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6TGPF QP 5KNKEQP 6GEJPC
IKNNKOGVTG 9CXG #RRN
WR VQ ) *\

*DsWDQ 3UL/KDDQK ODL(OKF 5LXREHUW 30DQL
8QLYHUVLWpP GH 7RXORXVH ,137 836 &156
8QLYHUVLWp GH 7TRXORXVH 835 /366 ,)1BDQ Fa(
8QLYHUVLWDpP (XURSPHQQH GH % UHMD/DEH67 888 Y HUD DW

+PVTQFWEVKQP

/IDUJHO\ UHVHUYHG IRU PLOLWDU\ DSSOLFDWRRQRLWDW. RQK/H ER L
HOHFWURPDJQHWLF ZDYHV LV VWURQJO\ SUFRMDOHI@RH LR} QHEH
DSSOLFDWLRQV 5HFHQW HYROXRLIORQ\P H\Q URRGIHYUHY DFLYQ DR D@L F
FROOLVLRQ DYRLGDQFH UDGDUPVFNKQVRW LLRQQWH USY PRV F B O OWG@IH R
PLFURZDYH LPDJLQJ KDYH OHG WIRQKWHGP\D REG FIRQN PWIIDYLIQW YV S F
DQG EXON UHGXFWLRQ ,Q WKL VOIS HDHRK KUDROIRI LF KQ JKHV R O}
DW ORZ ZDYHOHQJWK 7KLV PHDQV ROQKIDWWKILEO LB MWU U DADN G
0:0,&V DUH JHQHUDOO\ SUHIHUUMG WR K\EULG WHFKQROR
ORUHRYHU ZLWK WKH FRQVWDQW G/ RRHKWUWIR @ IRY HV VUWHRNQLFQ B
HYHU JURZLQJ PDVV PDUNHW IRUFHG WKH WWFKIQBORG XFMMQ RADF
7KHUHE\ WHFKQRORJLHV XVXDO OYZDMH HUWBYSHG FIN R/ LRIQO/O LY ¥ FMKU
WHFKQRORJLHV ,Q3 RU *D$V KDYH UHGXFH&QVKG XVWHNWHVIR Q G
.., 9 WHFKQRORJLHV KDYH EHHQ TTRW RQGIRQDEWHPWRNR B8 GUHV V
ZDYH DSSOLFDWLRQV 2QH RI WKH PDHAXWD RGR DIHWDUWHWRHLU O
QHYHUWKHOHVV WKHLU FRVW SXEBSUR KLES QLLFDHWILRRUQ VY HIMI® 00 P L
VHULHV SURGXFWLRQ &RQYHUVHG\ DWLHD PRRI® WHRREARDRVL SV H
Rl ORVVHV WRR KLJK WR PHHW GBWXWOFVVSWHPNFBHWSRBOVDRO
IXQFWLRQV 7KHUHE\ UHFHQWO\ PDQ\ VWXGLHV ZHUH OHG WR \
IRU WKH LQWHJUDWLRQ RI SDVVLYH IXQF WLRQNWUR® ® MWQF¥H BKLE
WHFKQRORJLHV QRZ RIIHU FRPSHWHGJ VEHAKRBPRQEHY DALHELQG |
ZKLFK LV UHLQIRUFHG E\ WKHLU KNJK/ KB ® H DF\WDRQQRD S O R UOWY
FDUULHG RXW GXULQJ WKH SDVW \HDUV WRHHFXDR®ORW HHW KWR SIRG
PLOOLPHWUH ZDYH DSSOLFDWLRGY X®RUL AHYWDX D QWK HG W K
*+] DQG *+] IRU DXWRPRWLYH UDGDU DSSOLFDWLRQV KDV |
ODUJH YROXPHV FDQ EH H[SHFWHG XIR UV KRWH FIRS/SND LDFAWDLRDD J
PLOOLPHWUH ZDYH WUDQVLVWRHK RKDRQDFHNHDMWLROF\R| XKQGK HDRN
GLJLWDO DQG KLJK VSHHG DQDORJ 5) FLUFXLWXUDMABLVFRQXMDLV
VDWLVI\LQJ WKH QHHGV RI UDSLGOPDUREMQ JDFRRP PXQQLRD DL RRK/!
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

DOWHUQDWLYH WR FODVVLFDO HVY WHF&IQRDMRUHHAD YWMR DB G (
ORUHRYHU QH[W JHQHUDWLRQ VLOLFRQ EDVHG 5) &026 DQG %L
1026 DQG 6L*H +%7 GHYLFHV ZLWK FXWRII IUHTXHQFLHV EH\RQC
DQG *+] 5LHK HW DO UHVSHFWLYHO\ ZLOO HQDEOH WK
ZDYH V\VWHP RQ FKLS 6R& VXFK DV  *+] :/$DQ)GIRA@DB®W DO
*E'V RSWLF ILEHU WUDQVFHLYHUV 3HUQGO HW DO
DYRLGDQFH UDGDUV ZKLFK ZHUH WRIVHUY FEPSRWQG VHPHPRIDG
DSSOLFDWLRQ GRPDLQ
+RZHYHU LQWHJUDWLRQ Rl KLIJKRPSRIGNEWYFHNPODRQYVLDHNF\ |
VLOLFRQ WHFKQRORJLHV 6RPHQRI FRKQH LD/Y\D\L Q.ME QVHK H/ KO XIWR R
VXSSRUW IRU DFWLYH IXQFWLRQ GHYHOR S PHRHD WIDG/ RIQY W LIG QF
XVLQJ VSHFLILF WHFKQRORJLHV VXFK DV PHPEUDQH WHFKQROF
PLFURVWULS 7)06 EDVHG WHFKQRORJLHV HGH6MHOHRWHIBORQ 6L
3ULJHQW HW DO 'ROI KMOBWOV LI VXIAKY WMHFKQRORJILHYV
SURYHG WKHLU HIILFDF\ IRU VXE PLOWXHLHWHRSAEFHQWRWWRR
GLIILFXOW VLQFH WKH\ QHHG FRWP\&03HPMIQMK @ROR J I* ED Q HSAUHROFOHR
KDYH GHPRQVWUDWHG WKDW VLOLFRQ WHFKQRORJLHV DUH I
DSSOLFDWLRQV XS WR * EDQG *+] LI KLJK UHVLVWLYLW\
WHFKQRORJ\ LV XVHG ORUHRYBWHCHDQWHQQW \PPIGHQ R/GI JWG Y D C
VWDQGDUG WHFKQRORJ\ KDV EHHQ GHPRQVWUDWHG ORQWXYV
WHFKQRORJ\ KDV SURYHG LWV HINHUDROWSRH UPBWRY®IFMAK HR IR L
DQWHQQDV +RZHYHU LQ PLOOLPHWHU IUHTXHQF\ UDQJH WKH ¢
DSSHDUV DV RQH RI WKH PRVW FULLMZL RD OV B R LQMT X+ H & BHVHOHF
GHVLJQHUV DUH LQGHHG IDFHGRQ WKR SARREWBIR® GO VULHQDW H
DFFXUDF\ DV ZHOO DV WKH K LLKKHYHQUW L @ QV ORK/ \G DHLYRHHON 0 R U
ORZ HOHFWULFDO OHQJWKV L QYWKMY WG ALKQ RODM®OLP B @ \GH. \ZDH BV L |
ORZ DV SRVVLEOH
7KLV FKDSWHU LV DLPHG DW GHVFULELQJ WK/H ¥ YR O XWKIR G HRV LW
SDVVLYH IXQFWLRQV LQ PLOOLPHW,UHIZWMAKQRORBQHFY WKDINV DL
GHYHORSPHQW RI PLOOLPHWUH PLFUEPZDYHDUKQAWULRWY GHY F|
3HUIRUPDQFHV REWDLQHG LQ ,,, 9 WHFK QRGRULOWH UA\L GH SRQ &/t
ZLOO EH WKH UHIHUHQFH IRU FRPBORIVIRY BHW K URDVOK W FKIQR O F
GHGLFDWHG WR VLOLFRQ WHFKQRMHPHWVQHHDEGWWHKQQVWROELRAX
WHFKQRORJLHV )LQDOO\ PLOEBUPRIWADHEHBEYHRH GHNWEH ¥ IZ $H L
SDVVLYH FRPSRQHQWY DQG DFWL7YG®L FU B A®HFW WDEGLFW HGS YRQE
+5 62, WHFKQRORJ\ VR DV WR MOD/EH\ON MI\D R/IH W R DWW WHH PKXQR O R
PLOOLPHWUH ZDYH 6\WWHPV RQ &KLS 62& XS WR *€] DQG ElI
EURDGEDQG ILOWHUV LPSOHPHQWWGE AK® RRKOD QI WHZ DLXUWIX LGHV
WR SURYH WKH WHFKQRORJLFDO DSURAHNVSHMARXYPDR\FBV Z K IORK
FRPSHWLWLYH ZLWK ,,, 9 WHFKQAORJERXSOKBQOLWKN QBVIWRZE
ZDV LQYHVWLJDWHG LQ WKH 9 EDQG DW *+]  WKKHMXIKRQF
FRPSDULVRQ ZLWK H[SHULPHQWY SHUIRUPHG XS WR * 4]
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF

+++ 8 6GEJPQNQI[ #RRNKECVKQP

6GEJPQNQIKECN RTQEGUU
7KH ILUVW WHFKQRORJ\ FOXVWHU WKDW ZH SUHVHQWLEBOWKH |,
SURFHVV GHYHORSHG LQ WKH ,(QUDOIFERUDAUMR MV HRIRILBBPL FRC
VXEVWUDWH DOORZV WDNLQJ DGYDQWDJH RUB\QUD Q QSR K MW SACR/G!
IRU DFWLYH IXQFWLRQV LPSOHPHQWDWLRQ WUDQVLVWRU IRU |
VXFK D WHFKQRORJ\ RITHUV WKRALSRVYHEOH VD YWR PIRHIRIOLWK L |
FLUFXLWV 0:0,&V IRU ZKLFK SDVVLYH DQG POWEHY KR QF RPISIR QH
PHGLXP 7KHUHE\ WKH ORVVHV LQGXFHG EWHKH L\UXLQIDFRH WK
FRPSRQHQWY DUH UHGXFHG DWEWORQV WKH FRVW Rl SURG
7KLV WHFKQRORJ\ LV EDVHG RQ WWK P HGWSER VA HRINV V XOFHF HW R L L
FRQGXFWUYLW\DV ZHOO DV LWV KLJK UHVLVWDQF M WHRS RRIG D W L
9 WHFKQRORJLHV LV JROG ,Q PL®OUIRBWUWKLFMTHVYF\L\W DX |
SDUDPHWHU JHQHUDOO\ —P WEDBNWYRQ O RWR/ H\HGBHFHHB DR W
SRVVLEOH WR DFKLHYH WKLV PHSWIDO/OLEJ GMISRK/Q WT X HR/H VXVEXD L
HYDSRUDWLRQ RU VSUD\LQJ DUH FRVWO\ ZKHBPLRAKRQP HWDW WK
ZK\ LQ RUGHU WR PLQLPL]H FROWV]DWKRQILIOL @I RO WHWWDR SO D
EULHIO\ GHVFULEH WKH VWHSV QRIGIS®\E VWIRY L,P S © HPH KD FRR S\
WHFKQRORJ\ Rl HOHFWURSODW LG [DY/GZ6 OWKR UNDKSH \P DR/INE/L QY R S
7KH EDVLF SULQFLSOH RI WKH WWHWK QR ORKH VGHSRIVH.GV KRH WHCF F H
VDFULILFLDO SKRWRUHVLVW BD\BDVYW YKW KDDWVF ULUHF VXE MHFW W
HWFKHG DQG HOLPLQDWHG DIWH W GHIRUWML BE® W YWRQWHP B M HGH | T
RSWLFDO PDVNV XVHG LQ WKH SKDVHV RO W,IQH \WKDH UG H IVAFLLOLGE
WHFKQRORJ\ WZR RSWLFDO PDWNRW FHULH K@ WGR QWK B U H UMW KZH U
WKH DFWXDO SDWWHUQ GLPHQVLRQV WKH VHFRQG KDYLQJ WK
SURFHVV DOORZV LI WKHUH LVWZR R'DHFUQ DLF LEDHON DID MU W K W R
IRUPLQJ RQ WKH HGJH RI WKH SDWWHUQV ®X WKLV WSKIHR PHIWWD D O
DQ H[WUD PDUJLQ IRU DOLJQPHQW RI RSWLFDO PDVNV SUHFLVF
RI PLFURQ
6R DV WR SHUIRUP HOHFWURS®©DMWH R QG E W RUH FHMY 5D WWIRI U Q
R D WKLQ PHWDO OD\HU IHZ KXQGUHG DQJVWURPV LY GHSRYV
RU E\ FDWKRGH VSUD\LQJ 7KLNUQUDNGWMWRHWK B LITXN WVRBIHVYLQF H
Rl WKH VDFULILFLDO OD\HUV DQG WKHUHRRHH W KHDSOORRZN FIV H
ULJLGLW\ RI WKH PHWDOOLF O®\WHFKQ RFRRIY.HYW WKQLNOW,KLQ P
FRPSRVHG Rd WKLFN WLWDQLXP OD\HU WR HQVXUH D XRRG DGKI
WKLFN JROG GHSRVLW WKDW DOOEBY¥DRXH\WMDRI JWRHE WKV URGH RG!
WLWDQLXP LQ DLU LW LV YLUWWXDDHOARW.PEQWILLE GHUKMRVDBK R W
2QFH HOHFWURSODWLQJ SHUIRUPHG WKH DG KRHWWVRIQHOBVAW GWX L
WKH HWFKLQJ Rl WKH GHYLFH ERWK DGKHWERBGO DRWHRYB UJRI
SDWWHUQV Rl ORZ GLPHQVLRQ@W L@ WX H) HRHKWLIDU\ SUR QWA W K
RI UHGXFLQJ WKH PHWDO WKLFNQHVV DQG VL]H Rl WKHRSEDWWH LU
WKH GHSRVLW 2QH VKRXOG DOV R FUHPE®UN. @K BAK H PRV K RQ VK BIF
LV D VOLJKW ILOP RI JROG W FF ISIUQHY B QI KV R H HD MWHIYQV. K R UMWV F L U
SDWWHUQV )RU WKLV UHDVRQV WKH SURRSRWH & KDHWF R/QRVQ R/ J L KX
UHTXLUHPHQWY D JRRG VXEVWUDWH DGKHVLRQ D JRRG JROG J
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

7KH WKLUG VWHS FRQVLVWV QFH OHRWHNRE® B\WWWHURYHGOH I LRY |
PHWDO OD\HU GHSRVLW SKDVHYV L&QDBOH® MM B RFOAWHH § R/O MORLZR
GRXEOH F\DQLGH RI JROG DQG SRAUDNDWLNY D.$KK&PLFDO UHDI
HOHFWURGHV *ROG LRQV EHL QIO SRV DWLMWDIF KMIGH VWRD R\SKOHH FIRW K F
SKHQRPHQRQ Rl WUDQVIHU RI FKDUJHV F DSUOLHG LFSADHHF W\ RJSHIDIDV
VLPSOH KRZHYHU WKLV RSHUDWNRQ PXWW VRRID T EHWXAGH UQG
ORVVHV RI D WUDQVPLVVLRQ OLQH GHSHQG QRWWR @OV R QN KLHNV
VXUIDFH VWDWH %XW WKH URXUKDQ®NYHRIVWY H IPWM KV BVEKGIL F XQWJ H C
WKHUHIRUH QHFHVVDU\ WR DSS\OLYB GF\X 0 B B Q¥R BH QW WL | UHOD O
GHQVLW\ \LHOGV D YHU\ ORZ URKV KQKH W LIPM RO VIROLQB URHDIX VL Q
PHFKDQLFDO VWUHQJWK RI WKH WERAUHIIRALID OLQB\BUF R A SRHIRPI V |
URXJKQHVV DQG PHFKDQLFDO VWUHQJWK

—P *ROG HOHFWURSODWLQJ

D / l \ - 7TKLFN 3KRWRBEIHVLVW

L\ _/——\__~< 7KLQ 0HWDO )LO| \
7KLQ 3KRWR
., 9 6XEVWUDWH .., 9 6XEVWUDWH
)LJ 7JUDQVPLVVLRQ OLQH UHDGURMH\RAQ ED 7ALINKRBIUNDGIRQ O

VDFULILFLDO OD\HU UHPRYLQXDQ&L WKLQ PHWDO OD\HU HWF

,Q WKH PLOOLPHWUH DQG VXE PLIH GIRBHOW QB Ul UZDNKHHIXA\G H D QD L
FRPPRQO\ XVHG LQ WKH GHVLJQ RI FLUFXN\EY HWIDQWZDO HWLLE

HW DO 3DSDSRO\PHURX HW DO O0DQ\ WWPREGIOGDQR DY |
ZDYHJIJXLGHVY FDQ EH FRQVLGHUHG DV D JRR/GLQOW KN DIWHTYX¥H @
UDQJH +RXGDUG +LURWD 2JDBEDQDJDZD2JDZD %UDXFKOH
DO .XONH "ROII +HUGHMND KWHDIDOO FRQGXFWRUV D

WKH VDPH SODQH WKH JURXQG FRQQHFWLRQS DAXA RXRI K HY.ID UK
VLGH SURFHVVLQJ LV QHHGHG R\ FIR W\WJ Q& HIEXY\W CR | UMIGHK OD U
EHWZHHQ WKH GLITHUHQW HOHPHQWY RI D FRSD\DBH R EWDLBP GJ
DV ZHOO $QRWKHU DGYDQWDJH RILWKID HFREOODWU LWQHWKB RO R’
SDVVLYH FLUFXLWV ,QGHHG D RIDWU S QXPHEWH RV B B R PEHHWIEIKR V H
WUDQVPLVVLRQ OLQH ZLWK JLYHQ LPSHGDQFH

(OHFWULFDO FKDUDFWHULVWLFV FDQ WKHQ EH LPSURYHG E\ FR
VWULS ZLGWK DQG WKH VORW ZLGHVKDFRZHLAMK WHARLBQMRBRY B
ZKHQ WKH\ GHDO ZLWK FRSODQDU WHFKQRORJ\ 7KH ILUVW RQ
FLUFXLW PRGHOV OLNH WKRVH MLYPHWDERH VRIF RRLG URYH FIR)
VXSSUHVVLRQ RI WKH IXQGDPHQ@NARO FERGH SIDKDW LMOLF E N G WL W
VIPPHWULFDO FRSODQDU ZDYHJXIDG/H IRV FRIMELOGHK LEH. QI VVR B K7
7KH VXSSUHVVLRQ RI VXFK SHUWXEE L@V FARGHQ I ¥ WDFRIIHW RY H L
FRQGXFWRU VR WKDW WKH SR VKHQ®DWE Y DRQ JHWRX KIGU SOIDEH R ||
.RVWHU HW DO %HLOHQKRII HW DO &RQVHTXHC
SURGXFWLRQ SURFHVV DUH QHHGIEGLUBUHWKH IDEULFDWLRQ RI W
7KHUH DUH WZR W\SHV RI DLU EULGDOS& LROMDHWWY IFFROQOG KOEWRU EUR
UROH LV WR IRUFH D VLPLODUWIRID WBQMW BQOHE R/GG XFWFRSH R<KDW |
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WRSRORJ\ WKH WHFKQRORJLF DIO DSMIRRFH LW IRGH @ WILG DD DHDBEO V
WHFKQRORJLFDO SURFHVV GHWLEBHME WEKHERRE GHILQLWILHRQ IRU
WKH KLJK UHVROXWLRQ WHFKQRORJ\ RQH RI @ KH POREHWD/Q AD JMR
FRQWURO Rl WKH VKDSH RI WKH DLU EULGUHE UQGHH/GDIUH K\NEQH G
LPSOHPHQWHG E\ XVLQJ ZLUH ERXQGWRJWKR QURWIG PORIP OB
SURFHVV WKH VKDSH Rl WKH EMURJH Q YR®LYLIQRIXD V8 WREE GRP R U
ILUVW DQG LQ WKH RWKHU KDQGSBOREQBH PYHIUIHN K EZHGHH PRKH
XVHG DOORZV JRRG FRQWURO RI WKH UDWHXUHRILWKHVH EULGJH

—P *ROG HOHFWURSODWLQJ

7KLFN 3KR

. l )

7KLFN 3KR

6XEVWUDW ,,, 9

)LJ $LU EULGJH UHDOL]DWLRRVVD E/LWKBREHUDGKN\S WRIBOL]HG
WHFKQRORJLFDO SURFHVYV

,Q RUGHU WR PLQLPL]H WKH SDUDVLWLF LQIOXHQFH RI WKH EU
WKH OLQHV DQG SURYLGH PHFKDDQREODORVWIHKELDLW\E WIGH HG KR H C
KHLJKW — P ZLGWK G —P OHQJIWKPLQLPXP VSDFLQJ EHWZHHQ
DQG EULGJH DQG —P PHWDO WHKLYAFNQWVY JRRIGHRN FIKID QLE D O
PD[LPXP OHQJWK PXVW EH GHILQRG HRDPBOHYHQ-—ZA ®WEK | —P Z
DOORZ PD[LPXP OHQJWKV RI DQG —P UHVSHFWLYHO\ $OW
H[FHVV FDSDFLWDQFH WKLV GRHF IRRIWWKRIQ E WILGIXWZAH. GWSKUR E H |
WKH VWULS ZLGWKV Rl WKH FRSODQDU OLQH DUH DOO NHSW V
GLPHQVLRQV QR FRPSHQVDWLRQ WHFKRILKKBK L?SHAIC DYFHVOQQ F
UHTXLUHG 5LXV HW DO D :HOOHU HW DO

1RVKOCN FKOGPUKQPU HQT EQREUPCT VTICPUOKUUKQP NK

6R DV WR GHWHUPLQH WKH RSWLPXP VL]LQJ Rl FRSOARQINU WUD
RI : +HLQULFK +HLQULFK TKS GHRBRIYVSMELRODNQVXHG IURF
VWDWLF DSSE/RDFHKXIKBOHQW FLUFXLW FRPSRQHQWY DUH GHWF
DQDO\WLFDO HTXDWLRQV GHULYHG IURP D JORE BO HDFRWDW\NDY L7
JHRPHWULFDO SDUDPHWHU RI WKH WUDQVPLE\DLGRHOHPHQ BV Z|
DUH FRQVLGHUHG LQYDULDQW ZLWK IUHTXHQF\ WRBEHNXWU HQMWW
GLVWULEXWLRQ LQ FRQGXFWRUV WsKE5 B QG LHOOH RIDQ MWH TDXWHD FK L J
GHSHQGDQW RQ IUHTXHQF\ )RU LQVWDRRSDD@DW M\ F®QR/IL\G\HLL
LPSOHPHQWHG LQ *D&W WHPWQROMRI\ WDBQu V u 6P

ZLWK OLQH DQG VORWPBLGWK RHVSHFWLYHO\ )LJ LR@ X VWU D
RI WKBIQGSDUDPHWHU IRU WUDQVPLVVLRQ OLQH PRGHO DV D IXQ
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

'LWK NQRZOH®&f RDUDPHWHUV RQH FDQ HDVLO\ GHWHUPLQF
SURSDJDWLRQ DWWHQXDWLRQ LPSHGDQFH DQG HIIHFWLYH SHL
IRU WUDQVPLVVLRQ OLQH VL]HRBHWUDR ANXQ F/DIWRD®P RWHWYV JOLQH
DV ZHOO DV JURXQG WR JURXQG GLVWDGFH ug KIHV LEDQV H P SRIRXDE
SDUDPHWHU IRU ZDYH SURSDJDWLRQ ,QGHHGDWRNDF RRGB YR MK
GLVWDB®&BNM WR EH ORZ FRPSDUHG WR WKH ZDYHOHQJWK WKH
Gd Q@ $Q LQFUHDVH Rl WRILY FR¥pYWODIRZW QHJOHFWLQJ WKH
ORVVHV ORUHRYHU LW OLPLWV BRVGHQE&HRIHURGH DWKH) B ZRFE M F
SDFNDJLQJ +RZHYHU DFFRUGLQJ WRDDNR GH S MXGVDRWQNW & X DIW
JURXQG GLVWDQFH ,W LV LQ IDFWHLQNYHE N &PIRDORIR/UW K B @ DL
JURXQG GIOGPXV@FEH WKHEORVHVW WR

2QFH WKH LQWHU JURXQG GLVWDQFH F K RWHH@D WZLHR @ UE-H W @ MWHHQ
GLPHQVLRQV RI WKH OLQH ZLGWXFBQ BKLYWEDUWVILBRXGR FEIODMDV |
WKH FKRLFH RI WKH DFKLHYDEG®HVFKIFFREMEHQIWWR BLLUPSHEDQR
WKH DWWHQXDWLRQ LW LY BKHIHQBVEHWHIBR @EHEZ BIRIQHR Y HU
WKH JURXQG SQODQB G GWKK VXEVW BKYWHHVKKRNQO WWR PDNH D W
EHWZHHQ ORVVHV DQG ORZ GLVSHUVLRQ XSVWRPKIHH: | WHHX
IROORZLQJ FRQGLWLRQV DUH WKHQ FKRVHQ WR UHDOL]H RXU GF
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)LJ (YROXWLRQ RI WKH DWWHQXDWLRQ DV D IXQFWLRQ RI C

ZLGWK : WR JURXQG WR JURXQG G UDWLRQ

9KFG DCPF DCPFRCUU HKNVGT FGUKIP
‘H ILUVW LQYHVWLIJDWHG RQ WKH GHVLJQ RI U D&XNFHUWZFDSYRHIRHIC
LQFOXGHV VKRUWHG VWXEV DV XIHMRIQD \Z B YN OVHHBIKD W H 6 B PTL \
LQYHUWHUV 7KH V\QWKHVLV GHYHORSHG E\ 0DFDMKDH W KDODW W
EDQGZLGWK LV LQ FORVH UHODWLRQ ZLWK WKH ,IQP SWKGID 8B H VEIk
FDVH VR DV WR UHVSHFW RSWHPWRHVLPLSHMGGBY¥FUWE & GHDHE[RWH Q C
WR : 7KXV WKH DYDLODEOH G% EDQGZIERWRTH® E\EH DBRGR]

JRU EDQGZLGWKYV EHORZ YHU\ ORZ LP SKDIOD Q/FKHD S Y BIPW RL
EHFRPH WRR ODUJH IRU FRUUHFW SHUIRUPW@®RFEHRWRPWKKHSGH
LQIOXHQFHV RI WKH GLVFRQWLQ@FXWMH\H\D Q&R P RBHKMIWL @R SR OIF
FRXSOHG OLQH ILOWHUV DUH SUHIHUUHG
7KH ILUVW UHVXOWVY SUHVHQWHG KHG% EBQOZBRWIEHU DL@GVH U
FHQWUHG RQ *+] $FFRUGLQUWWR H[BPSIOHY EZYWWKH ILG% EDQ
UHVXOWV L@SHGDQFH IRU WKH UHVRQDWRUV ZKH@H@WHUWHUYV
LV FKRVHQ VR DV WR LOQWWRENVFHRGRXEMWMMWHVRQDWRU )LJ D
ORZ OHYHO RI LQVHUWLRQ ORWHDNV WK R VV\QDIM\G DRGOREZR/P HW-F
VWULS ZLGWKYV DQG —P IRU WKED @GR WG WIKG VKW UHOHFKHG E\
LPSHGDQFHVDRIG: IRU LQYHUWHUYV DQG UHVRQDWRUV ZDWVSHFW
REWDLQHG ZLWK WZRWXEXEQW FRUUHVSRQGY WR WRBQORHHVW
UHDFKHG ZLWK DQ LPSHGDQFH:UDQGH FRY QWGKHE LRYHUWHUV VW
VORWYV ZHUH —P DQG —P UHVSHFWLYHO\ DQG —P DQG
OD\RXW DQG IUHTXHQF\ UHVSRQVH BUH$\GLRYODBN\KEIG ILQ VW JISUF
H[SHULPHQWDO DQG VLPXODWHG UHVXXWQMJUHH RYHU D EURD(
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G %
G %
G %

)\
F

5

5KOWNCVGF TGUWNVU
— _'"ZRGTKOGPVEN TGUWNVU

S5KOWNCVGF UwNVU*\
'BGUWNVLFF
Il

—_'"ZRGTKOGPVC
Il Il Il

Y5(48(1&<  *+] Y5(48(1&< *+]
)LJ ID\RXW VLPXODWHG DQG H[SOIUWRB g WHY PR/QYRHFY DRV WK R

FHQWUDO IUHTXHQF\ D G% EDQGZLGWK DQG E G% EL
$V VKRZQ LQ )LJ LQVHUWLRQLORANMH VH@HFRWDWIHVZLWK DQG
REWDLQHG IRU DQG EDQGZLGWK ILOWHUWV L Q@ HAVRSFHSFO\HW Hi |
DJUHHPHQW ZLWK WKH IROORZLQJ H[SUHVVLRQ ODWWKDHL HW T
Q
C 4,7z

ZLWK WKH LQVHUWLRQ QRYXW UDQOGREHHIMRAGWHODWLYH B W&E&HLGWK

XQORDGHG TXDOLW\ IDFWRU ZKLFK DY GIDWYHBEQWRLVVRRIQWKLQH
KHUH

OCTTQY DCPF DCPFRCUU HKNVGT FGUKIP

7ZR PDMRU SUREOHPV DUH UHODWHW®BY WR XGDUHEGER @ LETHY/G | EDW B
LQVHUWLRQ ORVVHV EHFRPH LPSWUWD QWHZKHOQVWHK H. W HQR BWD Y
SUREOHP GHDOV ZLWK DFFXUD P\DIKLLAE® W\R GMKIHH POW P HOQRUMHOHF
,Q RUGHU WR LOOXVWUDWH W RIEW [ZLHD 1S G HALM\QKW WWZ IRH F O 1B W X' @ RD/C
WKLUG RUGHU EDQGSDVV ILOWHUV 7KH ILUVW RQH LV DW D F
EDQGZLGWK ZKHUHDV WKH VHFRQGYREBIQGOZD®WK *}1JV DQG V
OD\RXWV Rl WKHVH ILOWHUV )RU VXFK WRBROWRKHWW DIFARW & D €
DO WKH EDQGZLGWK DQGI@QMWHO ARMOORIQW KR HIRIXBLOHG OLC
LQ FORVH UHODWLRQ ,QGHHG VQKOW DR B RHEQHDA\Y H\GH ZEDVXGE@ RG F F
RQ WKH FHQWUDO VHFWLRQV RY RN L RQWHRIQ VAL \F\R Q@ YR QX Y QI
JURXQG SODQH EHWZHHQ WKH FRWRBOMRZ VAWRXISSM. QTKQ W YAHOD/G R Q
EXON DQG WKLV VHSDUDWH JURXQG S®T®HIDFWHNUDYLD JRREFER
WR WKH ILQLWH FRQGXFWLY LW\ PRIRWKHROBWHDHONDOOL]DWLRQ
GLVVLSDWLRQ IDFWRU RI WKGEH u*D$VYMYEVRLURWH VIWDWLRQ OR
H[SHFWHG ZKHQ GHVLJQLQJ VXFHKIK\DH URY HEDDWIGR Q) @RMYMYV 7FD Q
URXJKO\ IURP JRU LQVWDQFH IRU D WKLUXXSBWGHIWLQH ILGW
GHVLJQHG ZLWK —P VWULS ZLEMMWYHH®VHUWLR® @RVVHVG%
REWDLQHG +RZHYHU LI WKH EDQG ZL G WHU . R FOLRAVDAHH/G UM R F |
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF

OHYHO EHWZHHQ DQG G% 7KHVH YDOXHV ZHUH FDOFXODW
RI  DQG 2QH ZD\ Rl LPSURYLQJ WKLV FULWLFDO SRLIQW LV W
JLYHV ULVH WR VHYHUDO SURE®KFWUQKHWEKH VEW LSGWRE GRS FEO R
JURXQG WR JURXQG VSDFLQJ LV XVEGHHEHFIRNELBIEM @ VEBEDO LW
$ JRRG ZD\ WR VROYH WKLV SUREOHP LV WR 1P@ ULFDPWHN D QD QBW

%\ GRLQJ VR WKH JURXQG FRIQQHFINWKGV FRXIS® HB WV OLROMO L Q
PDGH GLUHFWO\ ZLWK D WLQ\ VWULS RQ WKH ILUVW PHWDOOL]D)
7KH VHFRQG RQH FRQFHUQV PRGHOONLQUS\2 DYULHR XV.GH U VWK K F R
ORZ GLVSHUVLRQ JLYHQ LQ 6HFWLRQVWLOOHYRRWG QERHWRD HU
FRQGLWLRQV RI WKH DQDO\WLFDO TXDVL 7(0 PRGODWOXV MWE HD
GLPHQVLRQV Rl WKH GLVFRQWLQXILSVIZH G W KW UDHDG/ HF RIQW K TW I V
SDUDVLWLF HIIHFWV DSSHDU ORGHDOLQH &IKIHIPFRG KX DRWHON D
DSSUR[LPDWLRQ 1HYHUWKHOHVRFHG/XDI RSWHHGBHELRE BGM
FKDUDFWHULVWLFV RI WKH IMOWHUXUHMSRQKH XRKW URHFVOH U ||
WHFKQLTXH 3ULJHQW HW DO IRE WKWHVKRZQ¥W @DQBZLGWK S
D JRRG DJUHHPHQW LV REVHUYHG EHWZHHQ VLPKLO/D BVHIH 1D BHEQ MV
LV YDOLG RYHU D ZLGH IUHTXHQF\ EDQG IURP HFWH#H]GWRR U U\
LQVHUWLRQ ORVV OHYHOV RI DERWWM EDQ@®B LGWREVHUYHG
6LQFH WKH EDQGZLGWK LV YHU\ VHOHFWLYH WKH PHDVXUHPH
UDQJH IURP  WR *+] IRU WKH VHFRQG SURWRW\SHH®BKH H[SF
LQ )LJ DQG JLYH D G% LQVHUWLRQ ORVV DQG G% UHWXL

*+] &RPSDUHG WR WKH H[SHFWHG UHVXOMVFRQMH FEQEDIGGD
EURDGHQLQJ ,Q WKLV FDVH WWRWRHREDHFUVYY RQOM RXHVKH VX
DV WKH JURXQG WR JURXQG VSDFQBBEWWRKBIUQHOWLEIHLHO KGN B L
PRGLILHG E\ WKH HOHFWULFDO WRIHS RW MRKH REQ FAOKHF W H Y F UAXHE V
JURXQGHG ,PSHGDQFH DQG FRXSWRQRHKOBYHOWEDW WXH®HIEWWD
WKH IUHTXHQF\ UHVSRQVH 3RVW VLPXODWLRQ ZDV FDUULHG RX
E\ WDNLQJ LQWR DFFRXQW FRUBWWWDRMR G DWNRD®HR G KALKHS R X W
SUHVHQWHG LQ )LJ $V WKLV SURBEKE HWRP VKMV P & H CHIULWRIUP H
GLIILFXOW WR IRUP DQ\ FRQFOX\LR QMW WHKDW GUB T XIHMWF\DB BX JH
WKH LQVHUWLRQ ORVV DSSHD WP MRV E HR BRI OMAN VQHZNVH] DHIR U L
DQG UHWXUQ ORVV DUH QHFHVR@URWR DVFNFXVIWHION LIQGNYHHUMWILL
GHVLJQLQJ IXWXUH YHU\ KLJK VHOHFWLYR®ILQIHPMMNYV RIRWK
HOHFWURPDJQHWLF ILHOG LV DVSWREB S R QWKLH) G HWVKHQIDF REJLQ
JURXQGHG &3: OLQHV DUH QRW D YHU\ FRQYHQ IFFKQWR ORRIQ K V@ R
VROXWLRQV XVLQJ IRU LQVWPBIQFRHR WWILE WUDQK/IPPANVYLAP OLQ!
HTXDOO\ ZHOO VXLWHG 5LXV HW DO E 6L[ HADDQV HW
DO 6FKQLHGHU +HLQULFK
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(
5 H$

5KOWNCVGF TGUWNVU
— _'"ZRGTKOGPVECN TGUWNVU

)5(48(18&< *+]
)LJ ID\RXW 6LPXODWHG DQG H[SHU{L]PHQQWDWD OHUXVMAWE@FR 1 D
G% EDQGZLGWK FRXSOHG OLQH ILOWHU

o — a

G %
G %

5KOWNCVGF

://v\\ — '"ZRGTKOGPV
1 1 1 1 1

)5(48(1&< *+]
)LJ ID\RXW 6LPXODWHG DQG H[SHU[ FHQWNO @ HYXTVXOMQFRI D
EDQGZLGWK FRXSOHG OLQH ILOWHU

/IGODTCPG 6GEJPQNQIKGU

6GEJPQNQIKECN RTQEGUU
&RQWUDU\ WR WKH SUHYLRXV O\ GHW ZKILEKGS I R 8 X\¥ WHIR@R PRV W
XVH WR OLWWOH VHULHV W HPKQRQWHUHN WQZ VWL BRYSRIFWUW |
ZKLOH UHWDLQLQJ WKHLU LQWHUHVW LQ WHIH WEWE BYDWLRIQLB |
GUDZEDFN LV WKDW OHYHOV RIWGERPSBWUE®HORNWHKYWKXHH VS
UHTXLUHG IRU WKH SDVVLYH IXQFWLRQV $Q DOWHEQDWHYH FR
WHFKQRORJ\ ZKRVH SULPDU\ IXQKWLRS RWWWRL PFH¥FLKDD LALLM
WUDQVSDUHQW IRU IXQFWLRQV LQ PLFURZDYWHWLFR/XR| WKHVHDX
PDWFK ZLWK WKRVH Rl YDFXXP WKH LGHD O PEUDIHF WH EK QR®D RV
SHUPLWV WR PLQLPL]H SKHQRPHQ DR IWKH SHPRYDP® RN FDHQ W\ P
7KH WHFKQRORJLFDO SURFHVV GHYHORSHG KHUH LV QHDUO\ Wi
WHFKQRORJ\ 7KH PDMRU GLIIHUBQEHD WL RVX 1D PG REKHD @B FINW/ L G
WKH VLOLFRQ 7KH PHPEUDQH W HF KESBOMDE RBWIYW R B 'S HIR ®OVRWKH
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF

LV UHDOL]HG RQ D —P WKLEN VLOLWD® VXEVKH DMWMAEKQRORJL
SURFHVV LV FRPSRVHG RI ILYH PDLQ VWHSV DV GHSLFWHG LQ )L
7KH ILUVW VWHS FRQVLVWYV LQW6GRSRRAWLRIMQBLALZR i©@D\H

A UHDOL]HG RQ ERWK VL]H RI VUIOLPRQHEZDIWUP 7KHIQY 6L2

GHSRVLWHG RQ WKH IURQW VL®H PHM VO \WKHN HOO D¥ RSHUNREPHG
HYDSRUDWLRQ RI D 7L $X VHHG OD\HU DQG WRM® D SkKRWRDHV
PRXOG $IWHU WKH VXSSUHVVLRQ RI SKRWRXSIVUMWVPIRBXIOW WK K H
7KH WKLUG VWHS LV WR UHDOWINW PR X0 G GLI\H X V$ G K\RRV RWDHD X S
$ VDFULILFLDO OD\HU ZLWK WK KV VIDRPD &/ \ISH W K FS® RAMBIRIW . MWWH G
EULGJHV $ JROG VHHG OD\HU LV HYDSRRO® HGE B QEFWKHRG O D\
SODWLQJ LV IROORZHG E\ JROG HWFKLQJ 7KH QH[W BAWHS FR
UHPRYLQJ VLOLFRQ VXEVWUDW® HQPKKBJEDFN WDOH]HEL @L FRU \
'HHS 5HDFWLYH ,RQ (WFKLQJ '5,( WHFKQLTXH WKURXJK D WKLF
WR SURWHFW DLU EULGJHV DQG WR DYRLG, WS U RFFHFNEU MNXH EZDH
LV ERQGHG WR D VXSSRUW RQH LQ WKHHWP@W VH®H DMHD OOR
VXSSRUW VXEVWUDWH XVLQJ DFHWRQH EDWK IROORZHG E\ &2

OD\HUV RI GLHOHFWULF WKH PBPEBDQH R VIDHHWWHVWURBBKHQR
WKH VWUHVVHV LQGXFHG E\ YDWVYRYX\ZKMMHAK Q R O/BLIGADYY $WIRFHW L
RI ZKLFK LV FORVH WR

'LHOHFWULF OD\BWBSODQIDU /LQ $LU %ULGJIH '5,( (WFKLQJ )LQDO VWUXFWXU
'"HSRVLW GHILQLWLRQ UHDOL]DWLRQ

S| ?2ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁi OHPEUDQH

)LJ OHPEUDQH WHFKQRORJLFDO SURFHVV

9KFG DCPF DCPFRCUU HKNVGT &GUKIP
7KH XVH Rl VXFK WHFKQRORJ\ KDW WDPW HRIG P EGH @ WXKGHHVX B
GHPRQVWUDWHG LWV HIIHFWLYHRHWWVHIFED FG UFFGWNR UL QO RZ 00O
RSHUDWLQJ & EDQG 1HYHUWKHOHW W HISRYWHNG WE® E£BDPRSUH
FRQFHUQLQJ WKH UHTXLUHG OKWYDIKO RK LW HFKIQROWRDQ FADW HFKR O
DQ LQWHUHVW LQ WKH UHGXPWILHRUWP RWWLMDWE\WORKNHO RARVHV HY H
XVH LQ WHUPV RI DFKLHYDEOH LPBHHWIQFHWK GEROGLWKRQV G
+HLQULFK 6HFWLRQ VR DV WR OKRLWUPRWRLWYHRQLUEEHV L
IRU D UHODWLYH SHUPLWWLYLW\ RI W& H. \J LDRDRXGV W R JUMR MQ

*+] LWKLQ WKHVH FRQGLWLRQV WKH VWULS ZHBEKHKRXOB
DQG —P ZKLFK PDNHV WKH: DWKDHWHPRNYGWRRIOLQH LPSRVVLE
DV WKH PHPEUDQH WHFKQRORJWKHQHVY VEHFISOIRURYH WKBQEFRQ
EH UHOD[HG WR UHOHDVH OLPLWVKIH)UME(H :LPB W GIXERNVH Q D\OR HE
LQWHUYDO EHWZHHQ —P DQG —P WKLV OHDG WR DFKLHYD

© WR : DW  *+]
7KH ILOWHU SUHVHQWHEGR KBHH BKK®DIW VMWD ILOWHU ZLWK FHC(
*+] 'HVSLWH WKH GHJUHH RI IUHRGAW KN VL YD DO WENKD HQ W\ HD O
SHUPLWV WR DGMXVW LPSHGDQRH WK YOH\K L WXBIE O HP L RVDHNGLORQF |
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HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

PHPEUDQH WHFKQRORJLHVY GRHV QRW DOORZ XV WR UHDFK EDQ
WKH XVH Rl WRSRORJ\ ZLWK GXDO VWXEEDIQIEYRGWXIXY WR DFKLH )
7KH OD\RXWKRRIGBIU ILOWHU ZLWK GXDO VKRUW GIR\GIEGLYWXEV DV
D $Q LQVHUWLRQ ORVV RI G% RRU DLYVHRBWRLYQHBEDBD\GHEOEGWW U
VLPXODWLRQ +)66 )LJ E ([SHULPHQWDO UHVXOWYVY ZHUH PDC

G%

6

G%

6

6,08/$7,21 (:3(5,0(17

I 4] I *+]
G% 6 G% 6

)5(48(1&< *+]

E
)LJ WKRUGUH FODVVLFDO VKXQW VWXEV EDQGRBXONWHGWHYG
H[SHULPHQWDO PDJQLWXGH UHVSRQVHV E

%DVHG RQ WKH SUHYLRXV ILOWBE SHBSRORIV 120 WBYHZGWXHROC
LQ VKRUW FLUFXLW WHUPLQDWMRDX FAKX UEHIQWH MLV RU R/KFEW HD D F R
QRQ DGMDFHQW UHVRQDWRUV 7KXV LW HUHBTHQ B\ &S a QB
WKH QDWXUH RI WKH FRXSOLQJ FUHDWHG )RU HOHFWULFDO FR
KLJK IUHTXHQF\ ZKLOH PDJQHWEZE F® ¥SGIIDQIH IDQBMNFRVLYH ORZ |
WKH FDVH RI VWXG\ VWXEV ZHUH L® ZKRSWRARWHG W HBRLHILLDN
PDJQHWLF FRXSOLQJ EHWZHHQ VWXEV7KH DBBSRQVH RI VXFK D

E KDV D EDQGZLGWK RI DQG DQ LQVHUWLRQ ORVV RI
WKH EDQG LV GXH WR WKH SUHNUWHR P RO RYZ WWHTMPQ MWV LARKX Y LV
WR UHOD[ FRQVWUDLQWY RQ WKHRQRRAILXBQWOOWH V XEDLEZIL G Q
UHGXFHG LQVHUWLRQ ORVV ,Q ©RMIDUHVKQWVWEHHEDIQUQRMW L F

*+] TJUHTXHQF\ VKLIW ,Q UHJDUGV WR WKH FWRRSOUHMXO RN VD
KRZHYHU VDWLVIDFWRU\

G %

6

G %

6

6,08/$7,21 (:3(5.0(17
I *+] ‘| *+]

G% 6

G% 6

)5(48(1&< *+]

E
)LJ JLOWHU ZLWK IROGHG WWREUDWKRBWRQGDISKSHDLPHQWDO
UHVSRQVHV E
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMNKOEBVTG 9CXG #RRNKECVKQF

OCTTQY DCPF DCPFRCUU HKNVGT &GUKIP
7KH SURSRVHG WHFKQRORJ\ KDV SURYHQ WR EH DSSURSULDW|
+RZHYHU WKH GLIILFXOWLHV PISWVVQIMOMKMHGMVRLUE RIRKDIQIEU IR
ILOWHU ZLWK QDUURZ EDQGZLGWK G% EDQGRIXEK HG LOWIQ KV
ILOWHUV ZKHQ GHVLJQLQJ D ILCDFHQJDWHFKEORORKHLEDE LPSR
7HFKQRORJLFDO FRQVWUDLQWYV WRSYRWR &HQ HU HDCH IV O/RK\D QL G
JURXQG GLVWDQFHV RI FRXSOHG \DHQGV D UGIL IQDRXI®IW \Z KLRE KH C
FRQWLQXLW\ RI JURXQG DQG RQ WKH RWKHU KDQG SUREOHP
JURXQG EULGJHV ORUHRYHU LQ FRQYLWH WG MXHFWREZFBBUE
*+] ZH DUH IDFHG ZLWK FRXSO MR MHHMWEKRYWLR.GWKVRR OD
7KHUHIRUH WKH WRSRORJ\ ZH GHYHORSHG LV D SVHXGR H
6XFK D ILOWHU LV FKDUDFWHUL]JHG E\ WKH SUHVHQFH RI WZR
FUHDWH WUDQVPLVVLRQ JHURV 7KHGNYS®IUBWRSEDJIRW WRQH LW Z)
HQVXUHG E\ WKH LQWURGXFWLRQ RI Gl FRYW LAHX XW HIiGV DL @ RABKR
ZLWK ODWHUDO FRXSOHG OLQHVDBFGHYWORKIHE E\QOW.KHMK/G Z6
ORKG 6DOOHK HW DORGRUGHU7KILWQJ EDVHG ILOWHU DW * 4]
EDQGZLGWK RI W FRQVLVWV RI WZR TXDUWHU ZDYHOHQJIW
TXDUWHU ZDYHOHQJWK FRXSOHG OLQHV 7KH RIRLDQQGXW\HD \R K N XE
PDGH WKH GHVLJQ HDVH DQG VWUV RG.BEO T KPLMWIEFW KR PDX Q HQWL |
yLJ VKRZ D EDQGZLGWK IRU DQ LQVHUWQRQVORIVV 8% D W
*+] ([SHULPHQWDO DQG VLPXODWHG UHVXOWYV RIUBR\Q JRIRG
G% DW *+] DQG D UHWXUQ ORVV EHWWHU WKDQ G %
UHVXOWYV
+RZHYHU GHVSLWH TXLWH JRRG UHYWEWVWRH WHMESDRIRWH F K (
IRUP PDMRU GUDZEDFNV WKDWOL®HWL LY VWKH [ILRAWWRKQH | ER Q/F H
DFKLHYDEOH LPSHGDQFH UDQJH WKH VHPMRGEWRDKHIQ V Z WIKC
LOQWHUHVWLQJ WR OLPLW WKH GLVSHWWQR® LRIHWK D RZ QWIH TXHQ F
WKH ODVW RQH FRQFHUQV WHFKQROHRWEKDRQ JDVISBIEMW ZKL OK H.\6 LU
GU\ ZD\ XVLQJ 'HHS 5HDFWLYH ,RQ FW®GKLFRIO LV KU HIRUGW RAR
GHYHORS QHZ WHFKQRORJLHV WRRLP\S Q8 PHH@W LFTHVWHYH UK DR MQ |

\/

6.08/$7,21
[ © 4] [ *+]
G% 6 G% 6

.' u I ’ )5(48(1l&< *+]

)LJ QG RUGHU ULQJ UHVRQDWRU ILOWHU D 3KRWRJUDSK
UHVXOWYV

G %

6

G %

./
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

6JKP (KNO /KETQUVTKR 6(/5 6GEJPQNQIKGU

6GEJPQNQIKECN RTQEGUU

7KH 7)06 WHFKQRORJ\ SUHVHQWHBUKHRSIOH®HQWHDE® FEQ HLWKRU
VXEVWUDWH +RZHYHU LW LV SPOWWILPOXERQOE DAHOIE WHE KQHREO K
EHQHILWYV RI VLOLFRQ WHFKQRMKI\GHYHIQQRILDE MWW DE GHYQFHV
DFFRUGLQJ WR WKH VLOUFRQ PRZ URPMSYQMAHEUMWMDWLRQ RI SDVVL)
GLIILFXOW EHFDXVH RI WKH KL3$K [RXWHBWULRRVE RZVVOMR HOAWH S
VXEVWUDWH IRU LPSOHPHQWDWLRQ RI DFWLYH | XQFRILRQVL RX I
DV PRWKHU ERDUG 3DVVLYH IXQFWLRQV DUHULFKH®D\KUWDQC
>%HQ]RF\FOREXWHQH %&% @ GHSRYLWHKGE BQHWKHRWPWRWKGE DERL
EHLQJ LQVXODWHG YLD D JURXQG SODQH 7KH SUMNWRLEGEH RI W
GLHOHFWULF ORVV HIIHFWV UHY DWHIGY MR\ WOKRHU MR ® HER @ FOORZ V X
ZLWK YDULRXV PRGHOV DUH DY RUD DFEEGH RRW VXF K \D QIDAMPKIR O
7KH ILUVW VWHS RI WKH WHFKQRORJLFDO SURFHVV )LJ LV J
GHSRVLWLRQ RI D —P WKLFN ODGH B RR IDW OMK WHDR/KQBIWWM IGHI R H
WKLQ WXQJVWHQ DQG JROG EDVHG DGKHVLRQ ILOPV E\ ¢
HYDSRUDWLRQ 'XH WR SRRU DGKHVLRQ EHWZHGR R4&MWL DO G LXF
ZDV HYDSRUDWHG RQ WKH JURXQG SODQH

7KH GLHOHFWULF ZH XVHG ZDV WKH SKRRRWVHKOPLWDROH Ph&W D Q (
0, HJ WDQ ,W DOORZV D —P WKLFN OD\HU GHSRIVLWLRQ
%&% ILOP ZDV WKHQ VSLQ FRDWHG R®WRKWKNQ AN M LIOP D 7 KH Bak
VXEVHTXHQW SURFHVVLQJ VWHS\GLWLRING L\OSL QUFHRDUW.I)G ¥R B H
GRVH DQG GHYHORSPHQW $IWHULRGEW YV bb &4 FSIHOMW [RQ J R IPH WIKW
ZHUH REWDLQHG $ VRIW EDNLQJ XS WR f & RI WKLV ILUV\
UHVLVWDQFH WR VXEVHTXHQW SWRFRHQ/G/ L Q IP RVE K IUFDNNV %R:@6V | LTOKPH S
ILOP ZDV WKHQ VSLQ FRDWHG DQG SDWWHUQHG SKRWROLWKRJ
GHYHORSHU LQ WKH VDPH ZD\ DV WKH ILUVW OD\HU 7KHQ D IL
ZDV SHUIRUPHG IURP LQ VWDJH DQQHDOLQJ XS WR f& 7KH V
DV WKH FRSODQDU DFFHVVHV ZH WH. PBIE 7 KFD R4S D YDW KIHF F B PV F
RI %&% ZHUH FRQQHFWHG WR WKH JURXQG SOWQHF W QU R X BH W K
REWDLQ PHWDOOL]DWLRQ XVLQJ JROG HOHEBDW KYGIBW L7&H [
SKRWRUHVLVW OD\HU LV XVHG W HUW RWKHFWS RQV KR D VGLHYYIL RH WV k
DQG WKH SKRWROLWKRJUDSK\ SURFHVV GRSPEHDNW QW H)YRVPX Y
OLQHVY DQG FRSODQDU DFFHVVHVIRZLMKUAHLBBG HG L$P W&\ QRERQ G X F
7L $X c ¢ IRU HOHFWURSODWLQJ ZDV WKHQ HYDSRUD!
SKRWRUHVLVW OD\HU JUHDWHU WKDQ WKHVH@SLYDBRBGWRHGND Q
SKRWRSURFHVVHG WR GHILQH W KHJ Bl QD/FPW V/ILRHIQ ¥ L R € VD R IG WFKRHS (
$IWHU HOHFWURSODWLQJ RI P RI JROMP RVKIE XVS QU B KRKARRIRH
GHYHORSHU VWDJH 7KH WKLQ FR® &XPVKRIHW GIRVERNVQUH PRGH W
SKRWRUHVLVW ZDV ILQDOO\ GLOWWB GVPLW K LR Q HORR¥H U W UK W X
LOOXVWUDWHG LQ )LJ
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMNKOEBVTG 9CXG #RRNKECVKQF

$X —P (OHFWURSODWLQJ
7KLFN SKRWRUHVLVW &RQGXFWLRQ /D\HU

OD\H 7L $X ¢ c
X AN
W ainria ¥
A el &\

A

$GKHVLRQ /D\HU
7L $X ¢ ¢

7KLQ SKRW
OD\HU

$X —P
(OHFWURSODWLQJ

$GKHVLRQ % &%
WRS OD\HUY 7L

)LJ THFKQRORJLFDO SURFHVNVMNRUIR G &E&AEDVHG WUDQVP

&RSODQDU DFFHVYV
RQ ZzDIHU

)LJ 7TRSRORJ\ DQG PLFURSKW

3UHYLRXV ZRUNV KDYH VKRZQ WKW MKB %B%D® B VHWUWKK B WQP R
WKH ORVVHV 6L[ HW DO 3UHX9Q W WM WD @ O D ,QYHVW
FDUULHG RXW VR DV WR UHGXBM WKRIZM LQVYHUWLRYKGIRWYBQ VP
DWWHQXDWLRQ GHFUHDVHV ZLWK WKH % & % DWK DF N Q+HV W K RFFN 1/
OD\HU FDQ EH FRQVLGHUHG DV WRNQRSW L PXHP\ RGLGI O HF\W UK L ¥
VLIQLILFDQW DWWHQXDWLRQ LPSHKR®HPHXWDZWR SKREORDL QPIED VX
ZHUH SHUIRUPHG WKURXJK D EURDG IUHTXHQF\ UDQJH IURP *
7UDQVPLVVLRQ OLIASHEGWRFH ZDV FDOLEUDWHG R»MDODQRLRIZDV
WKUX UHIOHFWLRQ OLQH FDOLEUDWLRQ PHWKRG 75/ 7KH FDC
OLQH ZHUH IDEULFDWHG RQ WKH VDPH ZDIHU +3 ') DQG $QU
ZHUH XVHG LQ WKH 0+] *+] DQG * 4] *+] TUHTXHQF\ U
6LPXODWHG UHVXOWYV DQG H[SHULPHQMQ/ D ZHGIH | D HIRRI® M JUE
$WWHQXDWLRQ PHDVWUBPGQVRUVNLRQ OLQH DW *+] LV Rl WKH |
yLJ o

$'6 PRGHO

- OHDVXUHPHQWYV

$WWHQXDWLRQ G% P

JUHTXHQF\ *+]
)LJ SWWHQXDWLR® RLQHV IRU GLIITHUHQW % & % BNHRALEWNIQ® V V
VLPXODWLRQ DQG H[SHULPHQWDO UHVXOWYV
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP
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JUHTXHQF\ *+] JUHTXHQF\ *+]
)LJ &RPSDULVRQ EHWZHHQ VLPXODWLRQ ®R16DDQ@EOEHDVXUH
OLQH ZLWK —P %&% WKLFNQHVV XS WR *+]

$CPFRCUU HKNVGT &GUKIP
6R DV WR LOOXVWUDWH WKH 6L %&% RORB\G WHKHQLIQ® P WP MR FEHY
URXJKO\ FRUUHVSRQGY WR D 82EDQG ILOWHU WKKHU HGIH FSADLVRVE [
LQ WKH 2 *+] IUHTXHQF\ EDQG LV G% DQG QR VSHFLIL
EH\RQG  *+] LV UHTXLUHG
&RXSOHG OLQH WRSRORJLHV DRWY @DV UREZOBED ZHIO/VIXLOWE UV
LQ YLHZ RI WKH GHVLUHG LQVHRQVLRHY HORWVNXFRQWRSR @R FW
XQVXLWDEOH ZLWK WKH DERY G HHGW MWK H FHORMHRMHWVRRN WKH S
ORZHU UHMHFW EDQG LPSRVHVQAH K WHKH HFOW IRQ ROUHY H® \K DVHW |
ZKLFK VLJQLILFDQWO\ GHJUDGHW JBREBOFRQVHEMUWRWLARVVKD
FKRRVH D QHZ ILOWHU WRSRORJ\ EDVHG RYQ GZKLF K HKDQLR B R
VWRSEDQG DQG SDVVEDQG 5L]]L 6XFK D UHVRQDWRU UH
HQGHG VWXEV VHW LQ SDUDOOHO VDE® MMWRE REU IHQIWK B UWWLDE
SDVVEDQG 'HYHORSPHQW RI D JORKKD® RV\QQMKHHEHQYG HQWBO HRR
EDQGZLGWK WKH XSSHU DQG ORZHU IUHTXHQPQEP QGWL R |HH®!
IUHTXHQFLHV RI DQ QWK RRSRVHGLBWMEY 4XHQGR HW DO
DQ DOLNH GHYHORSPHQWKRR GWKH | GAIWHUQWRK DDV PHHWY WKH GH
W UHVXOWV LQ D ILOWHU ZLW R QRKRWW UDLEGHPVL VRV L RIG H] HSCRW E
WUDQVPLVVLRQ JHURV EHLQJ LQGHSHQGHQMWS DUMLWGI RWTMRQO L
GHSHQGV RQ WKH HOHFWULFDO OHQJWK RI WKEH | RGH QUAH\FDM@D WY

JRU WKH VDNH RI VLPSOLFLRNHWKHVHLG M FRV UKD X EEBU IUHT)
/D =D ID =D ID =D DQGKRBHG BITXXHUHZRLFK PHDQW
XSSHU WUDQVPLVVLRQ JHURV ZHUH MRLQHG 6LPLODUO\ WKH C
OHQJWK LH [/ E [/ E |/ E DWRFLEWHBQWUDQYVBPWVLRQ JHURV Z
ILOWHU ZDV GHVLJQHG EDVHG RWKMKHVMRKXGWGR/HW IDWKH V\ DQ
EDVHG GHVLJQ PHWKRG WKDW DOOREW IVR® SSOMR PIQ\GV UBSLGHBRV +
3ULJHQW HW DO E  7DJNWKRO 3$VIEBBLFWHG LQ )LJ
HOHFWULFDO UHVSRQVH REWDLRQBDBVZLY D WKUY SRR/G JOU B HMKHRQ
VLPXODWLRQV UHVXOWV $'6 ORPHQWXP
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF

+FGPVKECN &$4U
dv FKHHGTGPV &%$4U

\\

F$ 5

P IR | A1 I R N A B A NI

(4'37°0%; )*\
)LJ WKRUGHU LGHDO "%5 WRSRORJ\ DQG UHVSRQVH ZLWK
LPSHGDQFH DQG OHQJWK RU ZLWK IRXU LGHQWLFDO UHVRQDWI

F$
F$ 5

FI'NGEVTQOCIPGVHKE B
o A H 5KOWNCVKQP .

= = ' /7ccuwTGPGPVU 7

—P 1 | ' | L 1 ' | ' ' | ' 1

L [ = . [ ]

(4'37'0%; )*\

)LJ D /D\RXWKRUGWIH "'%5 ILOWHU LQ 8 EDQG E FRPSDULVR
VLPXODWLRQ ZLWK H[SHULPHQW XSQWAR. GH*+UHA XHQF\ UDQJH

#RRNKECVKQP KP VJG ) DCPF )*\ ) *\

$FFRUGLQJ WR WKH TXDOLW\ RY WEMHLUBHGLPW QWD) WRHMX KD/ L
WR WUDQVSRVH RXU FRQFHSWV WR XSSHU IUHTXHQF\ GRPDLQ
IUHTXHQF\ UDQJH WKH SUREOHPV GXH WR VHQUDWL WIKWM\ FDRQUH
LPSRUWDQW VLQFH WKH HOHFWULFDO OHQJWKY WKDW DUH LQYF
/JHW XV FRQVLGHU WKRGEHVAORVRILBDO VKXQW VWXEYLIGYWHU ZL
$FFRUGLQJ WR FODVVLFDO V\QWKHVLV ODWWKDHL HW DO
VSHFLILFDWLRQV ZH DUH IDFHOLWRHWHFRGHHDO DWSRKVVELUH
WUDQVPLVVLRQ OLQHV DUH ZLGHUUWRDQQERQF WIHQFIHD WALIRHD HUC
VWURQJO\ GHEDVHG ORUHRYHU WKH ILOWH V SRIPHD ¥ RRIQW FADIC
GLIILFXOW LQGHHG LPSRVVLEOHK BRGDMLRROWY HWKRIP N ROXFW L F
GHYHORSHG 3ULJHQW HW DO FRQVLVWYV LQ FRQVLGHULQJ
LQWHUHVW QRW WKH IXQGDPHQWDO IUHTXHQ MVKREKGEMU WIKMWIH O
ZLWK  *+] FHQWUDO IUHTXHQF\ ,Q WKLV ZD\ RQH FDQ UHDFK
NHHSLQJ D FRUUHFW VKDSH |DFW®RHDNXIU MWAKHQWWXEVX QMY ZHUH

*+] DQG *+] EDQGV 'HVSLWH D VOLJKW LQVHUWLRQ

PHDVXUHPHQW UHVXOWYV DUH LQWX RARKH GHIW HUDIFF R 88 BIQE R DALL F
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP
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- - —P - [(0 6LPXODWA(R®O(1&< *+]OHDVXUHPHQWYV
)LJ (OHFWURPDJQHWLF VLPXODWLRQWKRHMXHDW V K X Q WHDQWXXEP |

ZLWK *+] FHQWUDO IUHTXHQF\ &RPSDULVRQ ZLWK H[SHULPHQ\

'LWKLQ WKHVH FRQGLWLRQV WKHUH VWKEQFUHKDLIEEV FWXE G| XK
KDUPIXO LQ D JOREDO V\VWHP L QIV HRRQLRIT XSHHQURHS HWWH Y HK Q S\
KDUPRQLF KDV WR EH VXSSUHVVHG XVLQJ YRNK WDWLRIQ KR | RUORH
SDVV ILOWHUV LQ WKH QRPLQDO EDQG SDVV GHYLFH
&RQVLGHULQJ WKH ILOWHU HOMARMHUYRDE WLIHRG RO VHHG YRFDWHG L
RI KLJK SDVV ILOWHU 7KH ILOWHRU ®HRU EKIL BHSDYYHIGE QWHRD ZLW
FXWRII IUHTXHQF\ 7KH %&% WHFKQRORJ\ FRGWHILERQYHN IKR FKH
XVXDOO\ GLIILFXOW WR DFKLHYHH\VLQ,QGSB®DBQILW WBNKSRORUEO
DGYDQWDJH RI WKH 6L %&% WRBRQRED BMRFUWDQEH PW AR DLV W
7)06 WUDQVLWLRQ EDVHG XSRQ W®HQX VEHH R/IZ AB YDW KW LK BIL DRKSQ
WKH 7)06 OLQH DQG WKH FRSODQDU JXLGH WKURXJK WKH WKLQ
ILOWHU WRSRORJ\ LV GHVFULEHG LQ )LJ

6
6

T I T I T I T I T

XX
0o
IIIIIIIIIII]_IIlIIIIIIIII
/HYHO % & % /IHYHO
&3: —P 7)06 VWULS )5(48(1&< *+]
)LJ ID\RXW DQG VLPXODWLRQ WHWIORW/G HI \KRUDW SBMW ILOWEFE

*+] FHQWUDO IUHTXHQF\ &RPSDULVRQ ZLWK WKH EDQGSDVYV |

2QH MXVW KDV WR LQVHUW WKLRXWJIKFEBVV PHQEBYV DWYWRH 7KH
VLPXODWLRQ UHVXOWYV RI WKKH WRSKRORUIQRJI)EDQGCG PIMWWHVEWHREF
PHWKRG FROQWULEXWLRQ WRZDUG WKH GHVLJQ RI EDQG SDVV |
,QGHHG WKH IXQGDPHQWDO KDUPRQLF ZDV VXSSUHVVHG ZKLOl
ZHOO DV FRUUHFW UHWXUQ ORVVHYV
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF

OHWDO JURZWK RQ WKH %&% VLGH
GKRAUW HQGHG

e v

+LJK SDVV %DQG SDVV  +LJK SDVV

6
6

G%
G%

/o I.AAA.Il N IV /i A

)5(48(1&< *+]
yLJ ID\RXW DQG HOHFWURPDOQNW k& F69 L RX Q\DKWHL R@ DOI\ED QG S
*+] ZLWK G% EDQGZLGWK &RPSDULVRQ ZLWK WKH LQLWLE

$FFRUGLQJ WR WKH SUHYLRXV UHWRXDSS/O\RWQKHKGM VDWW R P SMIR
QDUURZHU EDQG SDVV ILOWHU 7KHSRIUGWH U %ER I EGIWGHN DI H G *1:A
G% EDQGZLGWK ,I WKH GHVLZDQV RO LPUMMHER XWR | UGMEHBW LR Q
KDUPRQLF LW LV QRW WKH VDPH IRU '%5 ILOWHUV ,QGHHG E\
HOHFWULFDO UHVSRQVH RI '%5 ILOWHUV SUHVHQWYV VSXULRXV
EDQG ORUHRYHU DV WKH ILOWHU AW GB®LIIQHXK ZQW\K W KH 1B H
LQWHUHVW EHLQJ *+] VSXULRXV UHVSRQVH OHYHO LV YHU\ I
EDQGZLGWK )LJ 7KHUHIRUH VL]HDEOH PRGLILFDWLRQV KDG
7KH ILUVW VWHS Rl WKH GHVLJYVRROQ QEWNHEGWHQ X B WU IRRX V7 KIL V
XVLQJ LQWHJUDWLRQ Rl WKH '%5 ILOWHU LQ MDKMHS U HY LR KNV VXI
DV WKH VKXQW VWXE ILOWHU EDQGZLGWK LV WZLFH WKH '%5
KDUPRQLFV Rl WKH '%5 ILOWHU ZHUH SUHVHUYHG ZKLOH WDNLQ
UHMHFWLRQ OHYHO IRU RXW RI EDQGDICPGB\URW ROOW UHRDLQHG
WKH IXQGDPHQWDO IUHTXHQF\ X8U®.Y MR &L 3KH S DYWYHIG O H U

~ ~ ~ ° °
X 3
== == )
(i ]
IIIIIIIIIIIIIIIIIIIII
5 3 - [(0 6LPXODW)IR®8(1&< *+][0HDVXUHPHQWYV
)LJ ID\RXW DQG VLPXODWLRQ WHWROGWNU OCPRPBHIQW WM URDW
ZLWK G% EDQGZLGWK &RPSDULVRQ ZLWK H[SHULPHQWDO UH
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

6
6
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]

}-.I.I.I.I.I.I.I.III.I.

VKXQW VWXEyps )LOWHUVKXQW VWXE

ILOWHU >c ILOWHU [(0 6LPXOOW)R@8(1&< *+] [ OHDVXUHPHQWYV
)LJ ID\RXW DQG HOHFWURPDOQHNWWRIF'%5PXOIWAIUR QQWHNX) D W L

VKXQW VWXE ILOWHU &RPSDULVRQ ZLWK H[SHULPHQWDO UHVXO

—

6

G%
G%

il I B
6

N

FLIK SDVV. 0 BKXOW VWXE +LIK SDVV

ILOWHU 'Y owHuU ILOWHU )5(48(18< *+]
)LJ ID\RXW DQG HOHFWURPDMRWWKNUERODWIDRGBBEVYXAWOW
ZLWK G% EDQGZLGWK &RPSDULVRQ ZLWK WKH LQLWLDO "%5

&RPSDULVRQ PDGH EHWZHHQ WKHRUHWLFDO DQGIWPHDMXUHPHQ

UDQJH XS WR *+*] HYLGHQFHG WKH HIILFLHQBRBH®W DKW C@HWYIOIQ

WKH DFFXUDF\ Rl %&% WHFKQRORLYHRUYFKWLERPVIRIP RH B\DKLIK |

7TKHVH FRQFHSWYV ZHUH GHPRQVWUDWHG &RW BRQOVURH 1XQRAWL

VXFK DV FRXSOHUV RU EDODQFHG PDWFKLQJ QHWZRUNV 3ULJ
E

#FXCPEGF %/15 51+ VGEJPQNQI[ QP *KMICNGA KUVKXKV[ U

PO /15('6 2GTHQTOCPEGU

7KURXJK FDUHIXO RSWLPL]DWLR QU DOFGV PR DAL G D VWXLOYHHY FIRRP S
VWDQGDUG —P &026 SURFHVV ZDV SURYHG WR EHWH S\XBDH |
UHODWHG ORZ )W )PD[ ZKLFK ZDV LQ WKH RUGHU RI *+] 'RDQ
RI QP &026 WHFKQRORJ\ 'DPEULQH HW DO GHPRQVWUDW

*+] )LJ ZKLFK DUH FOHDUO\ FRPSDUDEOH WR DGYDQFHG |
,,, 9 +(07 RU VWDWH Rl WKH DUW 6L*H +%7 &KHYDOLHU HW DO
LV LQ WKH RUGHU RI G% DW  HURPB\D PWARGIVERXHPOHFW SRLQW F
LV QR UHDVRQ WR SUHYHQW WXKH ZI)WWHD 8 B WILRIHWR R BIVOIOQ. RI®/6 \
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6TGPF QP 5KNKEQP 6GEJPQNQIKGU HQT /KMPNKOXBVTG 9CXG #RRNKECVKQF
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freq, Hz Freguency (GHz)
)LJ OHDVXUHG JDLQV IRU [ 1026 LQ QP EXON WHFK

—$ —P 9'6 9pLadDQGVWYV IUHTXHQF\ IRU [QL026)7P 9'6
9 ,'6 P$ PP

PO 1P %JKR 6TCPUOKUUKQP NKR® RGTHQTOCPEGU WR
7KH LQWHJUDWLRQ RI KLJK TXDQIQNV V8D ¥ EDWH PRIOSERIYQWHN F K G
REYLRXV W LV ZHOO NQRZQ WKDQWHIDIMMME ERP YRUDHBDW (
WHFKQRORJLHV VXIIHU IURP KL S/RIEQW UDMW AOERVDM VW KK LI X
OLPLWDWLRQ IRU FRQYHQWLRQDO E&XDON RWHBK @R OR JIWHR DHELON
PLOOLPHWUH ZDYH DSSOLFDWLRQWW%X® UH F QWKL K* LTIX@HM KO
FRPSRQHQWY &RSODQDU :DYHJXLGH ZLWK OHVV WKDQ G% PP |
LQ DGYDQFHG QP +5 62, &026 WHFKQRORJ\ KDYH GHPRQ
FRPSDUDEOH WR VWDWH RI WKHRDWDQG 9 WHFKIQRORJLHV XS W
$W PLOOLPHWUH ZDYH IUHTXHQPFPUDRQURQ VOK I HW H VR I FAQUHIUD O O\
LQWHJUDWH SDVVLYH FRPSRQHQMWS V U®Q BHL QRESXFMARHQM/IDWILHRDY/ [RE
IURP DFFXUDF\ LVVXHV 7ZR NLQGFRRIVYEHYHA® X WH\D GOPLEVLRQ
DUH VHQVLWLYH WR VXEVWUDWH HIIHFWV &3: SWHNVVHQWHKG RQ )|
QRW PLFURVWULS ZLWK JURXQG SODQH DV VKLHOG QRW S
WUDQVPLVVLRQ OLQHV KDYH GHPRQVWIPWWHHG WHDHF \& B L FROQ0H \5 F
DGYDQFHG VWDQGDUG GLJLWDO %(D/LFZRQ K BBEN KEY\®UDVQH *LD

HW DO ZH KDYH IRFXVHG RXU DWWHQWLRQ RQ FRSODQDU
62,
Ground Signal Line Ground
Wm Ws Wm
?i—igﬂ}g T
v < -
A A
Dielectric Layers : £, tand u h_diel
h_sub
Substrate : &, tans,
)LJ &RSODQDU WUDQVPLVVLRQ OLQH VWUXFWXUH

6LQFH LW KDV EHHQ GHPRQVWUDWHG WKDWWLILFBO B2UNKIEKFWE D
SURSRVH KHUH WKH XVH RI D QHVZPVWILARNH ® LKRE GHGDL B DWUHDQ
WHFKQRORJ\ %\ GRLQJ VR ZH FORVVHEGXAKL MKK R FFFEKW DLGRO WK H W
OLQH ORUHRYHU WKLV NLQG RI FRSODQDU WUDQVPLVVLRQ OLC
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IKETQYCXG CPF /JKNNKOGVGT 9CXG 6G
HTQO 2JQVQPKE $CPFICR &GXKEGU VQ #PVGPP

LQ ,,, 9 VLQFH LW OLHV GLUHFDWON R€HQKH WRIQH FRQ XXEVWLPLO
UXOHV WKDQ LQ ,,, 9 )RU H[DPSQB WR JWKNQ BRGNP EQWIRQ RI

XVHG ZKLFK LV WKH W\SLFDO GWPHEDNQBQ XVHG LQ ,,, 9 D

2Q FKLS WUDQVPLVVLRQ OLQHV UHSRUWHG DQYWRIFWHG RN &6l
WHFKQRORJ\ ZLWK &X GDPDVFHQH EDKMN PQZ FROIDOHQW FRQ@ILJIXU
GHSLFWHG LQ )LJ LV FRPSRVEEGH WRI VLG OBYHON RUHFR —P W
ZKHUHDV 0 LV  —P WKLFN $GGLMWLRDOGHBRXPWGRIGXM\OMRS O
FRSSHUV OHYHO DUH VHSDUDWHGOP\HU—BLW K LFQGGERQBFRRWH G
KROHV

2Q ZDIHU PHDVXUHPHQWY KDYH EHHQ SHUIRUPHG XS WR * 4]

9HFWRU 1HWZRUN $QDO\]HU DQG IURP W R *+] XVLQJ $QUL\
WHVW KHDGV 3KDVH YHORFLW\ RI W KQNQWWD/F N¥HGO & 3D LWHDQ VP
*+] )LJ ZKLFK HQVXUHV D TXDVL 7(0 SURSDJDWLRQ PRGH 6W
WKH RUGHU RI G% PP # *+] DQG G% PP # *+] KDV |
*LDQHVHOOR *ORULD HW DO
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yLJ BWDFNHG &RSODQDU WUDQVPLVVLRQ ®2, QWM HFKORLONR E W X
OHDVXUHG SKDVH YHORFLW\ DQG VDWDWNQE DFRRID @DUD WUDQVP
'V —P J —P :0 —P

$CPFRCUU HKNVGT CRRNKECVKQP
7R LOOXVWUDWH WKH SHUIRUPDQFRIQ ROLWKW &BDOWUBGV RIQV A
WHFKQRORJLHV D &3: VWXE EDVHG ILOWHU KDV EHHQ UHDOL]HC
62, VXEVWUDWH 3KRWRJUDSK\ RI WKH ILQWHWHILY ZOWS GHW HIQ H
KDYH LWV IXQGDPHQWDO UHVSRQVH EHWZHHQ DQG *+] 7KL
*+] )LJ WR LQYHVWLJDWH &3: WUD®IVB W FPLRQ LEHWU B HAD R |
7KH LQVHUWLRQ ORVV Rl WKH. VLP®RMH UMRD OLKB® IRQ WKHPVDPH |

QP EXON EXW VKRZV G% KXHKWER QRKHIDFWLWHKDIWS ZH KDYH
IURP WKH VXEVWUDWH LQ QP EXON WHFKQR®DRMREMEKBXWH RV
ORVVHV DUH PRUH LPSRUWDQW %H\RQG *+] QR EXON ILOWH
SHUIRUPDQFH DFKLHYHG ZLWK EXON &3: DW WKLV IUHTXHQF\ U
LPSOHPHQWHG LQ +5 62, WHFKQRORJ\ LV IXOO\ ZRUNDEOH XS W
OHVV ORVVHV LQ WKH *+] EDQG DQG HYHQ DW *+] LW K
ZKLFK LV EHWWHU WKDQ WKH SHUIRUPDQFH DFKLHYHG E\ EXON |
7KH HOHFWULFDO SHUIRUPDQFHV ZHUH FRPSDRISG & LLWQPK* BIFX LY |
WHFKQRORJ\ )LJ 5LXV HW DO ‘ROl HW DO 7DEOF
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