology of patches is most attracted. The basic idea is to introduce slots into a common
patch, bringing new resonant frequencies and resulting in the enhancement of bandwidth.
Slotting is most commonly used for bandwidth, gain improvement, broadband operation,
and size reduction. The basic concept of this technique is the lengthening of the current
flow path on the patch surface, by cutting slots in the patch [109]. Slots are suitably
embedded in the printed patch along the radiating edges of a patch. Their dimensions and
positions are properly selected in order to the first two broadside-radiation modes of the
patch be perturbed such that their resonance frequencies get close to each other to form a
wide impedance bandwidth[110][111]. The slots may be rectangular, square, circular,
triangular, U shaped, H shaped, E shaped, diamond shaped [112]. Typical examples are
the U-shaped slots and the Parallel Dual Slots (also called E-shaped patches)

Il [ L]
| 11 1 M
U uju
feed . n i nl
L] 1] L U Uy
1] i T
Figure 2.6. u-slot in rectangular patch [113] Figure 2.7.Different number of slots with different

positions to optimize the best bandwidth [113]

2.3.3 Broadbanding using parasitic techniques

Another way to improve the bandwidth of an MPA is to create several resonant structures
into one antenna by adding more layers, more patches or more extra components
(shorting pins, additional strips etc.)

There are two configurations of the parasitic geometry: the coplanar geometry and the
stacked geometry. The coplanar geometry consists of many patches incorporated
coplanar on the dielectric substrate and they are coupled to the main patch (only one
patch has been excited). For a Microstrip antenna edges along the width and length are
known as radiating and non-radiating edged respectively. When parasitic patches are
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placed close to the active patch, resonance occurs in them due to the perturbation and
electromagnetic coupling. (Multiresonator MPA) [113]. If the resonances of the both
patch are close to each other broad bandwidth is achieved. The parasitic

patches are used in various combinations.
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Figure 2.8.Geometry of multi-resonator patch antenna [114]

For stacked geometry, the patch radiators are employed one above the other with
intervening dielectric layers. In this multiple-layer, resonance occurs in the patches due to
either aperture or electromagnetic coupling. (Multilayer broadband MSA).
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Figure 2.9.Geometry of stacked patch antenna [115]

The stacked patch configuration has the following advantages:
*It does not increase the surface area of the element
*It can be used in array configurations without the danger of creating grating lobes. Its
radiation patterns remain relatively constant over the operating frequency band
The drawbacks of stacked patch configuration are:
It has a large number of parameters which make the design and optimization process is
very complex
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*It requires >1 substrate layer to support the patches, so the overall height of the antenna
is increased. [116]

Note that other parameters, such as feeding techniques and patch shapes also affect the
broadbanding of MPAs.[107]

2.4 Biological Tissues Properties

Both implantable and ingestible antennas are required to operate within a complex
biological environment that the human body is, and this feature significantly
differentiates the design of the antennas, which are not intended to operate in free space.
Commonly reported issues include antenna detuning (shift of the resonance frequency
and change in the input impedance of the antenna), distortion of the radiation pattern, and
degradation of the radiation efficiency [117].In such cases, one or more characteristics of
the antenna can be changed to such degree that the original design specifications and
demands are no longer met. Hence, the analysis of complex biological environment in
advance, is crucial, in order to evaluate all those parameters that will lead to a correct
design giving the antenna the desired characteristics.

2.4.1 Electrical Properties of Human Tissue

The medium in which the antenna is radiating influences the performance of the antenna.
Therefore, when the antenna is inserted into human skin (tissue), the radiation field and
the impedance of the antenna will change according to the electrical properties of the
tissue and the implementation of the antenna. When we place the antenna inside the
tissue, we are radiating in a high permittivity and conductivity media. The effect of the
material on the antenna radiation depends on the dielectric constant or the complex
permittivity of the material.

The permittivity €, permeability p and conductivity ¢ of a linear, homogeneous and
isotropic medium are in general complex quantities

€= 8o(g'r_jgllr) (21)
M =4, (zulr_j/u“r ) (22)
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c=0"—jo" (2.3)

where ¢, and x, are the permittivity and permeability of vacuum, respectively.

The imaginary termse", and g, account for the losses due to the damping of the
vibrating dipole moments (electric and magnetic) and to the time lag responses of the
medium [118]. The human body does not have any particular magnetic properties (x', =
1, "', =0).Therefore focusing on (2.1) and (2.3), we can define the real relative effective
permittivity &', and conductivity o', as:

8'e=g'r-6— (2.4)
0E

o

o'.=c'twe,e", (25) ,where o=2nf, frequency dependency

Adjusting the previous expressions into Maxwell’s equations one can define the complex
effective permittivity as:

£=(e e )=e, (-] 7)) (26)
e,

The EM power dissipation in a medium is often indicated by the loss tangent;

tand =— ¢ 2.7)

wE,E',

Dielectric properties of the biological tissues are taken from the innovative work of
Gabriel [119] via the mathematical form:

g(w)=¢, + Z & !

+
m(Jor,)™  jos

o

where, ¢, is the permittivity in the terahertz frequency range, o; is the ionic conductivity,

7, for each dispersion region is the relaxation time ,a,_ , &, tissue parameters

m !
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Table 2.2. Dielectric Properties of Different Body Tissues at 404.5 MHz (MedRadio Band)

Muscle 57.09 0.797 0.621
Fat 5.58 0.041 0.328
Skin (dry) 46.71 0.689 0.658
Head 435 0.87 0.799
Small intestine 66.02 1.905 1.282
Colon 62.51 0.86 0.611
Esophagus 67.45 1.004 0.662

Table 2.3. Dielectric Properties of Dfferent Body Tissues at 2.4 GHz (ISM)

Muscle 52.729 1.739 0.242
Fat 5.28 0.105 0.145
Skin (dry) 38.007 1.464 0.283
Head 39.2 1.80 0.337
Small intestine 54.425 3.173 0.428
Colon 53.879 2.038 0.277
Esophagus 62.158 2.211 0.261

It can be seen that both the dielectric constant and conductivity of biological tissues
depend significantly on the type of tissue and the frequency of the electromagnetic wave.

2.5 Numerical Investigation

2.5.1 Tissue Models & Body Phantoms for Medical Analysis

In numerical simulations, implantable and ingestible antennas are analyzed inside
inhomogeneous lossy media that simulate biological tissues. Biological tissues have their
own permittivity (¢&',), conductivity (o), and mass-density values. Canonical tissue
models are often used to reduce the simulation time, and to use analytical formulae.
Moreover, they provide standard and easy to realize conditions for the radiator
measurements. These may be either a single-layer, thus accounting for a generic tissue
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antenna, or multilayer, thus providing a simplified model of a specific implantation site
inside the human body. Examples of canonical tissue models, used in the literature, for
the simulation of ingestible and implantable antennas are shown below:

10 mm
2 mm
skin T—IS mm || 6 mm
© @ |
Figure 2.10.i The proposed canonical models for Figure2.10.ii)A three-layer (skin/fat/muscle)
an ingestible serpentine antenna.(a) Esophagus, canonical tissue model for an implantable
(b) Stomach, (c) Small Intestine, and (d) Large patch antenna [121].

Intestine.[120]

To obtain more realistic results, anatomical tissue models (e.g., Fig.11[122]), produced
by the combination of magnetic-resonance imaging (MRI) or computer tomography (CT)
data with the electrical properties of human body tissues, can also be applied. The
modeling of the human body or parts of it, is made using cubic boxes (voxels)
homogeneously containing the dielectric properties of the tissue. Just like the pixels of a
digital image contain the necessary information, voxels integrate the equivalent data
regarding the electrical properties of the biological tissue. The smaller the size of the
voxel is, the closer to the actual characteristics of the body the anatomical model is.
Typical examples of anatomical models are “Visible Human Project”, “Virtual Family”,
and “Virtual Classroom”. These phantoms describe precisely the human body geometry
while taking under consideration the parameters of different body constitutions
(according to age and gender). Anatomical tissue models used in the literature for
simulation of implantable patch antennas are shown in Table 4 [123][124].

Anatomical Tissue Model
Body Part Tlﬂ-of Max Dimensions
VA issues [mam]
VA chest 30 286 = 320 = 584
= ' shoulder 31 180 = 190 = 300
177 mm 265 mm 13 160 =177 = 177
- head
7 2> i
5ol 14 30 200 = 256 = 280
T : “.2;5§nm head with shoulders | 30 288 x 400 * 620
Figure 2.11.Anatomical human head Table 2.4.Anatomical tissue models used in the
tissue models [122][125]. literature for analysis of implantable patch antennas.
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Regarding the antenna design, we should note that multilayer canonical models have
been proven to provide an acceptable model for the human body. Highly alike return-loss
characteristics have been observed for antennas inside a three-layer planar geometry and
a realistic model of the human chest, as well as inside a three-layer spherical and an
anatomical model of the human head [122].

Finally, physical phantoms have been used for testing the antennas’ performance and
evaluating the effects of radiation on tissues. As in numerical models, they can be
distinguished in canonical and more complex phantoms. The geometric characteristics
range from simple spherical, cylindrical and rectangular containers containing liquid or
semi-solid (gel) mixtures with stable properties, to more complex shapes (headforms,
limbs, etc.) [126] .Note, that the intended implantation site determines the types and
structure of the tissues surrounding the antenna, and, therefore, its dielectric loading. For
example, skin-implantable antennas might operate in a different way while implanted
within the skin-tissue of different parts of the body.[127] Canonically-shaped phantoms
have so far been used for testing of implantable patch antennas (e.g., Figure 12a,b ). In
this case, the main challenge lies in the formulation and characterization of tissue-
emulating materials. Example phantoms reported in the literature are being presented

Figure 2.12 A liquid canonical phantom used Figure 2.13 A multilayer gel canonical used
phantom for testing of implantable patch for testing of implantable patch antennas
antennas.[122]

2.5.2 Numerical Methods & HFSS Simulation Software

Analytical methods can only be applied for analyzing the performance of simplified
antennas positioned inside canonical tissue models. The electromagnetic field solvers that
are most commonly used in the literature for implantable and ingestible antenna design
are based on the Finite-Element Method (FEM) (e.g., Ansoft HFSS) [128][129]. The
Finite-Difference Time-Domain (FDTD) Method is also applied in some studies, because
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it exhibits simplicity in the implementation of inhomogeneous media and assessment of
bio-electromagnetic interactions, while enabling efficient modeling of detailed
anatomical human body parts.

FEM

The finite element method is a numerical procedure for obtaining solutions to boundary-
value problems. The principle of the method is to replace an entire continuous domain by
a number of subdomains in which the unknown function is represented by simple
interpolation functions with unknown coefficients. Thus, the original boundary-value
problem with an infinite number of degrees of freedom is converted into a problem with a
finite number of degrees of freedom, or in other words, the solution of the whole system
is approximated by a finite number of unknown coefficients. Therefore, a finite element
analysis of a boundary-value problem should include the following basic steps:

1. Discretization or subdivision of the domain

2.Selection of the interpolation functions (to provide an approximation of the unknown
solution within an element)

3.Formulation of the system of equations ( also the major step in FEM. The typical Ritz
variational and Galerkin methods can be used.)

4. Solution of the system of equations. (Once we have solved the system of equations, we
can then compute the desired parameters and display the result in form of curves, plots,
or color pictures

Figure 2.14. FEM mesh created in an HFSS geometry

FE numerical simulations are carried out in this study using the software HFSS .The FE
solver of HFSS performs iterative tetrahedron-meshing refinement automatically with the
mesh being perturbed by 30% between each pass. The mesh refinement procedure has
been set to stop when the maximum change in the reflection coefficient magnitude (|]S11|)
between two consecutive passes is less than 0.02, or when the number of passes exceeds
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10. The solver performs usually a 400 point-frequency sweep by £100MHz around the
center frequency of MedRadio Band (404.5 MHz). Radiation boundaries are set A,/4 (A4,

is the free space wavelength, f,=404.5 MHz) away from all simulation set-ups to extend

radiation infinitely far into space and guarantee stability of the numerical simulations
[130].

2.6 HFSS Software Package -(High Frequency Structure Simulator)

HFSS is a high-performance full-wave electromagnetic(EM) field simulator for arbitrary
3D volumetric passive device modeling that takes advantage of the familiar Microsoft
Windows graphical user interface. It integrates simulation, visualization, solid modeling,
and automation. Ansoft HFSS, whose basic mesh element is a tetrahedron, employs the
Finite Element Method (FEM) and adaptive meshing to calculate parameters such as S-
Parameters, Resonant Frequency, and Fields.

Solution Type

1. Parametric Model
Geometry/Materials

2. Analysis
Solution Setup o e oy
Frequency Sweep : '

3. Results
2D Reports
Fields

Figure 2.15.Schematic diagram of the antenna design procedure. [131
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2.6.1 Antenna Simulation Steps

The following summarizes the input necessary for antenna calculations:

« Selecting the Solution Type.[1.Driven Mode (preff.) 2.Driven Terminal 3.Eigenmode ]
« Setting Units of Measurement for the Model

* Assigning Materials

» Assigning HFSS-IE Boundaries

* Define structure (microstrip antenna, define layers, patches, ground, feeding etc.)

* Assigning Waveport (Definition of excitation ports)

*Define radiation Box

* Analysis Setup (i.e. setting frequency range, solution frequency, Maximum Number of Passes
is Adding Frequency Sweep etc.)

«Start simulation (Simulation will stop as soon as the results converge)

«Analyze results (i.e. create reports of S Parameters, input impedance, Gain, etc.)
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Chapter 3

Performance study of a dual band implantable antenna

In this chapter, a miniature dual band antenna, that can been found in literature [132], for
applications in Implantable Wireless Communications Systems is being studied and
redesigned according to the configurations given, and simulated in Ansoft HFSS
Software in order to verify and compare their return-loss characteristics as well as their
performance to the ones shown in [132].The antenna is located inside three different
canonical models; muscle, head and three-layer model (muscle, fat, skin) and parameters
such as return loss, gain, input impedance etc. are examined. Later on, the antenna is
optimized and the results that have emerged are being evaluated.

3.1 Antenna Design

According to [132], a multilayer design was designed for implantable medical device
inside the human body .This typology was preferred over the spherical spiral and
meander topologies. The spherical case suffered from more accentuated omnidirectional
radiation and consequently lower directivity without any significant efficiency. The
meander and spiral topologies were both declined, despite the notable increase in
radiation efficiency and directivity of the latter [133][134][135], due to excessive space
needed for their metallizations, which reached over the battery-housing region. This very
short distance between the ground plane of the antenna and the metallizations does not
facilitate the radiation. On the contrary, the multilayer spiral design accomplishes the
desired resonance and provides the most performing typology in terms of directivity and
efficiency; therefore this arrangement was selected for the making of the design.
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Figure 3.1.First investigated typologies in free space: (a)spherical, (b)spiral, (c)meander and (d)
multilayered. The ground plane (in light color), consists of a rectangular section and a conformal
part (half hollow cylinder). Delta-gap excitations are indicated with dashed lines.

The radiator works in both the Medical Device Radiocommunication Service
(MedRadio, 401-406 MHz) and the Industrial Scientific and Medical (ISM, 2.4-2.5 GHz)
bands. The dual band capability is obtained with the transceiver produced by Zarlink
Semiconductors [136].Via this component, the power consumption is minimized as the
sensor can be awaken from sleeping state by receiving a signal in the 2.4-2.5 GHz band.
Hence, data are transmitted only in the MedRadio band.

A dense packaging is required to reduce the implant volume, so that a single antenna
feeding point is selected in order to reduce the assembly complexity. The structure is
made of four stacked dielectric substrates in pyramidal arrangement. The material chosen
is Roger TMM 10 (alumina) with 35um copper metallization due to its high relative
dielectric constant (&',=9.2), and low loss (tand=0.0022). As depicted in chapter 1, this

high-permittivity material was used, as it results in lower resonance frequencies, thus
assisting in antenna miniaturization. The pyramidal structure is united with the conformal
ground plane - a half hollow cylinder as presented in Fig.3.2.
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Figure 3.2. Design of the proposed Figure 3.3. Antenna off-centered placement
prototype. in the cylindrical homogenous phantom.

The antenna was encapsulated with a biocompatible material to evade adverse tissue
reaction [137],short — circuiting effects deriving from the highly conductive human
tissues and to overall enhance the antenna’s performance. The material used for both
the conformal ground plane and the biocompatible insulation was PEEK
(Polyetheretherketones, &', =3,2 , tand=0.01) ,mainly due to its practical qualities, since
it is flexible, durable and strong in nature, it does not harm body or skin and is easy to
manufacture and metallize. The thickness of the insulation was set to 0.8mm, while the
volume of the entire implant (i.e., the antenna, insulation, electronics, batteries and
biosensors) must fit in a cylindrical housing of an external diameter of 10mm and

32.1mm height .Overall volume of the implant is 7 x5°x32.1mm?*.To mimic the targeted
subcutaneous implantation, the antenna is then placed off-centered in the cylindrical body
phantom of radius 40mm and height 110mm, respectively(Fig.3).
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Typology | Res. Freq. | Gain | Directivity | Rad. Eff.
[GHz] | [dBi] | [dBi] [%]

Spherical 1.035 -16 1.2 13.182
Spiral 1.029 -3.8 18 27542
Meander 1.038 -19 13 12.022

Multilayered | 1.058 -1.8 1.8 43.651

Table 3.1.Comparison of the radiation Figure 3.4.Assembling of the
performances for four antenna typologies 4 ROGER TMM substrates
in free space. to create a pyramidal structure.
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Figure 3.5.Top view of Roger TMM substrates: (a) first (double layer) with the excitation area, (b)
second (single layer), (c) third (single layer) and (d) fourth (no metallization).Thick black lines indicate
where the welding (with the vertical metallizations) occurs.
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Table 3.2.Values of the design parameters indicated in Figs. 4,5

Paramete Value

r
subwl
subw2
subw3
subw4
subzl
subz2
subz3
subz4
subl

[mm]
8.000
6.900
4.300
2.700
1.905
1.270
1.270
0.381

13.100

Paramete
r

14
15

Value [mm]

10.250
1.400
3.650
4.000

11.400
6.450
7.750
5.050

12.800

Paramete Value

r
wo
wl
w2
w3
w4
wb
11
12
13

[mm]
0.150
0.450
1.250
0.150
0.550
2.200
6.6.17

11.100
7.700

Paramete Value

r [mm]

el 2.200
e2 0.450
sl 0.450
s2,3 1.250
rp 5.000
rg 3.500
Pk 0.800
hg 10.750
wWd 1.000

The very first simulation realized, was the one where the antenna was simulated in free
space without any biocompatible insulation. That simulation was made in order to
observe where the multilayer spiral antenna resonates. The results agree with the reported
performances of Table 1.
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Figure 3.6 .Simulated 811 against frequency. Antenna in free space.
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The single resonant frequency is around 1GHZ (1.058 GHz) for the multilayer typology.
The dielectric loading effect, due to the presence of dielectric substrates, bio-compatible
insulation and body phantom will consequently shift the resonant frequency towards
lower frequencies, close to the MedRadio band.
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3.2 Antenna design in the MedRadio band

3.2.1 Antenna inside the muscle model_

Given the dimensions of substrates and metallizations presented in Table 2, the antenna is
re-designed using the HFSS Ansoft Software environment. (Fig.7). Then, the structure is
placed inside a canonical model imitating the dielectric properties of a human muscle.
(&', =57.09, tand=0.621) (Fig.8).

Figure 3.7.Top view and side view of the antenna designed in the HFSS environment .

0 100 200 (mm)

Figure 3.8.Antenna placed inside the cylindrical muscle phantom .
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The FE solver of HFSS performs iterative tetrahedron-meshing refinement automatically
with the mesh being perturbed by 30% between each pass. The mesh refinement
procedure has been set to stop when the maximum change in the reflection coefficient
magnitude (| S, |) between two consecutive passes is less than 0.02, or when the number

of passes exceeds 10. The solver performs a 400 point-frequency sweep by T 100MHz
around the center frequency of MedRadio band (401-406 MHz). The results are presented
below.
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Figure 3.9.Reflection coefficient response for the Multilayer PIFA in muscle homogenous model.

As shown in Fig.9 the antenna resonates around 390MHz with a 6 MHz bandwidth .The
magnitude of the return loss is lower than -20dB (=-23dB) and the maximum values of
the Realized Gain and Directivity are -25.96dB and 4.46dB respectively.

dB{RealizedGain

ra

-2,
W
-2,
-2,
-2,
-3
-3
-3
.
-3
-3
-3
-3
-3
-3

-3

Y4 2E e +aE1
5375 +081

L B331e+B@1

7287e+081
G243e+081
919Ge+B@1
@154 +EE1
1116 +a81
2065 +081

L 3821e+B@1

3977e+0E1
4933 +081
5885e+081
G4t e+aE1
7HEE e +EE 1
§755e+081
9711e+081

Figure 3.10. Simulated 3D gain polar plot at: (a) 404.5 MHz and (b) Radiation pattern.
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3.2.2 Antenna inside the head model

The implant, is now located inside a canonical model imitating the dielectric properties of
the human head.( &', =43.5, tan6=0.799)
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Figure 3.11 .Reflection coefficient response for the Multilayer PIFA in head homogenous model

As shown in Fig.12 the antenna resonates slightly lower than 390MHz with a 6 MHz
bandwidth ,while the magnitude of the return loss is higher than -20dB (~=-21dB).

3.2.3. Antenna inside the 3 layer model

Lastly, the antenna is placed inside a 3-layered structure made of muscle-fat-
skin(dry),whose radii are 32, 36, and 40mm, respectively(Fig.11). Dielectric properties
are taken from Table 2, Chapter 2. (fat:¢',= 5.58, tand=0.328, skin:¢', =46.71,
tand=0.658 ).

The resonant frequency is anticipated to shift slightly to the right ,due to the low loss
tangent of the fat tissue, that interacts proximately with the antenna .The magnitude of
the simulated reflection coefficient |S,, | is smaller in this case, because of this frequency

alteration. Results are depicted in Fig.14.
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Figure 3.12.Aspects of the three layer model, used for the simulation.
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Figure 3.13.Reflection coefficient response for the Multilayer PIFA in three layer (muscle-fat-skin)
canonical model.

*Observations

In this set of simulations the antenna resonated ~-20MHz lower of the MedRadio Band
(i.e. 385MHz ).Although all stages were strictly followed as depicted in [132], this
frequency shift seems unattainable to achieve. Amongst many alterations that were
considered to be implemented on the original design in order to achieve resonance in the
MedRadio band (i.e. epoxy glue etc.), the most appealing one was the change in the
substrate material. Instead of Roger TMM 10 (of dielectric permittivity ', = 9.8) , Roger
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TMM 6 (&', = 6) material was used .The results in the three different canonical models
are presented below.
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Figure 3.14.Reflection coefficient response for the Multilayer PIFA in the three canonical models.
Resonance is achieved inside the MedRadio range.
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3.3 Antenna design in the ISM band

Later on, the multilayer spiral structure is being simulated in the ISM band. The FE
solver of HFSS performs iterative tetrahedron-meshing refinement automatically with the
mesh being perturbed by 30% between each pass. The mesh refinement procedure has
been set to stop when the maximum change in the reflection coefficient magnitude (S,,)
between two consecutive passes is less than 0.02, or when the number of passes exceeds
10. The solver performs a 1600 point-frequency sweep by T 400MHz around the center
frequency of ISM Band (2.45 GHz). The results are presented below.

3.3.1 Antenna inside the muscle model

The same procedure was followed, as before and the antenna is placed inside the
canonical model, except now the antenna is tested for its tuning in the ISM band. The
dielectric properties of the muscle model, in this frequency range, are given in Table 2,
Chapter 2; (&',=52.729 , tan6=0.242 )
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Figure 3.15. Reflection coefficient response for the Multilayer PIFA in muscle canonical model (ISM
band).

In agreement with what was claimed in [132], the higher resonance is slightly lower
(2.365GHz )than the targeted 2.45GHz. However, the simulated S, depicts a wide

working band (6% at -10dB points), which includes a sufficient part of the desired ISM
frequency spectrum.
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3.3.2 Antenna inside the head model

The antenna is located inside the canonical model, imitating the head dielectric
properties. The dielectric properties of the head model, in the ISM frequency range, are
given in Table 2,Chapter 2 ; (&', =39.2 , tan6=0.337 )
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Figure 3.16. Reflection coefficient response for the Multilayer PIFA in muscle canonical model (ISM
band).

Same as before, the antenna resonates at a slightly lower frequency (2.345GHz ) than the
targeted 2.45GHz.The resonant frequency variation is within the 0.3% as shown in
Figs.15,16.This reduced sensitivity to the surrounding environmental conditions can be
attributed to the lower coupling of the near field with the lossy tissues , since the antenna
size is electrically larger in the ISM band. Moreover, the return loss still remains at very
satisfying level (over 22dB magnitude).

3.3.3. Antenna inside the 3-layer (muscle-fat-skin) model

Finally, the antenna is located in the middle of the multilayer model (muscle-fat-skin).
The dielectric properties of the tissues in the ISM band are given: (fat: &' =5.28,

tand=0.145 , skin: &', =38.007 , tand=0.283).
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Figure 3.17.Reflection coefficient response for the Multilayer PIFA in muscle canonical model (ISM

band).

Resonant Frequency around 2.37GHz.The magnitude of the simulated reflection

coefficient |S,; | is smaller in this case, which results in greater values of realized Gain

(Re_Gain=1-|S,, |*). This comes as no surprise, since the antenna is placed closely to the
fat tissue, which is characterized by very low permittivity (i.e. 5.28).Because of this fact,

the radiated wave undergoes minor attenuation inside this model.

Radiation performances:
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Figure 3.18. Simulated 3D (a) Realized gain polar plot (muscle model ) at 2.37GHz. Simulated 3D (b)
Directivity plot (3-layer model) at 2.37 GHz.
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*Observations:

There was a minor deviation between the simulations’ results and the ones presented in
[132], concerning the maximum values of Realized_Gain obtained(-14.1dB over -
18.5dB ). Nevertheless, the radiation performances still fulfill the initial requirements
providing robust communication in a 2m distance.[137]

Overall, it was presented ,that the corresponding radiation efficiencies of the multilayer
spiral PIFA, are rather small but they provide dual operational range , wider than 10m
and 5m in the MedRadio and ISM band respectively.

3.4 Parametric Studies of Spiral PIFA - Effects

In this section, the effect of changing different parameters at the Multilayer Spiral PIFA
antenna is investigated. As already mentioned the initial design of the multilayer PIFA
has been described in section 3.1 of this chapter. The top view and side view of this spiral
PIFA antenna are also shown in Figure 7.

Effect of the Dielectric Constant (Substrate)

The effect of altering the electrical permittivity of the substrate is shown below.

Dielectric Material &', fres (MHZ) | Sy lsgomte
Alumina_96pct 9.4 375 35
Rogers TMM 10 tm 9.2 380 22
FR4 Epoxy 4.4 442 19
Teflon 2.1 504 24

Table 3.3.Effect of dielectric material on the resonance frequency, and
reflection coefficient at 380 MHz.
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Figure 3.19.Reflection coefficient responses for different dielectric constant materials.

As expected, by increasing the dielectric constante’,, the PIFA’s effective wavelength

is shortened ,thus the resonant frequency is shifting to the left (the resonant frequency
decreases).Simultaneously, the magnitude of the return loss becomes larger. That means
that with much larger dielectric constant, the input return loss is higher. Hence, the choice
of substrate materials is proved to be highly critical in the design and performance of
miniature implantable PIFA.

«Effect of Strip Width
The width of the copper metallizations of the three substrates was increased. The

parametrization was set by five variables a,b,c (for the 1 substrate), d (for the 2"
substrate) and e (for the 3" substrate) .
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Figure 3.20.Parametric setup; a,b,c,d, variables set.
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Figure 3.21.Variable a; Increase by 1mm. Small impact on resonant frequency .
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Figure 3.22.Variable b; Increase by Imm.
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Figure 3.23.Variable c; design limitations - almost identical results .
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Figure 3.24.Variable d; Increase by 2mm. Shift out of the MedRadio band. Lower return loss
$11. Undesirable results.
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Figure 3.25.Variable e; Increase by 2mm.Great shift on the resonant frequency.

Both the resonant frequency and the magnitude of the reflection coefficient are changed
when the strip width is altered. The smaller the width is, the lower the resonant frequency
becomes. It can be noted as well that the matching is getting poorer as the strip width is
getting smaller.

Effect of Feeding Point Position

The antenna is fed with a standard discrete port, and the location of the feed would be
expected to affect the tuning of the antenna. The dependence on the location of feeding
point in the resonant frequency is also an interesting parameter. In this case, the feeding
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point is placed in different positions along one strip arm (x-axis) and between arms (y-
axis).
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Figure 3.26. Feeding point moved by 0.6mm to the left along the x-axis.
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Figure 3.27. Feeding point moved with 0.25mm step, along the y-axis.

As shown in Figures 26-27, the locations of the feed point impact the antenna matching,
but have little effect on the resonant frequency. There is no evident difference in the
resonant frequency, but there is a change in the propagation. The magnitude of the return
loss has become smaller, which indicates worse impedance matching when the distance is
being moved from the initial port position by -2 mm
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*Note that the parametrization technique of lengthening the electrical path of the
substrates was avoided at this stage, because of the complexities occurred from the
weldings’ interference with the copper strips. It was taken under consideration later on,
when setting the max and min values of the copper’s dimensions for the optimization
analysis.

3.5 Optimization

In the final step, PIFA design is optimized for the implantation scenario under
consideration. Quasi-Newton optimization is selected for its speed and accuracy in cases
of insignificant numerical noise [138]. Quasi-Newton algorithmic methods are based on
Newton's method to find the stationary point of a function, where the gradient is 0. The
Quasi Newton optimizer works on the basis of finding a minimum or maximum of a cost
function which relates variables in the model to overall simulation goals. The degree of
convergence in the desired result , appears in each iteration of the cost function, which
returns zero in case the algorithm has satisfied the criteria. If the criteria are not met, QN
returns greater numbers.

Optimization is performed inside a canonical muscle model of the intended implantation
site. To speed-up design, the position of the coaxial feeding point is kept fixed to that of
the initial PIFA as well as the volume of each of the four substrates (i.e. parameters subl,
subwl-subw4 , subzl-subz4, and el-e2 remain stable ).The fifteen variables (w0-w5,
11,12,14,15,16,17,18,10,111) are only considered as dimensions in the solution space. These
are initialized to the values obtained in the first step and vary within the range [0.1mm,
12.7 mm]. The minimum and maximum step values are set to 0.1 and 1 mm, respectively.
The cost function is defined as the magnitude of the reflection coefficient (S,,) at the

desired operating frequency ( f,), i.e.,[139]

cost= ‘811@ f (incanonickmodel) | (2)

and optimization terminates when (2) is minimized, or when thenumber of iterations
exceeds 350. Noise involved in the calculation of the cost function is small enough
(uncertainty in the calculation of the cost function is given by 0.02), justifying the choice
for Quasi-Newton optimization.
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Figure 3.28.Selection of QN algorithm and noise settings.
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Figure 3.29.Parameters settings for optimization.
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Major aim of the procedure, is for the cost function to verify the form:

|Sll|4045MHZ <-20dB. Since in none of the iterations the terminal criterion was satisfied

(cost=0), the optimal solution to the problem, was chosen to be the one corresponding to
the lowest cost (cost=2.835 as depicted in Fig.31).For that cost value, the parameters of
the metallizations were respectively:

W0=0.149mm W3=0.148mm 11=6.617mm 15=1.4mm 18=11.4
W1=0.491mm W4=0.55mm 12=11.1mm 16=3.65mm 110=7.82
W2=1.25mm W5=2.2mm 14=10.25 I7=4mm 111=4.94

*Note that some of the dimensions of the parameters remain the same after the
optimization. This is expected since, the antenna simulated in the HFSS Software
environment, was already realized [132], so only small improvements are anticipated.
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Figure 3.30.Lowest cost value.
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Figure 3.31.Analysis result of the optimization setup. Plot cost function VS number of iterations.
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Chapter 4

Novel Spiral Antenna Design

4.1 Concept of the novel antenna

In section 3.2 of the previous chapter, a multilayer PIFA that performed both at the
MedRadio and the ISM frequency range was studied. It had the optimal size of

m x5°x 32.1 mm. In this chapter a further miniaturization of an antenna design is
attempted, which will perform at 401-406 MHz (MedRadio band). In order for the
electrical length to be maximized and profound miniaturization to be achieved, the
rectangular spiral, in multilayer structure, topology is selected .This is mainly ascribed to
the fact that, longer strip lines can be design in more compact area.

After the analysis of various parametric studies performed on the previous chapter,
attention was drawn to how more densely packed antennas could be designed based on
the former typology for implantable or ingestible use. In order to reduce the volume of
the antenna the fourth substrate of the initial antenna design, depicted in Fig 2- Chap 3,
was removed. The antenna now consists of three Roger TMM 10(tm) substrates packed
inside a biocompatible insulation made out of PEEK. Further ahead, the thickness of each
substrate is diminished in order for extra miniaturization along the z-axis to be achieved.
Last but not least the conformal ground plane was reduced by 2mm and as a result the
coating made out of PEEK did too.
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Figure 4.1.Different aspects of the novel multilayer antenna

The new conformal multilayer antenna has a total optimal size of 2018 mm® instead of

the initial 2529 mm?®.Because of the curtailment of the total structure the resonant
frequency shifted to the right, out of the desirable MedRadio band (Fig 2).
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Figure 4.2.Antenna undesirable right frequency shift.

For that reason new arrangements had to be designed concerning the metal strips of the
structure. In order to decrease the resonance in lower frequency levels, the length of the
metallic strips had to be extended. Hence, alterations had to be made regarding both the
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width of the copper and its length in the third substrate .In the other two substrates,
limitations were met due to the proximity of the weldings with the metallic strips of the
next levels. The values of the design parameters (i.e. Chapter 3, Table 2.), that were
modified are presented below.

Table 4.1.New values of the altered dimensions of the novel 3-layer antenna

121 1.705 1.17 1.17 1.25 9.75

4.2 Novel Antenna for Implantable Application

Simulations ran firstly with the novel conformal antenna been located in a canonical
model (80 x 110 mm) with muscle equivalent dielectric properties.
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Figure 4.3.Novel antenna’s reflection coefficient response at 405MHz

There has been observed, that the antenna resonates successfully at 405MHz with a
sufficient bandwidth , as well as with a magnitude of return loss |S,,| exceeding the

20dB.The antenna performances are being cited (Figs 3-4).
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Later on, the antenna is being tested inside both head, and 3-layered (mucle-fat-skin)
canonical models. The novel structure appears to be robust inside all different phantoms.
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Figure 4.6.Novel Antenna in simulation environment imitating the human head.
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4.3 Novel Antenna for Ingestible Application

Due to its compact size and omnidirectional radiation, the antenna was also tested for
ingestible utilization. As mentioned in Chapter 1, a Wireless Capsule (WC), except from
the antenna incorporates several microelectronic circuits, sensors, a CMOS camera,
LEDs, batteries and even, in some experimental cases, sophisticated systems for active
locomotion inside the Gl tract .As depicted in Fig.2 these items could be integrated in the
free space that exists under and behind the volume that the antenna consumes. For the
simulation, the multilayer structure — which is encapsulated by biocompatible PEEK
coating ,was firstly placed inside a canonical cylindrical model (20 x 260mm) with
equivalent dielectric properties of an esophagus (&',= 67.454, 0=1.004, tand=0.662,

mass density [kg/ m*]=1040)

The FE solver of HFSS performed iterative tetrahedron-meshing refinement
automatically with the mesh being perturbed by 30% between each pass. The mesh
refinement procedure had been set to stop when the maximum change in the reflection
coefficient magnitude (J]S11|) between two consecutive passes is less than 0.02, or when
the number of passes exceeds 10. The solver performed a 400 point-frequency sweep by
+100MHz around the center frequency of MedRadio Band (404.5 MHz). Radiation
boundaries are set A, /4 (4, is the free space wavelength, f = 404.5 MHz) away from

all simulation set-ups to extend radiation infinitely far into space. The results are
presented below.
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Next, the antenna is located inside a sphere of 50 mm in radius that mimics the dielectric
properties of the stomach (&', = 67.444, 6=1.004, tan5=0.6618, mass density [kg/m°]
=1050)
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Figure 4.10.Reflection Coefficient (|S11]|) frequency response of the antenna inside stomach model.

Later on the 3-layer structure was located inside a canonical box (100 x 100 x400 mm)
imitating the dielectric properties of the colon. Its dielectric properties are cited;
(&',=62.51, 6=0.86, tand=0.611, mass density [kg/m*] =1044). Following the same

procedure with HFSS Software, the simulations gave the reflection coefficient response,

as follows .
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Finally, the conformal antenna was placed inside a canonical model in the shape of a box
(200 x 200 x 400mm ) with small intestine equivalent dielectric properties

(&',=66.02, 6=1.905, tand=1.282, mass density [kg/ m®]=1044)
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Figure 4.12.Reflection Coefficient (|S11|) frequency response of the novel antenna when placed at the
center of the small intestine model

The Radiation Efficiencies of the corresponding simulations in the three models are being

presented.
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Figure 4.13. Radiation performance of tuned antenna. 3D Radiation pattern while placed in the center

of (a) esophagus (b) stomach (c) small intestine (d) colon (large intestine).

Observations:

*The novel antenna performs sufficiently inside the esophagus model. It resonates around
401-402MHz with a Total Gain value over -18dB.

*Inside the spherical canonical model of the stomach, the novel antenna resonates slightly
under the MedRadio band (at ~395MHz).Since the dielectric properties of the stomach
and the esophagus are quite similar that might be owed to the shape and dimensions of
the canonical models used.

*In the canonical model of the colon (large intestine) the antenna appears to have a very
robust performance. It resonates successfully at 405MHz, with magnitude of return loss
greater than 20dB , and sufficient total gain(-27.83dB).

*In the canonical model of the small intestine, the ingestible antenna appears to be
affected by more intense detuning phenomena. Given the fact that the permittivity value
of the small intestine is close to those of the other examined tissues (i.e. &', = 66.02 Vs

g',=62.51 for the colon), the detuning effect can be ascribed to the high conductivity

magnitude of the small intestine (almost twice as high as the conductivity of the other

tissues). This leads to the antenna exhibiting lower reflection coefficient (| S, ) response.
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Nonetheless, in more realistic implementations, that multi-layer canonical models or
anatomical models will be used, the effect of the high conductivity of the small intestine
is expected to fade due to the adjacent tissues (muscles, fat, skin etc.).

Overall, simulations have shown that the novel antenna could perform adequately as a
component of a WCE system too. Further testing is indicated in order to assure operation
as intended in all the tissues of the Gl tract, with extra speculation in the stomach and
small intestine tissues.
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Chapter 5

Conclusions and future work

In the contexts of this thesis the following were presented:

=the potentials of biomedical technology and the significant advancements which can
contribute to the enhancement of the medical field .

=the scientific orientation towards more flexible implants and injectable medical devices
for less discomfort of the patient.

=several implantable and ingestible devices that are applicable today and the limitations
met in their use.

»the state of the art in IMDS and antennas in WCE field (i.e. regarding energy issues,
improvement of the radiation performances etc.).

*main principles in the microstrip antenna theory as well as their miniaturization and
broadbanding techniques.

*the properties of the biological tissues, and how they affect the operation of the antenna.
A multilayer rectangular PIFA was introduced, operating in MedRadio and ISM bands.
Used for Implantable Applications, its performance was studied inside different body
phantoms. Both Parametric and Optimization Analysis also took place.

Based on this structure a novel multilayer antenna was designed, smaller than the former

one, for almost 500 mm?®. Thus a 80.33 % reduction in size of the initial antenna is
achieved The new 3-layer spiral PIFA operates at 401-406 Med Radio band .The antenna
is tested for both implantable and ingestible use. Inside the muscle, head and 3-layer
(muscle-fat-skin) models the antenna is well matched at 405MHz with better than -20dB
reflection coefficient values. Testing of the antenna in canonical models of Gl tract
equivalent dielectric properties proved a more challenging procedure, however satisfying
results were extracted from the simulation, concerning the reflection coefficient response
and the antenna performance.

94



Future work could include antenna re-design in order to obtain:

«further miniaturization.

«fine tuning in order to operate as intended in all simplified models with sufficient
performance needed.

*Study of other dielectric materials to be potentially used for enhancement of the
antenna’s performance.

« experimental testing of the antenna and the proposed simplified models.
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