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:H UHSRUW pUVW GLJLWDO LQWHJUDWHG FLUFXLWV LQ WKH

WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� (PLWWHU

FRXSOHG ORJLF �(&/� DQG FXUUHQW PRGH ORJLF �&0/�

��� VWDWLF IUHTXHQF\ GLYLGHUV ZHUH IDEULFDWHG� 7KH

FLUFXLWV RSHUDWHG DW D SHDN FORFN IUHTXHQF\ RI

�� *+] DQG �� *+] UHVSHFWLYHO\�

, , QWU RGXFWLRQ

7KHUH LV D JURZLQJ QHHG IRU KLJK VSHHG HOHF�

WURQLF FLUFXLWV LQ D YDULHW\ RI DSSOLFDWLRQV LQFOXGLQJ

pEHU�RSWLFV DQG PXOWL�JLJDELW $�' FRQYHUWHUV� 7R

PHHW WKLV GHPDQG� D LQWHJUDWHG FLUFXLW WHFKQRORJ\

ZKLFK LQFRUSRUDWHV KLJK GHYLFH EDQGZLGWK ZLWK

ORZ SDUDVLWLF ZLULQJ DQG SDFNDJLQJ LV QHFHVVDU\�

7UDQVIHUUHG�VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQ�

VLVWRUV �+%7V� KDYH REWDLQHG EDQGZLGWK �IPD[� LQ

H[FHVV RI ��� *+] >�@� 7KH WUDQVIHUUHG�VXEVWUDWH

SURFHVV RoHUV WKH VLJQLpFDQW DGYDQWDJHV RI D ORZ

SDUDVLWLF PLFURVWULS ZLULQJ HQYLURQPHQW ZLWK LQWH�

JUDO JURXQG SODQH DQG D ORZ WKHUPDO LPSHGDQFH HQ�

YLURQPHQW IRU KLJK SRZHU RSHUDWLRQ ZLWK LQFUHDVHG

SDFNLQJ GHQVLW\�

$QDORJ LQWHJUDWHG FLUFXLWV LQ WKH WUDQVIHUUHG�

VXEVWUDWH WHFKQRORJ\ KDYH REWDLQHG EDQGZLGWKV RI

����� *+] >�� �@� 7KH VWDWLF IUHTXHQF\ GLYLGHU LV

WKH pUVW GHPRQVWUDWLRQ RI D KLJK SHUIRUPDQFH GLJ�

LWDO LQWHJUDWHG FLUFXLW LQ WKH WUDQVIHUUHG�VXEVWUDWH

WHFKQRORJ\� 6WDWLF IUHTXHQF\ GLYLGHUV DUH FULWLFDO

IXQFWLRQDO HOHPHQWV LQ D YDULHW\ RI GLJLWDO DQG PL�

FURZDYH V\VWHPV� 7KHVH FLUFXLWV DUH RIWHQ XVHG DV

EHQFKPDUNV WR HYDOXDWH WKH VSHHG RI D GLJLWDO WHFK�

QRORJ\ >�� �@�

7R IDEULFDWH GHQVH GLJLWDO LQWHJUDWHG FLUFXLWV� WKH

H[LVWLQJ WHFKQRORJ\ ZDV PRGLpHG WR REWDLQ KLJKHU

GHYLFH I

W
DQG KLJKHU WUDQVLVWRU SDFNLQJ GHQVLW\�

3HDN IW DQG IPD[ RI GHYLFHV IDEULFDWHG LQ WKH PRG�

LpHG WHFKQRORJ\ DUH ��� *+] DQG ��� *+] UHVSHF�

WLYHO\� &RQWDFW OLWKRJUDSK\ GRHV QRW SHUPLW HPLW�

WHU DQG FROOHFWRU GLPHQVLRQV XQGHU ���zP� 7KH

IXOO SRWHQWLDO RI WKH WUDQVIHUUHG VXEVWUDWH SURFHVV

ZLOO EH UHDOL]HG ZKHQ HPLWWHUV DQG FROOHFWRUV RI WKH

+%7V DUH VFDOHG WR GHHS VXEPLFURQ GLPHQVLRQV�

7KH GHHS VXEPLFURQ GHYLFHV ZLOO REWDLQ IPD[ LQ

H[FHVV RI ��� *+]� $OVR� FRQWDFW OLWKRJUDSK\ OLP�

LWV FXUUHQW OHYHO RI LQWHJUDWLRQ WR ������ WUDQVLVWRU

FLUFXLWV� :LWK LPSURYHPHQW LQ RXU H[LVWLQJ OLWKR�

JUDSKLF FDSDELOLWLHV� KLJKHU GHYLFH EDQGZLGWK DQG

KLJKHU OHYHOV RI LQWHJUDWLRQ VKRXOG EH IHDVLEOH�

, , 'HYLFH 'HVLJQ

)LJXUH �� (SLWD[LDO OD\HU VWUXFWXUHV

)LJ� � VKRZV WKH HSLWD[LDO OD\HU VWUXFWXUHV RI

WZR GLoHUHQW GHYLFHV� ZKLFK DUH XVHG IRU (&/ DQG

&0/ FLUFXLWV UHVSHFWLYHO\� ,Q WKH (&/ GHYLFH� EDVH

WKLFNQHVV ZDV UHGXFHG WR ���

{

$ DQG EDVH EDQGJDS

JUDGLQJ ZDV LQFUHDVHG WR �N7 � ([WULQVLF EDVH�

HPLWWHU FDSDFLWDQFH ZDV UHGXFHG E\ LPSURYLQJ WKH

SURFHVV� ZKLFK SHUPLWV VPDOOHU H[WULQVLF HPLWWHU

FRQWDFW PHWDO DQG EDVH PHVD� :LWK WKHVH FKDQJHV�

I

W
LPSURYHG IURP ��� *+] WR ��� *+]� )LJ� �
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)LJXUH �� 5) FKDUDFWHULVWLFV RI (&/ GHYLFH ���zP

d �zP HPLWWHU� ���zP d �� zP FROOHFWRU ELDVHG

DW 9

FH
 ��� 9 DQG ,

F
 � P$

VKRZV PHDVXUHG 5) FKDUDFWHULVWLFV RI WKH (&/ GH�

YLFH� IPD[ REWDLQHG E\ �� GE�GHFDGH H[WUDSROD�

WLRQ RI 0DVRQV JDLQ LV ��� *+]� 7KLV H[WUDSROD�

WLRQ IURP �� *+] WR ��� *+] LV DW WKH OLPLW RI

PHDVXUHPHQW LQVWUXPHQW EDQGZLGWK� IPD[ FDOFX�

ODWHG IURP PHDVXUHG YDOXHV RI IRUZDUG WUDQVLW WLPH�

EDVH�FROOHFWRU FDSDFLWDQFH DQG EDVH UHVLVWDQFH LV LQ

H[FHVV RI ��� *+] IRU WKLV GHYLFH� ,Q (&/ FLUFXLWV

WKH FROOHFWRU�HPLWWHU YROWDJH YDULHV EHWZHHQ ��� 9

DQG ��� 9 LQ WKH VZLWFKLQJ SDLU DQG HPLWWHU IROORZ�

HUV� $W 9FH  ��� 9 DQG ,F  � P$� H[WUDSRODWHG

IPD[ LV RQO\ ��� *+]� 7KH GHFUHDVH LQ IPD[ IURP

��� *+] WR ��� *+] �pJ� �� LV GXH DQ LQFUHDVH LQ

FROOHFWRU�EDVH FDSDFLWDQFH� FDXVHG E\ EDVH SXVKRXW

DW ORZ 9FE�

7KH (&/ GHYLFH LV QRW VXLWDEOH IRU &0/ FLUFXLWV

GXH WR LWV SRRU IW DQG IPD[ DW 9FH OHVV WKDQ ��� 9�

$ YDULDWLRQ RI RXU RULJLQDO HSLWD[LDO OD\HU VWUXF�

WXUH LQFRUSRUDWHV DQ Q� FROOHFWRU FRQWDFW� HOLPL�
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)LJXUH �� 9DULDWLRQ RI IPD[ ZLWK FROOHFWRU FXUUHQW

IRU GLoHUHQW 9FH LQ (&/ GHYLFH� ���zPd �zP HPLW�

WHU� ���zP d �� zP FROOHFWRU

QDWLQJ WKH ��� 9 GURS DFURVV WKH 6FKRWWN\ FROOHF�

WRU FRQWDFW� 7KH FROOHFWRU WKLFNQHVV ZDV UHGXFHG

WR ����

{

$� UHGXFLQJ WKH YROWDJH QHHGHG WR IXOO\ GH�

SOHWH WKH FROOHFWRU� $OVR� WKH YROWDJH GURS LQGXFHG

E\ WKH ODXQFKHU ZDV UHGXFHG E\ GHFUHDVLQJ WKH

DPRXQW RI Q SXOVH GRSLQJ DQG VKLIWLQJ WKH SXOVH

FORVHU WR WKH EDVH� )LJ� � VKRZV WKH OD\HU VWUXF�

WXUH RI WKH &0/ GHYLFH� 3HDN IW IRU WKH &0/ GH�

YLFH LV ��� *+]� 5HGXFLQJ WKH FROOHFWRU WKLFNQHVV

IURP ����

{

$ WR ����

{

$ UHVXOWHG LQ KLJKHU FROOHFWRU�

EDVH FDSDFLWDQFH� $OVR� EDVH UHVLVWDQFH RQ WKLV SUR�

FHVV UXQ ZDV KLJKHU� 7KHVH WZR IDFWRUV UHVXOWHG LQ

ORZHU SHDN IPD[ IRU WKLV GHYLFH� +RZHYHU� IPD[ DW

9FH  ��� 9 LV KLJKHU IRU WKH &0/ WKDQ WKH (&/

GHYLFH�pJ� ���
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)LJXUH �� 9DULDWLRQ RI IPD[ ZLWK FROOHFWRU FXUUHQW

IRU GLoHUHQW 9FH LQ &0/ GHYLFH ���zPd �zP HPLW�

WHU� ���zP d �� zP FROOHFWRU

, , , )DEU LFDWLRQ

7R EXLOG LQWHJUDWHG FLUFXLWV� VWDQGDUG EDVH�HPLWWHU

SURFHVVLQJ� PHVD LVRODWLRQ� SRO\LPLGH SDVVLYDWLRQ

DQG SODQDUL]DWLRQ� DQG HOHFWURSODWHG JROG DLUEULGJH

SURFHVVHV DUH IROORZHG E\ WKH WUDQVIHUUHG VXEVWUDWH

SURFHVV VWHSV � EHQ]RF\FOREXWHQH �%&%� GHSRVL�

WLRQ� GU\ YLD HWFK DQG $X HOHFWURSODWLQJ� 7UDQ�

VLVWRU HSLWD[LDO OD\HUV ZLWK WKHUPDO YLDV DUH WKHQ

ERQGHG WR WKH WUDQVIHU VXEVWUDWH XVLQJ ,Q�3E�$J

VROGHU� &ROOHFWRU FRQWDFW PHWDO LV GHSRVLWHG DIWHU

WKH ,Q3 KRVW VXEVWUDWH LV VHOHFWLYHO\ HWFKHG DZD\

�pJ� ��� ,Q Q� VXEFROOHFWRU +%7V� WKH Q� OD\HU

LV HWFKHG DZD\ DIWHU FROOHFWRU PHWDO GHSRVLWLRQ XV�

LQJ FROOHFWRU PHWDO DV PDVN� 7KH LQWHUFRQQHFWV�

PLFURVWULS RQ %&%� KDYH D ORZ GLHOHFWULF FRQVWDQW

IRU ORZ FDSDFLWDQFH DQG D JURXQG SODQH IRU ORZ

JURXQG�UHWXUQ LQGXFWDQFH� 7KH +%7V DQG SDVVLYH

FRPSRQHQWV � 1L&U UHVLVWRUV� 6L1 0,0 FDSDFLWRUV



DQG WZR OD\HUV RI JROG PHWDO ZLUHV DUH VKRZQ LQ

pJ� ��

)LJXUH �� &URVV VHFWLRQ RI LQWHJUDWHG FLUFXLW DIWHU

SURFHVV

, 9 &LU FXLW 'HVLJQ

7KH ��� VWDWLF GLYLGHU FRQVLVWV RI D PDVWHU�VODYH '�

qLSqRS ZLWK WKH LQYHUWLQJ RXWSXW FRQQHFWHG EDFN

WR WKH GDWD LQSXW� $ VWDQGDUG VHULHV�JDWHG DS�

SURDFK ZLWK ORDG UHVLVWDQFH RI �� n LV XVHG� 7KH

FLUFXLW LV IDEULFDWHG ZLWK ��� zP d � zP HPLWWHU

DQG ��� zPd�� zP FROOHFWRU +%7V� RSHUDWLQJ DW D

FXUUHQW GHQVLW\ RI ��� P$ zP

�
� 7KH FLUFXLW LV GH�

VLJQHG IRU D GLoHUHQWLDO YROWDJH VZLQJ RI ��� P9�

7KH VODYH VWDJH GLUHFWO\ GULYHV D �� n Ro�ZDIHU

ORDG� HOLPLQDWLQJ WKH QHHG IRU DQ RXWSXW EXoHU�

,Q WKH (&/ GLYLGHU� HPLWWHU IROORZHUV DUH DGGHG

WR EXoHU WKH XSSHU OHYHO RI VZLWFKLQJ WUDQVLVWRUV�

2Q WKH ORZHU OHYHO� WKH FORFN LQSXWV ZHUH GLUHFWO\

FRQQHFWHG WR VZLWFKLQJ WUDQVLVWRUV� )LJ� � VKRZV

D SKRWRJUDSK RI WKH (&/ VWDWLF GLYLGHU� 7KH FKLS

DUHD RI ���PPd���PP LV OLPLWHG E\ WKH VL]H RI WKH

SDGV� 7KH FKLS KDV VLQJOH HQGHG LQSXW DQG RXWSXW�

7KH VHFRQG FORFN LQSXW ZDV JURXQGHG RQ�ZDIHU E\

D ODUJH FDSDFLWRU�

$ &0/ YHUVLRQ RI WKH VWDWLF GLYLGHU ZDV DOVR

IDEULFDWHG �pJ� ��� &0/ FLUFXLWV DUH XVHG IRU WKHLU

ORZ SRZHU GLVVLSDWLRQ� UHODWLYH GHVLJQ VLPSOLFLW\�

DQG ORZHU WUDQVLVWRU FRXQW� 7KH WLPH FRQVWDQW LQ�

YROYLQJ ORDG UHVLVWDQFH5/ DQG &FE OLPLWV VZLWFKLQJ

VSHHG LQ &0/ FLUFXLWV GHVLJQHG ZLWK QRUPDO PHVD

+%7V� ,Q WKH WUDQVIHUUHG VXEVWUDWH WHFKQRORJ\ WKH

H[WULQVLF &FE LV VPDOO� SHUPLWWLQJ &0/ FLUFXLW RS�

HUDWLRQ DW KLJK FORFN UDWHV� 3HDN FORFN VSHHG RI

&0/ FLUFXLWV IDEULFDWHG LQ WKLV WHFKQRORJ\ LV OLP�

LWHG E\ WKH VDWXUDWLRQ FKDUDFWHULVWLFV RI WKH GHYLFH�

)LJXUH �� &KLS SKRWRJUDSK RI (&/ ��� VWDWLF GL�

YLGHU

)LJXUH �� &LUFXLW GLDJUDP RI &0/ ��� VWDWLF GL�

YLGHU

9 5HVXOWV

7KH (&/ VWDWLF IUHTXHQF\ GLYLGHU RSHUDWHG DW D

PD[LPXP FORFN IUHTXHQF\ RI �� *+] ZLWK D SRZHU

GLVVLSDWLRQ RI ��� P: IURP D �� 9 VXSSO\� 7KH

RXWSXW ZDYHIRUP DW �� *+] LV VKRZQ LQ pJ� ��

)LJ� � VKRZV WKH VHQVLWLYLW\ SORW RI WKH (&/ VWDWLF

GLYLGHU� 7KH SHDN RSHUDWLQJ FORFN VSHHG RI �� *+]

SUHGLFWHG IURP VLPXODWLRQV LQ WKH (&/ VWDWLF GL�

YLGHUV GRHV QRW FRUUHODWH ZLWK RXU PHDVXUHG FORFN

VSHHG RI �� *+]� 7R H[SODLQ WKLV GLVFUHSDQF\

DQG LPSURYH FLUFXLW SHUIRUPDQFH� LQVWDELOLW\ GXH

WR JDLQ SHDNLQJ LQ HPLWWHU IROORZHU EXoHUV DQG XQ�

PRGHOHG SDUDVLWLFV LQ SDVVLYH ,& HOHPHQWV DUH EHLQJ

LQYHVWLJDWHG�

'LYLGH E\ � RSHUDWLRQ ZDV VHHQ LQ WKH &0/

VWDWLF GLYLGHU XS WR D SHDN FORFN IUHTXHQF\ RI
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)LJXUH �� &ORFN LQSXW VHQVLWLYLW\ RI (&/ VWDWLF GL�

YLGHU

�� *+]� 7KLV FLUFXLW GLVVLSDWHV RQO\ �� P: RI

SRZHU� )LJ� �� VKRZV WKH RXWSXW ZDYHIRUP RI WKLV

FLUFXLW� *RRG FRUUHODWLRQ LV REVHUYHG EHWZHHQ VLP�

XODWHG DQG PHDVXUHG KLJKHVW IUHTXHQF\ RI RSHUD�

WLRQ LQ WKLV FLUFXLW�

9, &RQFOXVLRQV

:H KDYH GHPRQVWUDWHG GLJLWDO LQWHJUDWHG FLUFXLWV

LQ WKH WUDQVIHUUHG VXEVWUDWH WHFKQRORJ\� 7KH WHFK�

QRORJ\ \LHOGV +%7V ZLWK SHDN IPD[ RI ��� *+]

DQG IW RI ��� *+]� 6WDWLF IUHTXHQF\ GLYLGHUV

ZLWK SHDN RSHUDWLQJ IUHTXHQF\ RI �� *+] ZHUH

GHPRQVWUDWHG� 2SWLPL]DWLRQ RI +%7 HSLWD[LDO

OD\HU VWUXFWXUH DQG VFDOLQJ RI HPLWWHU DQG FROOHF�

WRU GLPHQVLRQV WR ��� zP VKRXOG \LHOG GHYLFHV ZLWK

ORZHU SDUDVLWLFV RYHU WKH HQWLUH ORJLF VZLQJ RI WKH

GLJLWDO JDWH� 7KHVH GHYLFHV FRPELQHG ZLWK PRUH

RSWLPL]HG FLUFXLW GHVLJQV VKRXOG \LHOG GLJLWDO ,&V

RSHUDWLQJ DW FORFN UDWHV !�� *+]�
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)LJXUH ��� &0/ VWDWLF GLYLGHU RXWSXW IRU �� *+]

FORFN LQSXW

5HIHU HQFHV

>�@ 5� 3XOOHOD HW DO�� ?$ ! ��� *+] IPD[

WUDQVIHUUHG�VXEVWUDWH +%7 LQWHJUDWHG FLUFXLW

WHFKQRORJ\ �� 'HYLFH 5HVHDUFK FRQIHUHQFH

7HFKQLFDO 'LJHVW� SS� ,,,%��� �����

>�@ %� $JDUZDO HW DO�� ?$ WUDQVIHUUHG�VXEVWUDWH

+%7 ZLGHEDQG GLoHUHQWLDO DPSOLpHU WR

�� *+]�� VXEPLWWHG� ,((( 0LFURZDYH DQG

*XLGHG :DYH /HWWHUV� �����

>�@ %� $JDUZDO HW DO�� ?�� *+] GLVWULEXWHG DP�

SOLpHUV ZLWK WUDQVIHUUHG�VXEVWUDWH KHWHURMXQF�

WLRQ ELSRODU WUDQVLVWRUV�� VXEPLWWHG� ,(((

7UDQV� 077� 6SHFLDO ,VVXH ���� 077�6 ,Q�

WHUQDWLRQDO 0LFURZDYH 6\PSRVLXP�

>�@ 0� :XU]HU HW DO�� ?�� *+] VWDWLF IUHTXHQF\ GL�

YLGHU LQ D 6L�6L*H ELSRODU WHFKQRORJ\�� ,(((

,QWHUQDWLRQDO 6ROLG�6WDWH &LUFXLWV &RQIHUHQFH�

'LJHVW RI WHFKQLFDO 3DSHUV������S����������

SS�

>�@ -� -HQVHQ HW DO�� ?���� *+] VWDWLF IUHTXHQF\

GLYLGHU LPSOHPHQWHG LQ $O,Q$V�*D,Q$V WHFK�

QRORJ\�� *D$V ,& 6\PS� 7HFK� 'LJ�� ����� SS�

��������


