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ULQJUHVRQDWRU 655 VHQVRU RI WKUHH f
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GHVLJQHG DQG IDEUIQFAHMH B TR HQHVY R @ D HQ

*+] TR YDOLGDWH WKH 655 VHQVRUV WZR@HMHQR§@|&WM@NVPHFWJK¢H HOHFWULFD

VSKHUHWH WHVWHG RI GLRERHWHUYV X0Q B PH@OW > R@

FKDQJHV LQ UHVRQD@E&E HQVHTUXH@®E ORVYV R$ W KIMNWKERG6WR PHDVXUH WKH SHUPLWWL

PRGHZHUHUHODWHG WR WKH GLHOHqumew\pbw@zgqms@ww«m@ﬁyﬁv LV S

VSKHWDQG WKHLU KRVW VROYHQW KHUH Z

ZDV XVHG WR PRGHO WKH VHQVRUV DQG %ﬁqﬁ@iﬁqﬁ%@(&éﬁ%ﬁm@%@maﬁ

EHWZHHQ WKH VLPXODWHG DQG PHDVXUH ] Ve
HHEKBURGXFHG E\VLQJOH FHOOV /
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7KLV ZRUNLV OLFHQVHG XQGHU D &UHDWLY H &RRIHRLGM B WRVDUN ER®/ ZWVRHH K WIWFS Q VI HRW LY HF R |



$%'8/-$%%5al. 02'(//,1*$1"' 0($685(0(1762)7+(0,8&52:$9(",(/(&75,& 3523(57,(8&3L635((6

Even mode

>~ 7T . yLJ 4XDVL 7(0 PRGHV RIWKH665 D 2GGPRGH Z
) LQWKHJDS DQG E HYHQPRGH ZLWK VPDOO HOHF
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€
)LJ 6FKHPDWLF RI WKH VSOLW ULQJ PLFBRVWULZ JUR XN

WKHEDFN VXUIDFARQRWPWIRGEQ@R D PLFURZBBYH QHW Z R HU DQ
FRQWUROOHG E\D /DE9,(: SURJUDP OLFURVSKHUH t>0H SDVVHG WKURXJK WKH JDS
UHJLRQ YLD D ZDWHU ¢OOHG JODVV FDSLOODU\ DIWHU > @(a) (b)

)LJ &URVVVHFWLRQRIWKHFDSLOO D U\SKMHWHHG E\
ELRORJLFDODSSOLFDWLRQV 7KUHH VREHE REWKKCHPY BURY RV B U KSR ¥ N0 AV
LQWKLV ZRUN PRGHOS$ % DQG & zZKHUBWWRKHPEHVEZRDQG PHDVXUH
PHQWV RIPRGHO $ZDV SUHVHQWHGLQ> @ 7KHDGGHG ZRUNRIWKLYV

SDSHU LV WKH P LIPLROGN)QUS. VIMVQ VRRQ RV V% D
& WR HQOKDQFH VHOQVR U VHQVLWLYLWPD FWERGEHE PRV K ® VP DOmALWE MBILARX S C

'Q 6HFWLRQ ,, WKH WKHRU\ DQG FRY g@'\vH] [WHQGH
RI WKH OLTXLG ZL\8K HQHVZ E KR W VRBQ@BW‘?MF:& %\))//VB(GP%%@ LE'?'-S V'§FW'—RQV
DOVR WKH WKHRUHWALV DQ NE RN QWH KL =

H[SHFWHG E\ WDSHULQJ DQG UHGXFII:EQ e\\?ﬁﬁ%}%g&b&%g"\?\??@% GXH WR
UHGXFLQJ WKH RYHUDOO VL]H RI WKH lg&[&3V é%@Wﬁ@QBWW@WWM*ﬁWRU\WR
VHQVRU GHVLJQDQG IDEULFDWLRQ WRKH WKHQIH_ R @HHNOPL 1IGRS B Q¥ PdRW 1 C

DUH SUHVHQWHG LQ 6HFWLRQ ,,, ,Q 6RPWKKRQ P WAURM H O GHHVHQW

UHVXOWY DUH GHPRQVWUDWHG DQG (V,VLW'I:NUVR@DZ/\LWB UEFH i MAXQU
GHVFULEHG LQ 6HFWLRQ 9 DQG > @

&RQVLGHU ¢UVWDOLTXLGRIFRPBPH[U

. R18(376 7(25< $1'6.08/$7,21 SOHWHO\ ;O0OLQJD ORZ ORVV WXEH IRU

SHULPHQWYV KGUWR BLHI H UDU EZBI\GWM K B HU H [

A. Odd and Even Resonator Modes SHUPLWWLYLW\ RlD\AwGWPWBKEHV\D/QR;XWHU |

7KH 655 EDVHG RQ WKH PLFURVWULS E v HF % EH[:;}SLEQHREDH<
SODQH VKRZQLQ)LJ KDVRGG DQG VROXWLF
RGG PRGH KDV WKH ORZHU UHVRQDQF OFK/ L,: H
é

WKH ZDYHOHQJWK HFWT X DIDONRH\Y K W G 7KHPDI
WKH JDS > @ WKHHYHQ PRGH KDVK u%p él'—b(zHQHl[)@ﬁsREtE%HL\Y
ZKHQ WKH ZDYHOW(EZJ\M/IKHLNLI—QTJX(]D}QQJW ?64 (r(@m Yo+ 1 +W(5_gt)(ct_1)>50E0
7KHGLVWULEXWLRQRIHOHFWULF (HOG LQ WKHJIDS FURV YV
ERWK PRGHV LV VKRZQ VFKHP DW L F D OZK HERH) JW K H@P W KL RV FFRRGHMI 5 HD IS © B E W/C
FRQ¢JIJXUDWLRQWKHHOHFWULF ¢ H O G GIHRXHOVD W WARHW KAHKVA XIS X KOH UV B K W EISG
LOODU\ UHVLGHV ZKLOH LQ HYHQ PR B HWKKHWBCEHE M QIGF ¢ HOG LV PRVW O\
RXWVLGH WKH JDS ,Q RXU H[SHULPHQWKH \§K H R GGEDRGHR QV RYBE XWRIG H[SH L
FKDUDFWHUL]HWKH SUHVHQFH RI PLFORN SMHWKN 2 K HO WY MHKRI FSRHOQ \PWR\GH Q H
LV LQVHOVLWLYH WR WKH PLFURYV S K HUHIV FEG W5 FIDKUEH. ® ¥ MVGR D VJD X B H 1K Q H [V
UHIHUHQFH IRUH[DPSOH WR DFFRXQKRIRW KIP30E VFKQBHHRI DQVWHESHE KHULF
DW X U H KRPRJHQHRXV DQG RI Uk OPRVGLYHH/HARH \
7KH LOSXW DQG RXWSXW SRZHU FRXBOILR GV KRR OWHK A RAFHHVERY RWR Z DWHU ¢ 0 O H
PRVWO\LQGXFWLYHRZLQJWR WKHLUBRVYE WWRRQY RD W HHPDH' QR@DWRH GG UDF
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YROXPH IBRFWEKRQ@LTXLG ZLWEIQIWKH W X E'+f
WKHFRPSOH[SHUPLWWLYLW\RIWKHOLTXLG,|
HUHG WR KDYH ER\DRODB G I URRFAM L YH K/ D @ XIHV
HVWLPDWHG IURP VLPSOH HIITHFWLYH PHGLXH

RQVLG

36(55 *E) % _152F
eff RS 14—~} s
Seff E( + 65—1—25) @
-153 1 W
7TKHUHVXOWLQJ SHUWXUEDWLRQLQ HOHFWU , JWKHQ WK
GLITHUHQFH R Water

. - - == 25 um microsphere in water

-15.5 . . .
2.498 2.499 25 2.501 2.502

Frequency (GHz)

Ap = plecss) — ple)-

yLJ 7KH FDOFXODWHG WUDQVPLVVLRQ VSHFWU:

ZLWKRXW VROLG D SODVWLF PLFURVSKHUH LQ W

C. Cavity Perturbation Theory TXHQF\DQG PLFURZDYH ORVV LQFUHDVH ZLWK WK|

FPOF 5 5L MDIF VARNPRIIG WB K® DHJBI VR (

JLUVW RUGHU FWQWAK%WWWWWW\FH&S’\Q%WL&%%%%%QSHUWXUEHG E\WKH PLFUR
FKDQJH LQ HOHFWUAF GXBRIRHURKR PR Q®@MXPWEWR RFFXS\D YROXPH IUDFWLRQ RI RIW
FKDQIHLQO UHVXOW LQ FKDQJHV L WXE$‘HBW)?U}!<E/HBM$¥S% ERD/&&(R;L&VHZPSJSEV
WKH UHVRQD@FWQGBKQX}R@FGHGQrXDDYW@%EwggVQDO\MﬁVM\QDOPW LGHQWLFDO U
E\WKHDSSUR[LPDWH IRUPXODH > @ ULJRURXV DQDO\VLV XVLQJ #

Af=fi—fox —foRe<AzUEO>
. ZKHWH a2 LV WKH SK\WVLFDO YROXPH RI W
A<l>_ii%1m<ApEo>, WKH JDS UHJLRQ )URP WKLV ZH VHH WKD
Q Q1 Qo 2U UHQH PLFURVSKHUH LQWR WKH JDS UHJL

, . F HLV, w VHV L H

+HUH WKH VXEVFULSWYV 3 - DQG 3 ~ GHRQRW Y%H gngu DYE Wi

SHUWXUEHG VWDWHYV RI WKH UHVRQD gﬂb MY H &KV'] |\%<v ‘(X/H %W

LVWKHWLPHDYHUDJHG VWRUHG HQHYRERINY, u% Fl;J AR A i W\Q
2

WXUEHG VWDWH GH¢{QHG E\ ZLWK SHUWXUEDWQRBRBK F XO D VDIDE XWK.

1 PYFRPE G [ E ¢HG IRUPXOD
U‘f“]{EdV:?"Eﬂvm’ Vin = E_gdv 7KLV FDQ EH XQGHUVWRRG E\UHIHUULC
4 v WKH HOHFWULE%IHDW K ) WSIAH IWQ DQ DU F

ZKHEJHV WKH XQSHUWXUEHG HOHFW U SEPOFHE 810 KW kIR B W Y VSRR ¢ HOG Z
WLRQRIWKH WKEKBOBGH YROXPH RI WKH UMY RY BWRUO A MWKDQ WKDW RI LWV
ODWWHU WHUP T X VW MW HRQWHKQK PRYF W R4 HHHOQ WY B MESWKLHYUL WV VLS/HRXFHK JUH L
HQHUJ\GHQVLW\DW WKH SRVLWLRQ RR MAKEEVWU IPY AR KR VER WY K RN B0 RY
HOHFWULFHQHUJ\ ®HOVH WH MR g B RHE B WAL WHR Y WKAJLQWHQVLWI LV HQKDQF
WKHUHVRQDWRUE\ IRUH[DPSOH UHGXRYH R YKIDE FXBWR RUPWKHIYLE RV RI
UDGLXV UHVXOWYV LQWR 68 BWHQAHGDYWHRB ! G DGMDFHQW WR WKH SRODU UH
FUHDVHGUY DMOKXH/FIDXVLQJ ODUJHU FKBBYWN K @ K RIR/HRRIHUE YRR OHBMHO/HF MHUR F

UDPHWHUV IRU D JLASH Q EHUNQ)KLDEQ[FWG'R%—I@VWWMVHW\VDQ LQFUHDVHLQ HOHFW!
WR WKHFDXVHRIWKH SHUWXUEDWLR(%V FTMWKRRHR £ 8B RWLWPYG-WR RobWRIh M SK
GHWDLO EHORZ RXOG GHFUHDVH ,Q D LQFH WKH VSK

7RJIDLQ D EHWWHU SK\VLFDO XQGHURBWHRHGEL D AVKRZREOOHUSY AWGRH-V VP D
RI D PLFURVSKHUH DIIHFWV WKH 655 WD QY RAQPRPHYWZEARBR UEHVXOWLQJ L
WKH SUHVHQFH RIWKH JODVV WXEH DVAHPMHG WR EH YHU\ WKLQ ZDOOHG
DQG GHYHORS DQ DSSURj LLEDWHIH BU P XY 7 KR
WKH SHUPLWWLYLWA RV \Q[XHmmwwﬁgﬁ&'BV@WWW“e”mfmeSRR
RIWKH PLF&) RMSIKHUIHOO LQGHHG EH WKHW BV @ EKHVHAQWHBP WKH SHUWXUEDW
e~ T78—j12 DW *+] DQG SROVYYV.OY UHDARSM®L(HG FRXQWHUBUMMDWHYWWK5 VH

VLGHUHG UHVSHFWLYHO\ 7KHQ + W KUHHSBUKHF\HHW R FWKIHDYWHLWRA NVOLHP BIOFHU RV SKH L

UHVXOWYV YROWRHY UHGXFHG 7KLV LV PRVW HDVL
6rt%5 UHGXFLQJ WKHRIMKHI®EGL XBEOH , VKRZV

Ap~ — coFy RID &2062/ 0OXOWLSK\VLFV  VLPXODWLF

e LQ )L ZLWK YRPUILQUQUID)GQEHUWXUEH

ﬂ%+35"tRe<l> IUHTXHQFLHY ®WBHIHFMEHG WR D JRRG D

fo Vm  \= fox1/r VLQFH WKH 655 V OXPSMGURSRE WL

A1) o 88V (1 WR WKH UQJ DAHG /\/L 7KH JDS UHJLRQ
~ m pm GHHS GH¢QHG E\ WKH WKLFNQHVV RI
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Af (MHz)
»

05} ..

0.0

Radius (mm)
)LJ 7KH FDOFXODWHG HES HDRWRXIQFG: M @ & KLFQUMHHAKVH.QV\D. LWV @
SHUPLWWLYLW\LV PXFKOHVV WKDQ WKDWWHKD®V KR
WKDWRILWY KRVW WKH DUURZVVKRZWKHDQEIHHFWLR(?B_ A
PHQW?RIQ WKH KRVW LQ ERWK FDVHV JLYHV ULVH WRAQFU
RYHUDOO HOHFWULHGRWFHGQWLDIOQ—UQJPLMHNW‘RQDEQQ.R}F%HU‘&. _--|
IUHTXHQF\ = -7

«F 0.02 } -

TA~AC

0.01 f

7$%/(,
())(&7 2)9%$5<,1*655 0(16,2166r2:1 ,1),* 215(621$1&¢( 0.00 L L L L L L
)5(48(1&<Af $1' ())(&7,902/80( 1 2 3 4 5 6 7 8
Radius (mm)

r w Frequency, Af A, Vin (b)

(mm) (mm) fo (GHz) (MHz) 70 (mm?)
yLJ 6LPXODWHG UHVXOW VrRR MW KMLEBS W BHEH\QRIQ

175 0.5 9.8150 2.000  0.000204  0.01301 I[UHTXHQF\ IRU GLITHUHQW WILE 8 Y RO®IXLP HERWDGLLIILH |
225 0.5 7.4280 1200 0.000162  0.01641 DVVXPLQJD FRQVWDQW JDS JHRPHWU\

3.50 1.0 4.9420 0.550  0.000111  0.02382

7$%/(

. 1. 9 32 . 1 0031 X

3.30 0 3.9093 0.325 0.000083 0.03188 ',0(16,216 2J+( 63/,75,1*5(621$7256+2:1 ,1),* $

7.35 1.3 2.5073 0.150  0.0000598  0.04431 ',0(16,2185(,1 00

r T. T T

1 3 4 ¢ gap

ZLWK LQ VXEVWUD ¥ Hnd B 85 ZmGWR VI LRIH 5 2

WRWDO JHRPHWULFDOS%R@]}O‘AP/H]Q?RILWHKH JRS RI 109 10.6 8.0 6.7 6.0 0.035

8.58 x 107% mm?® B 6.6 6.3 4.0 3.0 3.0 0.030
‘HDOVR VLPXODWH WKHSHUWXUEDWLRQ RQ WKH 655 UbJLRQ LPSRVfG

E\LQVHUWLQJ DRDLADB B W D\OSEBIUW ink O H RHHB-616

ZLWKLQ WKHJDS YROXPH 7KH VSKHUH YROXPH LV RI WKH JDS

YROXPH WKXVJLYLQJD VPDOO SHUWXUJEDWLNRIYRZ EZWKFE WKOARRPH DFKLQ

YROXPHRUG655VRIYDU\LQJUDGLL FDQ W ER Z®X WHRCDXWR@HUDQFH Rl WR PLF
7TKHUHVXOWLQJ GHFUHD VAL IDHOWRMKFREFRNI HRTX BR EWXX UR L G ODPLQDWH ZD
LQ7DEOH, $ PHWD Qu\FRKPHWDHH RVl FUD\GELEKSER IOHPAH- W\ M WEK VK LENQH VYV R PP UHC
HOHFWULF¢HOGZLL\@IQLEQQLH/‘DE\F(.W—LNLI—F@_SSRQQ(E’IR)I?QI-VQVWVDQJHQW 7KH WKLTF

p = 4megEga® = 3egEV, Z W;HLV WKH YROXRN RWWKKLFK LV FKRVHQ WR EH DV WKLF
VSKHUH 7KLV PHDQV W KD WDNKEHPRIGHZKR@XPHE K HU DX B R OWAWDEF MQRHI RALEEF U R V ¢
IUR® RID PHWDO VSKHUH XVLQJ Aesar $ -RKQVRQ ODWWKH\ &RPSDQ\ ZHUH
3V fo WKHVHQVRU &l GLDPGHWHUV 7KHVH ZHUF}
N ZDWHUDQG SDVVHG WKURXJK WKH JODV\
RI D V\ULQJH

7KH UHVXOWLE,) DD POWRRWKRZQ LQ 7REAH VLKW R1 655V ZHUH GHVLJQHG W

IDFWWKRQWUHDVHV ZLWK k& Q~NUHIVUFDWLEEUNE LXV RQ WKH PLFURVSKHUH GHW
WKH IDFW WKDW WKH HOHFWULFDO HQH thdd ' @ RW MR QUHD\PHORALIRS ¢ IDW I LY W' ¥
JDS UHJLRQ EXW RFFXSLHV D PXFK OWWHHGILPROQX P R G MY E @ BRI KK FURHEEHK ¥
JDS 7KLV LV DVVRALIDAWAVERALNK RKQ WIOH RKG Y HIRPLPRIGHO $ WR % WR & WKXV L
VXUIDFHV LWVHOI| ERKWEK HWKRUHDHII WE WKEHUR/GKHUH GHWHFWLRQ ,Q PRGH(
7KH PDLQ UHVXOWYV RI 7DEOH , DUH S GRIVRW HIGCGMKIKIL FK IRUZWEH HERBRJIK IRU W
QDQFH IUKTXHRF\D DQG DOVR WKH RFRRIGRW ERPXRHGLDP W AMR/SDD § GVK UR X JK
yLJ E DVDIXQFWLRQRIULQJUDGLELYWRGHOV % DQG & WKHJIJDSDQG UDGLXV
WKH GHWHFWLRQ \PHQ@WDHAULFY IL AU RV SAKKHHU Y

vey (6,1 $1'5(%/,=%7,21 pm
7KH 655V ZHUH IDEULFDWHG E\LQLWLDRHXWODLQORVWKIDELQOBKDSH$0&2 FR
DQG WKH JDS VWUXFWXUH XVLQJ ODVWUWYLWURIP D F KIQWHI GROPRWHE R\ PP

Vi &~ —
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SULQFLSOH IXQFWARI\D G HRFESRIQU\DW/UL R H
ZRUN LV MXVWL;HG LQ RUGHU WR PRUF
XVH RI PLFURZDYH LQWHUURJDWLRQ Wk
ARZV 7KHPDWHULDOV XVHG WR IRUP PLF
KXJHO\ RQ WKH SURGXFWLRQ YROXPHYV
DELOLW\ VROYHQW 8 H I YFEDMERMUAR URSA
WUDQVPLVVLRQ FKDUDFWHULVWLFV DQ
SRO\PHUV PHWDOV HODVWRPHUV SDS
> @ 37)( EDVHG PDWHULDOV HVSHFLD
H[FHOOHQW GLHOWR®YH B \§ URHS/H.W W IDHWF
OLJKW WUDQVPLVVLYH EXW HTXDOO\ D
LQWHJUDWHG FDSLOODU\ VWUXFWXUHV
FRVW HIITHFWLYHPLFUR VWUXFWXULQJEL
SRVVLEOH WKDW WKH LQWHJUDWHG PLF
VXFK DV WKDW GHPRQVWUDWHG KHUH F
UDWH VPDOO VFDOHWBRBIW E® RAG XEGH. Q\
PRUH FRPSOH[ HOHFRHIFEROGEY¥ FIRQ G W
WKH UHFHQW DGGDWEWYW L®DQXIDFWXUL
HQDEOH VXFK D K\EULG DVVHPEOLHV PD
VHWYV

&2062/ OXOWLSK\VLFV ZDV XVHG WR
XODWLRQV Rl WKH HBOBEW BRR WIKHWMQV R
ZLWKRXW SRO\WW\UHQH®ZS KKK H0/ ZI)YZHDA
PRGHO ZDV XVHG WR VLPXODWH WKKIH6 ST
ZDYH HTXDWLRQ LQ WKH IUHTXHQF\ GRP
(0 ZDYHV PRGHO DV GHVFULEHG LQ WKH V

Vx,ufl(VxE)—kg<6,.—ja>E:0
WE,
ZKHL HY WKH SHUWP WB ELSH.WAP\L W K M LEVO\HCF
WULF FRQGXFWLYLW\ RJ WKW R /HIWR D\
WKH YD XX¥PVKH ZDYH QXPEH U i @ KIHHHQV ¢
JXODUIUHTXHQF\ 7KHLPSHGDQFH ERXQ
WKH FRSSHU VXUIDRM\DRIGMKIHR X B &R QDR
FRUSRUDWH WKH FHREDHUWOHRUMMHIVE RKQ G
ZDV XWLOL]JHG IRU WK H0I'DF K ¥ RiulnV KDY R O
FORVLQJ WKH GHYLFH WR PDNH WKH ER>
VFDWWHUHG ZDYHV &RD[LDO SRUWV ZHU
QHWLF HQHUJ\WR WKH UHVRQDWRU 7KH
(6 =¢1—jéez) ZDV GHVFULEHG LQ WKH VLPXOD
7KHRU\> @ DV LWV SHUPLWWLYLW\ LV Y
yLJ 3KRWRJUDSKV RI WKH IDEULFDWHG VHESWRBY B d Wl it i R b MHHUBBXWHHYE. D@ W WH B WP
VKRZLQJ WKH SRVLWLRQ RI WKH JODVV FDSLOWKIR ZOWKQY PEMH S, UHIKARVERRPGHDPIWHG D Q
JLYHQLQ > @ WKUHH PR G HOOOX WDUBWHG LQ )LJ ,Q)
VXUHG DQG VLP X[9:P W HEKHRFROMWY RDUH V
WKUHHFDVHV ZDW HAnRELM\P EDWHKPD DGR
PPZDVKHDWHG DQG WKHQ SXOOHG @RY®ADRVBIEG: B RBHRIVGIKIHRHW HKHRR HD V X U H
pm DQG LQQH U L@ W KHWF B WHRRII WK/ RRBIWR$PRGHOV % DQG & DUH LOO X V!
VHQVRU )RUWKHPRGHOV % DQG & VHYBRIEW IWKIDL Q hZD\ D@ RWEE P EPSRV SK
LOODU\GLDPHW HihV DHWWHSHBPQYGYHO\ )ROO RRBAVD® WKHUHVXOWV VKRZQ LQ)L
SKRWRJUDSK RI WKH PDJQL¢HG JDS UHRR B @ ZU WH P KQHVFEDKSWHDE B Q BV WIHPPXHOIDWY H
JHWKHU ZLWK WKH OD\RXW IRU PRGHOV $ &
7KH FRQVWUXFWLRQDO PDWHULDOV XVHG KHU HaR U6 WK He #8466 2R ZD Y H
PLFURAXLGLF GHYLFH FRPSULVHG L DQ57 GXURLG ODPLQDWH
ZLWK LL DQ LQWHJUDWHG VRGD Jo0 DV VeapemensIsiHp ang Paig B eeseitv 1 zD v
FKRVHQ EHFDXVH RG ILRVO/H IFDAY RIUD § O R S HKUMVE M@ F&XW RBRDVVHPEO\ RI WKH VSOL
LWV 37)(2JODVV ¢EHU FRQVWUXFW L RQH WZROWNAD Q\DKOH |MHRIWKIRFAJ RVABSH DQG F |
KHUH IRU LQWHJUDWLQJ WKH JODVV FHFDERQUDEN D @ G WKW KEH. W HX/1XV0 WR IRU B R G
EDVHG VSOLW ULQJ UHVRQDWRU GR TQ®RW F\RRII R B 8 WRRLPOWUHHIW O ¥ XV HIGJ
PLFURAXLGLF PDWHSHRGRKRMVLRQ @ BADKQHG SWRIRQ VRAILV V LIRQ WRH WSKRHQUHV R GID W
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7$%I/(,,,
0%$7(5,$/3523(57,(86(' ,17+(6,08/%$7,21$7°C

Material & & o (S/m)
Air 1 0 0
Microstrip Dielectric 2.21 0 3.17x107*
Copper 1 0 2.70 x 107
Polystyrene microsphere 2.10 0 0
Glass °apillary 3.80 0 1.00 x 10712
Water [31] & foo * (pse)
78.4 5.16 8.27
-16.4
-166 |
-16.8 |
170 } yLJ 3KRWRJUDSK RI WKH DVVHPEO\ Rl WKH VHQ"
@ 72t FRPSXWHU DQG RSWLFDO PLFURVFRSH WR DRG SRV
= ol VSKHUHV LQ WKH JDS UHJLRQ
. -17.6
Water
7.8 & —&— |5 um sphere in water
-18.0 F A& —— 25 um sphere in water -10 la
o e . [T oSimylated, L First f, Second f,
2.5032.504 2.505 2.506 2.507 2.508 2.509 2.510 2.511 -151
Frequency (GHz) 20}
(a) .
-14.9 - c\% -25}
-15.1 F S
& -30+f
-153 F
-35}+
_-155 ¢
m
S 157 -40f
u' 159 } -45 L L L // L L L L
\ 23 24 25 26 48 50 52 54 56
61t Water \ Frequency (GHz)
-163 ; +1§p1n sphere in water \
165 - Simulated | . )LJ OHDVXUHGSEUBBGERQWGH RI WKH VSOLW ULQJ
4.968 4.972 4.976 4.980 4.984 $ JLYHQLQ> @ VKRZLQIJWKHRGGDQGHYHQPRGH
Frequency (GHz) WKH KLIJKHU IUHTXHQF\ RI WKH WZR
(b)
-20.00
2025 7KHFKDQJHVLQWKHUHVRQDQFHIUHTX
-20.50 RIWKHRGGPRGHZLWK WLPHGXH WR D AF
& 2075t WKHF FDSLOODUDDDRQI VEK RIAQSIHG W I
< 2100t 7TKHUHVXOWYV LQ)LJ ZHUH FROOHFWH
| /IDE9LHZ SURJUDP WR UHFRUGLQVWDQWL
150l - QDQFHIUHTXHQF\DQG LQVHUWLRQ ORVYV
sk e— 15 pm sphoro in war PRYHPHQW RI WKH PLFUFROVBKB EBV KW F
200 _---- Simulated . /IRUHQWILDQ FXUYH) HVR®E DKMAEW SCKIHD P H 'V
77.54 7.55 7.56 7.57 7.58 WUDFWHG 7KHQHWZRUNDQDO\JHU ZDV L
Frequency (GHz) ,) EDQGZLGWK RI N+]DQG VZHHS SRL
© WLPH RI DSSUR[LPBWWOV IDVW AQRXJK \

yLJ OHDVXUHG DSQ:GRM WP BMWRINGR UV zL WK D VL Q FolI FuRWsR a UL QJ WKH VKRUW WLPH
GLVSHUVHG LQ ZDWHU LQ WKHJDS UHJLRQ D PFRIRHWOSKIMHWHURF X SEL BIRGWEXK JDS UHJLRQ F

ORGHO & RGG PRGHUHVRQDQFHIUHTXHQF#HV ZHL
N+] DQGt N+] GXH WR WKH SUHVHQFH R
pm GLDPHWHU PLFURVSKHUHV UHVSHFW

RGGPRGH DQGVHFRQG HYHQPRGH VHVYWRQRQ PHRMWMZXHIQ PHHDW XEMOW R EH

RGG PRGH LV SHUWXUEHG E\WKH GLHOHFWG%F SHRSH E\WWR YW RAKBIG D WHH U D Q

ULDO ZLWKLQ WKH URS)D W /K FHW H LV PHAOMEY WKW HG&RAP UHSHDWLQJ HDFK H[S|

YHUVHO\ WKH HY HR@PRGUHL X IDECHRR Y WIGR\P HQ Bl W\ IRLYFHUHRW KHU VA\VWHPDWLF H

LVFRQ{QHG PRVWO\EHWZHHQ WKH UPGRMWV\WWHBURXQG SODQH
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0.0025

P o 0.0020 |

0.0015 -

AFIE,

2.5074 0.0010 z

Odd mode

- - -- Even mode

2.5073 | 0.0005 k-

2.5072

0.0000

20 22 24 26 28 30 32

Temperature (°C)

2.5071 F

2.5070 E

Resonance Frequency (GHz)

yLJ OHDVXUHG FKD&OH DQUWK R QUDIDFWM L UKWTXHQF

2.5069
0 45 DWXYtf,. R ERWKRGG DQGHYHQ PRGHVJLYHQLQ >

Time (sec.)

ZRXOGFDXVHWKHEDVHOLQHWRVKLIW X
HYHU WKLV LV OLNHE@®HNRROGRAXWK REXKXDLV P
WKDQ WKH WUDWXRELWWRIG ZLWK WKH S
FURVSKHUHV W\SLFDOO\OHVV WKDQ VI
FKDQJHY ZLOO EH UHDGLO\ VHSDUDWHG
RIWHPSHUDWXUH GULIW
7R YHULI\ WKH XVHIXOQHVV RI WKH HYF
-16-660 5 1'0 1'5 2'0 2'5 3'0 3'5 4'0 WHPSHUDWXUH WKH VHQVRU ZDV PHDV
Time (scc.) WUROOHG RYHQ OHPPHUW ORGHO ,33
(b) RI WHPSHUDWXUIH)FRYWW R/&GKH UDQJH 11U
5.0992 °C 7TKH UHVXOWLQJ IUDFWLRQDO FKDQ.
FLHVRIERWKPRGHVY ZLWK WHPSHUDWXU
UHVRQDQFHIUHTXHQFLHV RIERWKPRGH
5.0990 DVWKHGLHOHFW QG W KWKN@H\\HBNSLDD J
7TKHLQFUHDVHLQIUHTXHQF\IRUWKHRG
WKDQ IRUWKHHYHQ PRGHGXH WRDGGL)
5.0988 ZLGWK ZKLFK FDXVHV DQ DGGLWLRQDO
RI)LJ IRUWKHHYHQ PRGH FDQ EH XVFH
5 10 15 20 25 30 35 40 UDWHYDOXHRIWKHWHPSHUDWXUH DQC

Time (sec.) TXHQF\VKLIWLQ WKHRE\OFK®)YBEDB XQ WH
()

1

1

1

|

5 1&; 15 20 25 30

]

1

i
-16.58 i
1
1

-16.60 |

-16.62

%)
W
S L
e )

S,1 (dB)

-16.64

5.0991

5.0989

5.0987

Resonance Frequency (GHz)
f=] T T > T T

JLJ OHDVXUHG YDULDWLRQ RI WKH UHVP®@D@, RUsE b SeRIOVS IBLAVIdZC toKE HraviSeHSeMsTtRtyV L
ZKHQ um GLDPHWHU PLFURVSKHUH HQWHUV WKH JDS UHJLRQ RI PRGHO $

*+] IROORZHGEIIDDPHWHUPLFURVSKHUH DIWHU7K HPL O FIUKH B NRR VHUWLROORVYV ZKF}
IUHTXHQF\RI WKH RGG PRGH E WKH LOVHUWLEB @ QRYW 'UVI—'fV\W/(i?gFleB VBRSEW WHEB W DU LV H
UHVRQDQFH IUHTXHQF\RI WKH HYHQ PRGH WKH HOHF W UNHU ¢ BGHG DS VA0® b
TXHQWO\LQFUHDVHVY WKH GLHOHFWULF
0,
B. Use of the Even Mode and EffectsofChangingTemperatu?e?F\eNEggULSDGVHHFVV\CIkF:{QD’l’ELOLW\ RI WKH VE
JXUWKHUPRUH WKHUH ZDV QR PHDV X8SHK 8 \$ H\UBAUKDIPW MRHIUR RW KHRHGH RO Z LW
PRGH ZLWK WKHARD DN IP[ISHA BVRH/GSEEKLIR@QRHA.FDO FHOOV ZKLFK PD\ QRW KD
7KHUHIRUH WKHHYHQ PRGH KDV WKH QHVUK XV ISKHKDUP U RVYS\VHLUYW WW E DWKLW K DW R
UHVRQDQFHIUHTXHQF\FDQ EH XVHG VWR B8R Q VWRNQ B @XIDY G HEHHG RRGJHM VY HG D
IRU PLQXWHFKDQJHV LQ WHPSHUDWXU® WKHVH WHERPRGWOD OWIK® D [53&E MEBEV K
WLFDO GHYLFH RZLQJ WR WKH KLJKOWKHRBEHUWDUD)GLH LHIGH GQE R Q WDVRIRG W R
SOH[ SHUPLWWLYHWYRY RADWRHLO QW R FUY® ¥ WNHV S MFRWPLYHO\ DV VKRZQ LQ 7DEC
SHUDWXUHFRXOGEHLQIHUUHG DV EHQRQ BX HIW R XK Q RIIHW\EHQNAVDWK & E RS ILIV
WULFSURSHUWLHY RIWKHPLFURVSKHWHKHW KX@ JFHRPLSO W KFHHIUHP\L RVQWDLQAMVNURH T X +
WKHPLFURVSKHUHY FDQ EH H[WUDFWMGH ¥V RR ZMXIHQUHY RQ DWR V IR HBWIXQHH VR C
PHQWV XVLQJDSSURDFKHVLQ> @ ZKHQW]KMHQG MWKRH WEFHWPHFVIR Y & KWHKIHH L Q VH U
LVNQRZQ )RUH[DPSOH LQ PRGHO $ W ReH HK{ WRKDIFWWRHREU B H/GABRWALL YoHP 6 MM B WVIKRHJ F
PLWWLYLW\RIPLRURVSKHUH LV WKDQ PRGHO $
:KLOVW WKHSHUWXUEDWLRQV RQ WK RHNMRGRW RW IDYUH WHPNDXOGDW\D KADKYHH FEDH/HHQ
RI)LJ WKH\ FDQ EH XQDPELJXRXVOANKREZIDIUDWB G | KM WKHIWILQ UHVRQDQF
IHFWV RI VPDOO WHPSHUDWXUH FKD@JHV 0% FKQ Q@ VHKIHQLWABBBVBWKWHH LQV
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49771 GLDPHWHURI@ RI UHSUHVHQWDWLYH SH
29770 1 FRQGXFWLYLW\RI DW *+]> @ ,Q WK
DIUHTXHQF\ VKLIW RI 0+] VR ZH H[SHF
DEOH WR TXDQWLI\ ERWK WKH SUHVHQF!
SHUPLWWLYLW\ RILQGLYLGXDO FHOOV

4.9769

4.9768 |

4.9767 |

Resonance Frequency (GHz)

9 &21&/86,21

N ,Q WKLV ZRUN WKRIHFHURRBHID VHRQ VR UV
Time (sec.) DPLFURVWULS VSOWZWUH GHYHURSBWRQ

@ WKH GLHOHFW U L FHPPIIDIV XX BIHP AW DIQ G F

-14.995 PLFURVSKHUHV 7KHKLJKVHQVLWLYLW\|
5000 L $ & LVGXHWR WKHVPDOO VL]HRIWKH JC
T pm 7ZR VL]HV Rl SRO\WVW\UHQH PluRmURVSHt
2 5005k KDYHEHHQ XVHGWRYHULI\WKHRGGPRG
& FURVSKHUHLV SUHVHQWLQWKHJDS )XU
15010 VWUDWHG WKDW WKHHYHQ PRGH LV LQV!
FURVSKHUHVDQGVRFDQEHXVHGIRUWH

A e s e, LQFUHDVH WKH VHQQLPMIOY S\ DR WKW LLY L
Time (sec.) ODUJH FRQWUDVW ZLWK OLTXLG SHUPLW

(b) KDYH EHHQ UHGXFHG LQ PRGHOV % DQG .

yLJ OHDVXUHG YDULDWLRQ RI WKH UHVR®D %W\LVVLPSO\XGXHWHRWKH PVVRFLDYV
ZKHQ Pm GLDPHWHU PLFURVSKHUH HQWHUVWK%DLZ 'i;l"ﬁg%ﬁéﬁf}%’ﬂ EFF\W'—V\@RUV'&VRQDQF
D 7KHUHVRQDQFHIUHTXHQF\ E 7KHLQVHUWORVIMRRYVWKHRGG PRGHZHUH GXHWR WKH
WKH PLFURVSKHUHV DQG WKHLU KRVW V|
SHUPLWWLYLW\ RHWKMQ®PEHRWRWEDOHWHG I

75620 | RQDWRUPHDVXUHPHQWSWLMKBWXRDRQ F
RQPDWFKLQJWKHVLPXODWHGDQG H[SH
WKHRUHWLFDO PHWKRGLQ> @ 7KHDEL
7.5615 | VHQVRU WR FRXQW PLFURVSKHUHV DV Z
SOH[ SHUPLWWLWLMSSDILOIG QHR[WXP DQ FF
DQG GLDJQRVWLFYV
1 2

7.5610
0 3 4 5 6 7
Time (sec.) 50)(5(1&(6

(a) > @ < &KHQ + :X < +RQ DQG + /HH 3 *+]5) EI
22024 RQ PLFURZDYH FRSOWQDQVZBIWMXRGBOLQH IRU
+HS* GLHOHFWULF Bikds2hsDBiosétton] DYWR ROQ ~
SS + 1RY
-20.26 > @ 7 &KHQ ) $UWLV ' 'XEXF - - )RXUQLp O
QLHU 320LFURZDYH EHRBVW R WRH GGH.GIORDAW U L F
RI D VLQJOHDOLYHELRORJLFDO PHdOQIEBEEQ LWV

Resonance Frequency (GHz)

S, (dB)

2028} MTT-S Int. Microw. Symp. Dig. (IMS)6 HDWWOH :$ 86$ -XQ
SS

e > @) SUWLV ' "XEXF - - )YRXU

R FURZDYH GLHOHFWULF VSHFWURVFRS\ RI FHC

Time (sec.) ZLWK VDSRQLQ RQ KXPD Q %rax\ EEKWIFS R OO0V -

) Microw. Symp. Dig. (IMS) 7DPSD )/ 86% -XQ % SS

> @ & 'DOPD\V $ 3RWKLHU 3 %ORQ

yLJ OHDVXUHG YDULDWLRQ RI WKH UHVRGDWRU $BPEHDHWH B & ZR WHKQIBRUE RRADFR WAL FIRW LR Q X
ZKHQ um GLDPHWHU PLFURVSKHUH HOQWHUYV WKH JDY-BHREZRY H MRVWI@@WVSWMCFOW Symp. Dig.

*+] D 7KH UHVRQIQFRHEIUHKH LQVHUWLRQ ORVYV (IMS) sWODQ *$ 86% -XQ % SS +
> @ $ /DQGRXOVL /| < =KDQJ & 'DOPD\ $ /DF
% HV VDXGR X 3 % OR Q G\ 6 %

IDXWUHWWH 37XQDEOH IUHTXHQF\ UHVRQDV

G% ZKHQ WhKGBILDPHWHU VSKHUH SDVV EBEVHWHFRVIIK SM KL WWLYLW\ DQDO\RrcY RI ELF
PRGHO & VJDS IEEE MTT-S Int. Microw. Symp. Dig. IMS)6 HDWWOH :$ 86$% -

7KH UHVXOWYV KDYH VRPH YDULDWLRQ GXl§ WReGRPOO WHRSHYDWYY e b
GULIWV 7KHFKDQJHLQWHPSHUDWXUH DB b¥ KNDGX 6laVit R IAGKD R ¢ @ RsMEHY LQ P

LQVLGH WKH FD S L@HHGM WRK b HZIDRKHW K H U PRPO H@RLO@E £ 2FW 0
ULXP WR DFKLHYH M\ BERUD I/®IGKHQFEO WV SR GEEW PR 0% 5 oVkl Eovic no pLrUR
WKH YDULDWLRQLQ UHVXOWYV FRPHV|URPpwmmmwmm&o@n%@lf\eému)@#woz@@N
DQDO\]HU VHQVLWLY|92\4\/D|1>J\1>4|\»m|d\F\1f<FlD|3Qoma|vL+ oo s
)LQDOO\ VLQFH ZHKRSHWR DSSO\RXUV F :
KXPDQ FHOOV ZH KDYH SHUIRUPHG D VLP Lgm,, K F’%E{ 'z R@fﬁﬁg;‘“
SS

WKH PLFURQPLFURVSKHUHUHSODFHG EténB(BlZVKrdue\AB}-d;JE\O\REGFBI@ODZ)
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> @ < <DQJ + =KDQJ - =KX * :DQJ 7 5 7]HQ¥ ;@ XD QU RTKedp BKDielectrics 1HZ <RUN 1< 86% 2[IR!
DQG 3 :DQJ *LVWLQJIXLVKLQJ WKH YLDELOLW \SRILY VEQH@W \HDVW FHOO ZLWK
DQ XOWUD VHQVLWLYH W&bGh ROHpHTR® Q F\Y/FPQ\VER Y %XFNOH\DQG$ $ ODUVRWW 27DEOHN RI G

+ 0DU SXUH OLTXLG YV D Q GNatLE XM Stanfa@XGifduRiy R O

> @ * $ )HUULHU 6 ) 5RPDQXLN ' - 7XKRBRYRQ * ( %ULGJHV DQG 0
5 JUHHPDQ 3$ PLFURZDYH LQWHUIHURPHWUY L @VEVHELPDIRQDY ER RO WOPHRMWPLWWLYLW\ RI EC
DFWXDWLRQ DQG GHWHFW L Ri@bRh &ChipJ ORICE L R O R MolEddlar Eidl OrGR\O QR SS + 0D\

Ss + "HF

> @ - :HVVHO . 6FKPDO] - & 6FKH\WW % &DKLOO DQG * 3DVYWUBENX®UDEDMFHLYHG WKH %
FURZDYHELRVHQVRUIRUFKDUDFWHUL]DWLRQ RIFRPSDUYVEPHOQNMIWHAWHARQHKPWULFDO HQJ
L O O D URrétVEGrLMjcrow. Conf. (EUMC) 2 FW ~ +1RY VLW\RI %DVUDK %DVUDK ,UDT +HL
Ss + WRZDUG WKH 3K ' GHJUHH DW &D

> @ < 1LQJ & 0XOWDUL ; /XR & 3DOHJR ; &KHQJ - & 0 ®ADUFBILIG 8 .
'HQJL & OHUOD ) $SROORQLR DQGO /LEHUWL % URDGEDPQRGHWOBFWMHWKLMU LQ ZLUHOHVYV
GHWHFWLRQ RI LQGLY LIEBED@NE. IMEOWR ThddoyO FHOOV ~ FRPPXQLFDWLRQV HQJLQHHULQJ Z
Tech. YRO QR SS + 6HS Rl %DVUDK %DVUDK ,UDT +LV Ut

> @ $ 'HQJL ) $SROORQLR 0 /LEHUWL 0 &DWHULQD < 1LQKHE&GAXQWPRL PLFURZDYH VHQVR!
& 3DOHJR ; &KHQJ DQG*&KEO® 6HWHFWLRQDQG GLVFULKIHDWLQJ WHFKQLTXHV IRU PLFUR/
QDWLRQE\DPLFURAXLGLF LQWHJUDPNMEH G EURDGEDQG PL®H B FIKPWYEHUY HIBSSOLFDWLRQV
Eur. Microw. Conf. (EuMC) 5RPH 2FW + SS +

> @ "X E X F 2 OD]RXIIUH & / O RUHOQYV 7 7DULYV 0 3 R X
JRXUQLp - % %HIXKWUHW DQGEURZAUMHYH EDVHG ELRVHQVRU

IRU RQ FKLS ELRORJLARIG) Mté® CiR@QDDGEILYV ~ .
Process YR O s A TRy LQ <DQBFHLYHG WKH % 6F G®JUHH

0,
> @ 0 1LNROLF -DULF 6 ) 5RPDQXLN * $ )HUULHU * ébg/ \’Z‘_{ QJIURHFSA)HLML@KLQEDRV[%!
% X W OHU . 6 XQOH\ - 7KRPVRQ DQGO L LJE Eb\%%ﬁﬁu\
IUHTXHQF\VHQVRUIRUGHWHFWLRQRIELRORJLFDO FHOCSVL\Q3 AXGL J‘U EP BH(@lFLIDR)PH
Q H @Mmicrdiuidics YR O QR S 6HS LI LYHUVLW\ &DUGLII
> @ < 3ROHYD\D , (UPROLQD 0 6FKOHVLQJHU % = LQf‘ED [b% QPEGWH(DW)Ki—IHO
JHOGPDQ 37LPH GRPDLQ GLHOHFWULF VSHFWURVFRS\VV\{“X_ F)z( ﬁlégﬁﬁ&Lw\ﬂLWDwﬂiRle

., TIRUPDO DQG PDOLJQ D @ltHrkitawtiBiepdyRieaG FHO OV
Ata VRO 5 ; O D EDFNJURXQG LQ WKH VWBIE L RDOD KX

> @ 4 +X 5 3 -RVKL DQG $ %HVNRN B20RGHO VWXG\ RI H RS\QJHOL&%‘:HQW; BJEEP'!I:
HITHFWV RQ WKH GLHOHFWURSKR U H.\WppE UHg%%QBB I%I F%réJ k LGBMNFH\FLV OXFK RI
Phys. YRO QR S -XO0 B

> @/ /| 6RKQ 2 $ 6DOHK * 5 )DFHU $ - VFL . NWERW@.Q&J#SVSLDV?HLRV\

''$ IRWWHUPDQ 3&DSDFLWDQFH F\WRPH L e

RQH E\ R@dINat. Acad. Sci. United States of America (PNAS) WHIWERRNV L

YRO QR SS + 6HS
> @ . $vDPL 3&KDUDFWHUL]DWLRQ RI ELRORJLFDO FHOOV E\ GLHOHFWULF VSHF
W U RV B.RIBn-Crystalline Solids Y RO QR + SS +
-X0 'DYLG $ %DUHFRIAVKHIGS 6F KRQV G

> @ $ $EGXOMDEDU ; <DQJ ' %DUURZ DQG $ 3RUFK :0LEQAERRORY s WHUHIXF H\GBIJUHH LG
5LQJ 5HVRQDWRU IR UHFIWIURY BIQHUSK'BIWMD FWHUL]DWLRQ LE@O VFLHQFHLNRPVWWHMNRI :DOHV

Proc/ IEEE MTT-S Int. Microw. Symp. Dig. IMSBKRHQL[ $= 86%
oD\ + SS +# +H LVDPXOVDILBLG\FFF_LHSJMLIQVW DQG

> @ - &KHQ / 4X\HQ DQG; =KX 3/RVVFRPSHQVDWHG KLJKRWfQBEBH@Iﬁ\ﬁ\EM B@LEBUVLW)\ 6FK
SDVV ¢OWHU XVLQJPLFUR VAtbo.US. OdnQ AdUHVRQDWRUV ~ LdQJIJLQHHULQJHVHDKUIFPKHWG D GLYHU

Technol. Commun.'D 1DQJ $XJ = SsS * URAXLGLF EPVH@DSBAG GHYLFHV
> @ . &KDQJ DQ G Micrewavd RiRgCircuits and Related Struc- FKHPLFDO RHIRXRWVYCEFRQ PLFURD
tures QG HG 1HZ <RUN 1< 86% :LOH\ EULG LQWRUBDRRRQGLQJ HPXOVLR
> @$%$ $ SEGXOMDEDU ' - 5RZH $ 3RUFK DQG' %DUUREFURA(GPUFAD FKHSDUDWLRQV SC
PLFURZDYHPLFURAXLGLFVHQVRUXVLQJ&F)LFWW@QQW@'@‘LWQJ\L U BHFRBRPARUQLQI DQG
IEEE Trans. Microw. Theory Tech.Y RO QR SS +VIVIMHPV +HRXIVGBU RI WKH PHWD)$% 76% RSHQ D

067%/WG UFKVY D VSDFH PLFURV\VWHPYVY 3URWDVL

> @ ' 0 3Mdiowave Engineering 1HZ <RUN 1< 86% ALFHWRGHWLFKIWALFDO VHSDUDWLRQV DQG4 &+,3/V
PLFURH @RDHE $® D U P B HXW UHRAWO\ UHVHDUFKHU)

> @ $ ODVRRG $ 3RUFK, Mic@Bave BeEbbatbRs Zor RI QXFOHRPRQ WOWJIJHWYV QG WHPDIOHFOHORIM-URFD SV
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