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$ EVW U DFW _8VLQJ VXEVWUDWH WUDQVIH U SURFH VVH V� ZH KDYH IDE�

ULFDWH G KH WH URMXQFWLRQ ELSRODU WUDQVLVWRUV ZLWK VXEPLFURQ

H PLWWH U�EDVH DQG FROOH FWRU�EDVH MXQFWLRQV� PLQLPL]LQJ 5&

SDUDVLWLFV DQG LQFUH DVLQJ IPD[ WR ��� *+ ]� 7 KH SURFH VV DOVR

SURYLGH V D PLFURVWULS ZLULQJ H QYLURQPH QW RQ D ORZ�sU GLH OH F�

WULF VXEVWUDWH � ) LUVW GH VLJQ LWH UDWLRQV RI ( &/ PDVWH U�VODYH

qLS�qRSV H [KLELW �� *+ ] PD[LPXP FORFN IUH T XH QF\ ZKH Q

FRQQH FWH G DV VWDWLF IUH T XH QF\ GLYLGH UV�

. H\ Z RU GV_ KH WH URMXQFWLRQ ELSRODU WUDQVLVWRU� + %7 �

WUDQVIH UUH G�VXEVWUDWH � VWDWLF IUH T XH QF\ GLYLGH U�

,� ,QW U RGXF W LRQ

$33/,&$7,216 ^SUHVHQW 	 SRWHQWLDO^ IRU KHWHUR�
MXQFWLRQ ELSRODU WUDQVLVWRUV �+%7V� LQFOXGH 5)� PL�

FURZDYH DQDORJ�GLJLWDO FRQYHUVLRQ� PLFURZDYH GLUHFW GLJL�
WDO IUHTXHQF\ V\QWKHVLV� DQG pEHU�RSWLF WUDQVPLVVLRQ LQ WKH
UDQJH RI ��^��� *LJDELWV�VHFRQG�
7KH PRWLYDWLRQ IRU KLJK FLUFXLW EDQGZLGWK YDULHV ZLWK

WKH DSSOLFDWLRQ� ,Q pEHU�RSWLF WUDQVPLVVLRQ� IDVW ,&V ZLOO
GLUHFWO\ HQDEOH LQFUHDVHG WLPH�GLYLVLRQ�PXOWLSOH[HG WUDQV�
PLVVLRQ UDWHV� FRPSOHPHQWLQJ LQFUHDVHV LQ FKDQQHO FDSDFLW\
SURYLGHG E\ ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[LQJ� )RU RYHU�
VDPSOHG �cbh� DQDORJ�GLJLWDO FRQYHUWHUV� LQ�EDQG TXDQWL�
]DWLRQ QRLVH SRZHU GHFUHDVHV LQ SURSRUWLRQ WR WKH �WK SRZHU
RI WKH RYHUVDPSOLQJ UDWLR ��QG�RUGHU PRGXODWRUV�� 9HU\
KLJK VSHHG ,& WHFKQRORJLHV RoHU WKH SRWHQWLDO RI c b h
$'&V ZLWK FORFN IUHTXHQFLHV LQ WKH ��
V RI *+]� SURYLGLQJ
KLJK G\QDPLF UDQJH ^DQG ODUJH LQVWDQWDQHRXV EDQGZLGWK^
RYHU UDGLR�IUHTXHQFLHV DQG ORZHU PLFURZDYH IUHTXHQFLHV� ,Q
GLUHFW GLJLWDO IUHTXHQF\ V\QWKHVLV �''6�� LQFUHDVHV LQ ORJLF
,& FORFN UDWHV DQG '$& EDQGZLGWKV ZLOO UHVXOW LQ LQFUHDVHG
V\QWKHVL]HU EDQGZLGWK� 8VHG LQ UDGDU WUDQVPLWWHUV� PRG�
XODWLRQ EDQGZLGWKV FDQ WKHQ EH LQFUHDVHG DQG IUHTXHQF\
DJLOLW\ LPSURYHG�
$ ��� *+] FORFN UDWH ,& WHFKQRORJ\ ZRXOG SHUPLW VLJQLI�

LFDQW DGYDQFHV LQ WKH SHUIRUPDQFH RI VXFK VLJQDO FRQYHUVLRQ
,&V� 7R SHUPLW FORFN UDWHV H[FHHGLQJ ��� *+]� VLJQLpFDQW
LVVXHV LQ WUDQVLVWRU GHVLJQ� LQWHUFRQQHFWV� SDFNDJLQJ� DQG
WKHUPDO GHVLJQ PXVW EH DGGUHVVHG� 7KH WUDQVLVWRU FXUUHQW
JDLQ �I� � DQG SRZHU JDLQ �IPD[� FXWRo IUHTXHQFLHV PXVW
EH VHYHUDO KXQGUHG *+]� :LULQJ SDUDVLWLFV PXVW EH PLQL�
PL]HG� 7KH LQWHUFRQQHFWV PXVW KDYH VPDOO LQGXFWDQFH DQG
FDSDFLWDQFH SHU XQLW OHQJWK� DQG WKH ZLUH OHQJWKV� KHQFH
WUDQVLVWRU VSDFLQJV� PXVW EH VPDOO� *LYHQ WKDW IDVW +%7V

0DU N 5RG Z HOO� 4� /HH� '� 0HQ VD� - � *X WK U LH� 6 � - DJDQ DWK DQ � 7 �

0DWK HZ � DQ G 6 � /RQ J DU H Z LWK WK H 'HS DU WP HQ W RI ( OHFWU LFDO DQ G
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/DE V� & DOWHFK � 3 DVDG HQ D� & $ �

RSHUDWH DW | ��� $ FP� FXUUHQW GHQVLW\� HrFLHQW KHDW VLQN�
LQJ LV WKHQ HVVHQWLDO� 7R SURYLGH SUHGLFWDEOH SHUIRUPDQFH�
LQWHUFRQQHFWV RI PRUH WKDQ D IHZ SV OHQJWK PXVW KDYH D
FRQWUROOHG FKDUDFWHULVWLF LPSHGDQFH� 7R SUHYHQW FLUFXLW�
FLUFXLW LQWHUDFWLRQ WKURXJK JURXQG�FLUFXLW FRPPRQ�OHDG LQ�
GXFWDQFH �?JURXQG ORRSV��� WKH ,& WHFKQRORJ\ PXVW SUR�
YLGH DQ LQWHJUDO JURXQG SODQH IRU JURXQG�UHWXUQ FRQQHFWLRQ�
6LPLODUO\� WR SUHYHQW FLUFXLW�FLUFXLW LQWHUDFWLRQ EHWZHHQ WKH
,&
V LQSXW DQG RXWSXW OLQHV� FRPPRQ�OHDG LQGXFWDQFH EH�
WZHHQ WKH ,& DQG SDFNDJH JURXQG V\VWHPV PXVW EH PDGH
YDQLVKLQJO\ VPDOO�

&RPSHWLQJ WHFKQRORJLHV IRU ��� *+] ORJLF LQFOXGH VXEPL�
FURQ 6L*H �DQG 6L� ELSRODU WUDQVLVWRUV >�@� ,Q3�,Q*D$V >�@
RU ,Q$O$V�,Q*D$V >�@ +%7V� DQG ,Q$O$V�,Q*D$V +(07V�
,Q$O$V�,Q*D$V +(07V KDYH H[WUHPHO\ KLJK EDQGZLGWKV
����^��� *+] I� � ������� *+] IPD[�� DQG KDYH EHHQ XVHG
LQ TXDVL�G\QDPLF ,&V RSHUDWLQJ DERYH �� *+] >�@� <HW�
FLUFXLW GHVLJQ LV PRUH GLrFXOW �OHYHO VKLIWLQJ GXH WR WKH
QHJDWLYH 9JV� ODUJH ORJLFV VZLQJ GXH WR WKH ORZ JP ,GVV UD�
WLR� � DQG SUHVHQW VFDOHV RI LQWHJUDWLRQ ZLWK ,Q$O$V�,Q*D$V
+(07V DUH ZHOO EHORZ WKH |���� GHPRQVWUDWHG ZLWK ,Q3�
EDVHG +%7V >�@� PRVW OLNHO\ GXH WR GLrFXOWLHV ZLWK ��� zP
OLWKRJUDSK\ DQG JDWH UHFHVV HWFK FRQWURO� 6L�6L*H +%7V LQ
VWDQGDUG SODQDU SURFHVVHV RoHU | ��� *+] I� DQG IPD[�
YHU\ KLJK \LHOGV� DQG �� ZDIHUV� )XUWKHU� | ��� $ FP� FXU�
UHQW GHQVLWLHV LQ 6L ELSRODUV PLQLPL]H &MH DQG &FE FKDUJLQJ
WLPHV� UHVXOWLQJ LQ FORFN IUHTXHQFLHV DW D KLJKHU IUDFWLRQ RI
I� WKDQ QRZ REWDLQHG ZLWK ,,,�9 GHYLFHV >�@� 7R ZLQ WKLV
FRPSHWLWLRQ� ,,,�9 +%7 ,&V PXVW RoHU WUDQVLVWRU EDQG�
ZLGWKV HTXDO WR ^RU EHWWHU WKDQ^ +(07V� DQG �^� WLPHV
WKDW RI 6L� 7KH WHFKQRORJ\ PXVW RoHU ORZ LQGXFWDQFH DQG
ORZ FDSDFLWDQFH LQWHUFRQQHFWV� ,&
V RI |��������� GHYLFHV
PXVW EH IHDVLEOH�

,,� 7 U DQVI HU U HG�6XEVW U DW H +%7 V

7UDQVIHUUHG�VXEVWUDWH +%7 ,&V >�@ RoHU KLJK WUDQVLVWRU
EDQGZLGWK� ORZ ZLULQJ FDSDFLWDQFH� DQG ORZ ZLULQJ LQGXF�
WDQFH� ,Q WKLV SURFHVV D VXEVWUDWH WUDQVIHU VWHS SHUPLWV
WZR�VLGH SURFHVVLQJ RI WKH GHYLFH HSLWD[LDO OD\HUV� DOORZLQJ
GHpQLWLRQ RI D WUDQVLVWRU ZLWK QDUURZ DQG DOLJQHG HPLWWHU�
EDVH DQG FROOHFWRU�EDVH MXQFWLRQV�

,Q +%7V� I� LV SULPDULO\ GHWHUPLQHG E\ WKH EDVH WUDQVLW
WLPH �E� WKH FROOHFWRU WUDQVLW WLPH �F� DQG WKH HPLWWHU FKDUJ�
LQJ WLPH &MH�N7 T,H�� ,QFUHDVHV LQ I� DUH REWDLQHG E\ WKLQ�
QLQJ WKH FROOHFWRU� E\ WKLQQLQJ DQG JUDGLQJ WKH EDVH� DQG
E\ LQFUHDVLQJ WKH HPLWWHU FXUUHQW GHQVLW\� 8QIRUWXQDWHO\�
WKLQQLQJ WKH EDVH DQG FROOHFWRU HSLWD[LDO OD\HUV LQFUHDVHV
WKH FROOHFWRU FDSDFLWDQFH &FE DQG WKH EDVH UHVLVWDQFH 5EE�
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• Collector capacitance reduces with scaling:

• Bandwidth increases rapidly with scaling:

ecb WC ∝

eWf 1max ∝

Ohmics base m .01 µ

Ohmics base m 5.0 µ

)LJ� �� 6 FDOLQ J RI WU DQ VIHU U HG �VX E VWU DWH DQ G WU LS OH�P HVD + % 7 V�

1) Normal emitter, base processes.
    Deposit silicon nitride insulator.

2) Coat with BCB polymer.
     Etch vias.

3) Electroplate with gold.
    Die attach to carrier substrate.

4) Invert wafer.
    Remove InP substrate.
    Deposit collector.

insulator

carrier substrate

Gold
thermal

via

carrier substrate

Gold
thermal

via

InP substrate

InP substrate InP substrate

)LJ� �� 7 U DQ VIHU U HG �VX E VWU DWH + % 7 S U RFHVV q RZ �

GHFUHDVLQJ IPD[  �I� �}5EE&FEL�
� �� 7KH EDVH�FROOHFWRU

MXQFWLRQ LV D GLVWULEXWHG QHWZRUN DQG 5EE&FEL UHSUHVHQWV
DQ HoHFWLYH� ZHLJKWHG WLPH FRQVWDQW >�@� )RU D p[HG HPLW�
WHU VWULSH OHQJWK � GHFUHDVLQJ WKH ZLGWK :H RI WKH HPLWWHU�
EDVH MXQFWLRQ GHFUHDVHV WKH EDVH VSUHDGLQJ UHVLVWDQFH� EXW
GRHV QRW GHFUHDVH WKH EDVH FRQWDFW UHVLVWDQFH� 6FDOLQJ :H

UHGXFHV 5EE WRZDUGV D PLQLPXP VHW E\ WKH FRQWDFWV� 'H�
FUHDVLQJ WKH ZLGWK RI WKH EDVH�FROOHFWRU MXQFWLRQ :F GH�
FUHDVHV &FE�

,Q QRUPDO GRXEOH�PHVD +%7V �pJ� ��� WKH FROOHFWRU�EDVH
MXQFWLRQ DQG EDVH 2KPLF FRQWDFW DUH GHpQHG LQ D VLQJOH
SURFHVV VWHS� 7KH 2KPLF FRQWDFWV PXVW EH DW OHDVW RQH FRQ�
WDFW WUDQVIHU OHQJWK� VHWWLQJ D PLQLPXP FROOHFWRU MXQFWLRQ
ZLGWK� DQG D PLQLPXP FROOHFWRU FDSDFLWDQFH� 5EE&FE KDV
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)LJ� �� % DQ G G LDJU DP � X Q G HU E LDV� RI D W\ S LFDO G HY LFH�

D PLQLPXP YDOXH� LQGHSHQGHQW RI OLWKRJUDSKLF OLPLWV� DQG
IPD[ GRHV QRW LPSURYH ZLWK VFDOLQJ� ,Q WKH WUDQVIHUUHG�
VXEVWUDWH GHYLFH� WKH FROOHFWRU ZLGWK QHHG RQO\ EH ODUJHU
WKDQ WKH HPLWWHU ZLGWK� 5HGXFLQJ:F DQG:H SURJUHVVLYHO\
UHGXFHV 5EE&FE� DQG IPD[ LQFUHDVHV UDSLGO\ ZLWK VFDOLQJ
�pJ� ��� :LWK ODWHUDO VFDOLQJ DORQH� IPD[ VKRXOG DSSURDFK
� 7+] DV GLPHQVLRQV DUH VFDOHG WR |��� zP� 6XEVHTXHQWO\
WKLQQLQJ WKH EDVH DQG FROOHFWRU OD\HUV LQFUHDVHV I� DW WKH
H[SHQVH RI IPD[� 6LPXOWDQHRXV KLJK YDOXHV IRU ERWK I� DQG
IPD[ DUH WKXV REWDLQHG�

,,,� * U RZ W K DQG ) DEU LF DW LRQ

)LJ� � VKRZV WKH EDQG GLDJUDP DVVRFLDWHG ZLWK D W\SLFDO
WUDQVIHUUHG�VXEVWUDWH +%7 OD\HU VWUXFWXUH� 7KH ,Q*D$V
EDVH LV QRPLQDOO\ ������� {$ WKLFN� KDV N7^�N7 EDQGJDS
JUDGLQJ� DQG LV %H�GRSHG DW �c���� FP�� 7KH ,Q*D$V FRO�
OHFWRU LV ���� {$ WKLFNQHVV� $ FROOHFWRU 1 � SXOVH�GRSHG
OD\HU SODFHG ��� {$ IURP WKH EDVH GHOD\V WKH RQVHW RI EDVH
SXVKRXW DW KLJK FROOHFWRU FXUUHQW GHQVLWLHV� 'HYLFHV W\S�
LFDOO\ XVH 6FKRWWN\ FROOHFWRU FRQWDFWV >�@� DOWKRXJK +%7V
ZLWK 1� VXEFROOHFWRU OD\HUV �2KPLF�FROOHFWRU GHYLFHV� KDYH
DOVR EHHQ IDEULFDWHG� :KLOH 2KPLF�FROOHFWRU GHYLFHV KDYH
QRQ�]HUR FROOHFWRU VHULHV UHVLVWDQFH� KHQFH ORZHU IPD[ >�@�
WKH ��� 9 EDUULHU SUHVHQW LQ WKH 6FKRWWN\�FROOHFWRU GHYLFH
LQFUHDVHV WKH 9FH UHTXLUHG WR VXSSUHVV EDVH SXVKRXW DW KLJK
FXUUHQW GHQVLWLHV� 2KPLF�FROOHFWRU GHYLFHV WKXV VKRZ KLJKHU
IPD[ XQGHU WKH ORZ�9FH FRQGLWLRQV DVVRFLDWHG ZLWK FXUUHQW�
PRGH�ORJLF �&0/�� 6FKRWWN\�FROOHFWRU GHYLFHV DUH XVHG IRU
HPLWWHU�FRXSOHG�ORJLF �(&/�� ZKHUH WKH RSHUDWLQJ 9FH LV
KLJKHU�

)LJXUH � VKRZV WKH SURFHVV qRZ� 6WDQGDUG IDEULFDWLRQ
SURFHVVHV >�@ GHpQH WKH HPLWWHU�EDVH MXQFWLRQ� WKH EDVH
PHVD� SRO\LPLGH SODQDUL]DWLRQ� DQG WKH HPLWWHU FRQWDFWV�
7KH VXEVWUDWH WUDQVIHU SURFHVV FRPPHQFHV ZLWK GHSRVL�
WLRQ RI WKH 3(&9' 6L

�

1
�

LQVXODWRU OD\HU DQG WKH %HQ�
]RF\FOREXWHQH �%&%� WUDQVPLVVLRQ�OLQH GLHOHFWULF �� zP
WKLFNQHVV�� 7KHUPDO DQG HOHFWULFDO YLDV DUH HWFKHG LQ WKH
%&%� 7KH ZDIHU LV HOHFWURSODWHG WR PHWDOL]H WKH YLDV DQG WR
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(a)

0.15 µm
emitter

(b)

)LJ� �� ( �E HDP + % 7 � WHVW VWU X FWX U H Z LWK ���� zP HP LWWHU �E DVH MX Q F�

WLRQ �D�� DQ G ��� zP 6 FK RWWN \ FROOHFWRU VWU LS H �E �

IRUP WKH JURXQG SODQH� 6XEVHTXHQWO\� WKH ZDIHU LV ,QGLXP�
ERQGHG WR D *D$V FDUULHU VXEVWUDWH� DQG WKH ,Q3 VXEVWUDWH
UHPRYHG LQ +&O� 6FKRWWN\ FROOHFWRUV DUH WKHQ GHSRVLWHG�
FRPSOHWLQJ WKH SURFHVV�

,Q DGGLWLRQ WR +%7V ZLWK QDUURZ HPLWWHU DQG FROOHF�
WRU VWULSHV� WKH SURFHVV SURYLGHV WKHUPDO YLDV IRU +%7
KHDWVLQNLQJ� 1L&U UHVLVWRUV� 6L

�

1
�

0,0 FDSDFLWRUV� DQG
PLFURVWULS ZLULQJ RQ D sU ��� GLHOHFWULF ZLWK YLDV� JURXQG
SODQH� DQG � OHYHOV RI LQWHUFRQQHFWV� 7R WROHUDWH KLJK SRZHU
GHQVLWLHV� WKH 1L&U UHVLVWRUV PXVW KDYH WKHUPDO YLDV� ZKLFK
UHVXOWV LQ VLJQLpFDQW SDUDVLWLF FDSDFLWDQFH� 3XOO�XS UHVLV�
WRUV LQ (&/ GR QRW UHTXLUH WKH WKHUPDO YLD�

$ VLJQLpFDQW PLVVLQJ IHDWXUH LV LQ SDFNDJLQJ� ,Q WKH
SUHVHQW SURFHVV WKH PLFURVWULS JURXQG SODQH LV LVRODWHG IURP
WKH ZDIHU EDFN VXUIDFH E\ WKH *D$V WUDQVIHU VXEVWUDWH� LQ�
FUHDVLQJ WKHUPDO UHVLVWDQFH DQG SUHYHQWLQJ ORZ�LQGXFWDQFH
FRQQHFWLRQV EHWZHHQ WKH ,& DQG SDFNDJH JURXQG� $ PRGL�
pHG SURFHVV ZLWK D IXOO\ PHWDOOLF HOHFWURSODWHG FRSSHU VXE�
VWUDWH LV LQ GHYHORSPHQW >�@� 7KLV ZLOO SURYLGH KLJKO\ HoHF�
WLYH KHDWVLQNLQJ ���� : 0 c. IRU &X YV� �� IRU ,Q3� DQG�
ZLWK D SDFNDJH�,& JURXQG LQWHUIDFH RYHU WKH IXOO ,& EDFN
VXUIDFH� YHU\ ORZ SDFNDJH�FKLS JURXQG LQGXFWDQFH�

,9� 'HYLF H 3HU I RU P DQF H

'HYLFHV KDYH EHHQ IDEULFDWHG XVLQJ FRQWDFW OLWKRJUDSK\
DW �^� zP UHVROXWLRQ� XVLQJ D ��� zP VWHSSHU� DQG XVLQJ
HOHFWURQ�EHDP OLWKRJUDSK\� )LJ� � VKRZV D GHYLFH ZLWK
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)LJ� �� : �E DQ G JDLQ V RI G HY LFH Z LWK D ��� zP d �� zP HP LWWHU DQ G

D ��� zP d �� zP FROOHFWRU �

(a) (b)

)LJ� �� & 0/ �D� DQ G ( & / �E � P DVWHU �VODY H '�q LS �q RS V�

D ���zP E\ �zP HPLWWHU DQG D ���zP E\ ��zP FROOHFWRU�
7KH GHYLFH H[KLELWV ��� *+] SHDN I� � DQG SHDN IPD[ DERYH
��� *+]� )LJXUH � VKRZV +%7 HPLWWHU�EDVH DQG FROOHFWRU�
EDVH MXQFWLRQV GHpQHG E\ HOHFWURQ�EHDP OLWKRJUDSK\� 6XE�
PLFURQ GHYLFHV IDEULFDWHG E\ (�EHDP OLWKRJUDSK\ �pJ� ��
H[KLELW ��� *+]� IPD[ >�@� 1HLWKHU FRQWDFW OLWKRJUDSK\
QRU HOHFWURQ�EHDP OLWKRJUDSK\ LV VXLWDEOH IRU IDEULFDWLRQ RI
ODUJH ,&V� :H KDYH UHFHQWO\ IDEULFDWHG +%7 ,&V XVLQJ D
��� zP SURMHFWLRQ OLWKRJUDSK\ V\VWHP� DQG KDYH REWDLQHG
PLFURZDYH JDLQV �DQG IPD[� VRPHZKDW KLJKHU WKDQ WKDW
VKRZQ LQ pJ� ��

'HYLFH VFDOLQJ DOVR UHGXFHV '�&� FXUUHQW JDLQ DQG
EUHDNGRZQ YROWDJH� %DVH FXUUHQW LQ QDUURZ�HPLWWHU ,Q�
$O$V�,Q*D$V +%7V LV SUHGRPLQDQWO\ GXH WR FRQGXFWLRQ
RQ WKH H[SRVHG ,Q*D$V EDVH VXUIDFH EHWZHHQ WKH HPLWWHU
PHVD DQG WKH EDVH 2KPLF FRQWDFW� p GHFUHDVHV ZLWK HPLW�
WHU ZLGWK� EXW LQFUHDVHV DV WKH EDVH LV WKLQQHG� DV EDVH
EDQGJDS JUDGLQJ LV LQFUHDVHG� DQG �DW WKH H[SHQVH RI IPD[�
DV WKH HPLWWHU�EDVH VSDFLQJ LV LQFUHDVHG� p ! �� KDV EHHQ
REWDLQHG ZLWK ��� zP HPLWWHUV� 7KH ���� {$ ,Q*D$V FRO�
OHFWRUV KDYH YHU\ ORZ EUHDNGRZQ� ��� 9 %9FHR� � 9 %9FER

DW �^� c��� $ FP� FXUUHQW GHQVLW\� &OHDUO\� ,Q3 FROOHFWRUV
VKRXOG EH XVHG IRU KLJKO\ VFDOHG GHYLFHV�

9� 'LJLW DO ,& GHP RQVW U DW LRQ

$V pUVW GLJLWDO ,&V GHPRQVWUDWLRQV� ZH IDEULFDWHG (&/
DQG &0/ PDVWHU�VODYH ' qLS�qRSV� FRQpJXUHG DV ��� VWDWLF
IUHTXHQF\ GLYLGHUV >��@� &LUFXLWV ZHUH IDEULFDWHG XVLQJ FRQ�
WDFW OLWKRJUDSK\� SURGXFLQJ GHYLFHV ZLWK ��� zP d �zP
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HPLWWHUV DQG ��� zP d �� zP FROOHFWRUV� 7KH GHYLFHV RS�
HUDWH DW ���� P$ zP�� 7KH GLoHUHQWLDO ORJLF VZLQJ LV ���
P9� 7KH FROOHFWRU SXOO�XS UHVLVWRUV DUH �� n� KHQFH WKH
GLYLGHU RXWSXWV GLUHFWO\ GULYH �� n RXWSXW OLQHV ZLWKRXW
EXoHULQJ� &LUFXLW GHVLJQ LV HQWLUHO\ VWDQGDUG� 7KH &0/
GLYLGHU XVHV VHULHV�JDWHG PDVWHU DQG VODYH ODWFKHV� (PLWWHU�
IROORZHU EXoHUV DUH DGGHG WR WKH &0/ FORFN DQG GDWD SRUWV
WR IRUP WKH (&/ GLYLGHU� 7KH ,&V DUH VKRZQ LQ pJ� �
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VXSSO\� DQG KDYH SDG�OLPLWHG ��� PP d ��� PP GLH DU�
HDV� 7KH SHDN (&/ FORFN VSHHG RI �� *+] SUHGLFWHG IURP
63,&( VLPXODWLRQ �LQ ZKLFK HoRUWV ZHUH PDGH WR PRGHO
DOO VLJQLpFDQW GHYLFH DQG LQWHUFRQQHFW SDUDVLWLFV� GRHV QRW
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FUHSDQF\ DULVHV IURP VWURQJ HPLWWHU�IROORZHU JDLQ SHDNLQJ
DW �� *+]� :H KDYH REVHUYHG YHU\ VWURQJ | �� *+] JDLQ
SHDNLQJ ^LQFRQVLVWHQW ZLWK 63,&( VLPXODWLRQ^ LQ UHVLVWLYH
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YLFH PRGHOV ^DQG WKH FLUFXLWV^ UHPDLQ WR EH YDOLGDWHG�
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ZLWK KLJKO\ VFDOHG OLWKRJUDSKLF DQG HSLWD[LDO GLPHQVLRQV�
JLYLQJ ERWK KLJK I� DQG KLJK IPD[� ,QLWLDO GHVLJQV \LHOGHG
�� *+] GLJLWDO ,&V >��@ DQG ����� *+] DPSOLpHUV >��@� >��@�
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GHU�� DQG E\ WKH $)265 XQGHU JUDQW )��������������
�+� 6FKORVVEHUJ�� -3/ ZRUN ZDV SHUIRUPHG DW WKH &HQ�
WHU IRU 6SDFH 0LFURHOHFWURQLFV 7HFKQRORJ\� -3/� &DOWHFK�
DQG VSRQVRUHG E\ WKH 1$6$ RrFH RI 6SDFH 6FLHQFH
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