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$FNQRZOHGJPHQWV

$W WKH RXWVHW� , ZRXOG OLNH WR H[SUHVV P\ GHHS JUDWLWXGH WR 3URI� 0DUN

5RGZHOO� ZKR LQ DGGLWLRQ WR EHLQJ P\ DGYLVRU LV DOVR D JUHDW IULHQG� , KDYH

LQGHHG EHQHnWWHG YHU\ GHHSO\ E\ KLV YDVW NQRZOHGJH� HQWKXVLDVP DQG KLV

ZLOOLQJQHVV WR KHOS PH DW HYHU\ PRPPHQW� %XW IRU KLV H[SHUW JXLGDQFH DQG

PRWLYDWLRQ� , ZRXOG QRW KDYH EHHQ DEOH WR DWWDLQ P\ JRDOV� , DOVR ZLVK WR

WKDQN FRPPLWWHH PHPEHUV 3URI� 8PHVK 0LVKUD� 3URI� 6WHSKHQ /RQJ DQG

3URI� (YHO\Q +X IRU WKHLU HQFRXUDJHPHQW DQG VXJJHVWLRQV�

0\ FROOHDJXHV 'LQR� *LULVK� -DPHV� 0DGKX� 5DMD� .DUWKLN� 3.V� 3ROH�

6KUL� 7KRPDV� 8GGX DQG <XQZHL HQVXUHG D YHU\ LQIRUPDO DQG SOHDVDQW

DWPRVSKHUH DW ZRUN� 7KLV WKHVLV ZRUN ZRXOG QRW KDYH EHHQ SRVVLEOH ZLWKRXW

WKH FRQWULEXWLRQV RI RQH RU PRUH RI WKHVH SHRSOH DW YDULRXV VWDJHV� WKDQN

\RX DOO� 0\ WKDQNV DUH DOVR GXH WR %RE +LOO� -DFN :KDOH\� 0LNH $Q]ORZDU

DQG *HUU\ 5RELQVRQ IRU WKHLU KHOS LQ WKH FOHDQURRP�

0\ IULHQGV DW KRPH ^ <RQJ� 7RQL� -DQH� 6WRQH� 3HQJ� ;XQ� 6KHQJ]KRQJ�

<LMLHQ� DQG &DQ GHVHUYH VSHFLDO WKDQNV IRU WKHLU HQMR\DEOH FRPSDQ\� , ZLOO

OHDYH 6DQWD %DUEDUD ZLWK IRQG PHPRULHV RI WKLV JURXS�

)LQDOO\ , WKDQN P\ SDUHQWV DQG IDPLO\ LQ &KLQD IRU WKHLU PRWLYDWLRQ DQG

VXSSRUW� , RZH HYHU\WKLQJ WR WKHLU ORYH�
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9LWD

q 6HSWHPEHU ��� ����� ERUQ LQ %HLMLQJ� &KLQD�

q -XO\� ����� %�6�� 3K\VLFV� 6LFKXDQ 8QLYHUVLW\� &KHQJGX� &KLQD�

q -XO\� ����� 0�6�� 3K\VLFV� 8QLYHUVLW\ RI 6FLHQFH DQG 7HFKQRORJ\ RI

&KLQD� +HIHL� &KLQD�

q -XO\� ����� 0�6�� 3K\VLFV� /HKLJK 8QLYHUVLW\� %HWKHOHKHP� 3$�

q ���������� 5HVHDUFK $VVLVWDQW� 'HSDUWPHQW RI (OHFWULFDO DQG &RP�

SXWHU (QJLQHHULQJ� 8QLYHUVLW\ RI &DOLIRUQLD� 6DQWD %DUEDUD�
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3XEOLFDWLRQV

�� 4� /HH� 6� &� 0DUWLQ� '� 0HQVD� 5� 3� 6PLWK� -� *XWKULH DQG 0� -�

:� 5RGZHOO� ?6XEPLFURQ 7UDQVIHUUHG�6XEVWUDWH +HWHURMXQFWLRQ %LSR�

ODU 7UDQVLVWRUV� � WR EH SXEOLVKHG LQ ,((( (OHFWURQ 'HYLFH /HWWHUV�

$XJXVW� �����

�� 4� /HH� 6� &� 0DUWLQ� '� 0HQVD� 5� 3� 6PLWK� -� *XWKULH� 6� -D�

JDQDWKDQ� 7� 0DWKHZ� 6� .ULVKQDQ� 6� &HUDQ DQG 0� -� :� 5RG�

ZHOO� ?6XEPLFURQ 7UDQVIHUUHG�6XEVWUDWH +HWHURMXQFWLRQ %LSRODU 7UDQ�

VLVWRUV ZLWK JUHDWHU WKDQ ��� *+] I

PD[
� � SUHVHQWHG LQ WKH ���� ,(((

&RQIHUHQFH RQ ,Q3 DQG 5HODWHG 0DWHULDOV� 6ZLW]HUODQG� 0D\

�� 4� /HH� '� 0HQVD� -� *XWKULH� 6� -DJDQDWKDQ� 7� 0DWKHZ� 6� .U�

LVKQDQ� 6� &HUDQ DQG 0� -� :� 5RGZHOO� ?�� *+] 6WDWLF )UHTXHQF\

'LYLGHU LQ 7UDQVIHUUHG�VXEVWUDWH +%7 7HFKQRORJ\� � WR EH SUHVHQWHG

DW WKH ���� ,((( 077 6\PSRVLXP 5),&� &$� -XQH

�� 4� /HH� '� 0HQVD� -� *XWKULH� 0� -� :� 5RGZHOO� 6� /RQJ� 6� &�

0DUWLQ� 5� 3� 6PLWK� <� %HWVHU� 6� -DJDQDWKDQ� 7� 0DWKHZ� 3� .ULVK�

QDQ DQG &� 6HUKDQ ?8OWUD KLJK IUHTXHQF\ +%7 LQWHJUDWHG FLUFXLWV��

8OWUDIDVW (OHFWURQLFV DQG 2SWRHOHFWURQLFV 7HFK� 'LJ�� ����� �LQYLWHG

SDSHU��

�� 4� /HH� %� $JDUZDO� '� 0HQVD� 5� 3XOOHOD� -� *XWKULH� /� 6DPRVND

DQG 0� -� :� 5RGZHOO� ?$ ! ��� *+] IPD[ 7UDQVIHUUHG�6XEVWUDWH

+HWHURMXQFWLRQ %LSRODU 7UDQVLVWRU ,& 7HFKQRORJ\��� ,((( (OHFWURQ

'HYLFH /HWWHUV� 9RO���� �QR���� SS������� 0DUFK �����

�� 4� /HH� 6� &� 0DUWLQ� '� 0HQVD� 5� 3XOOHOD� 5� 3� 6PLWK� %� $JDUZDO�

-� *XWKULH DQG 0� -� :� 5RGZHOO� ?'HHS 6XEPLFURQ 7UDQVIHUUHG�

6XEVWUDWH +HWHURMXQFWLRQ %LSRODU 7UDQVLVWRUV�� ���� 'HYLFH 5HVHDUFK

&RQIHUHQFH� 9LUJLQLD�

�� '� 0HQVD� 4� /HH� -� *XWKULH� 6� -DJDQDWKDQ� DQG 0� -� :� 5RG�

ZHOO� ?%DVHEDQG $PSOLnHUV LQ 7UDQVIHUUHG�6XEVWUDWH +%7 7HFKQRO�

RJ\�� ���� *D$V ,& 6\PSRVLXP� $WODQWD� *HRUJLD� 2FW� �����
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�� 0HQVD� '�� /HH� 4�� *XWKULH� -�� -DJDQDWKDQ� 6�� 5RGZHOO� 0�-�:��

?7UDQVIHUUHG�VXEVWUDWH +%7V ZLWK ��� *+] I

~
�� (OHFWURQLFV /HWWHUV�

YRO���� �QR���� ,((� � $SULO ����� S�������

�� '� 0HQVD� 4� /HH� -� *XWKULH� 6� -DJDQDWKDQ� DQG 0� -� :� 5RGZHOO�

?7UDQVIHUUHG 6XEVWUDWH +%7V ZLWK ��� *+] &XUUHQW�*DLQ &XWRm )UH�

TXHQF\� � ���� ,((( (OHFWURQLF 'HYLFH 0HHWLQJ� 6DQ )UDQFLVFR� &$�

'HF� ����

��� '� 0HQVD� 5� 3XOOHOD� 4� /HH� -� *XWKULH� 6� &� 0DUWLQ� 5� 3� 6PLWK�

6� -DJDQDWKDQ� 7� 0DWKHZ� %� $JDUZDO� 6� /RQJ� DQG 0� -� :� 5RG�

ZHOO� ?�� *+] 'LJLWDO ,&V DQG �� *+] %DVHEDQG $PSOLnHUV XVLQJ

7UDQVIHUUHG�6XEVWUDWH +%7V�� VXEPLWWHG WR ,((( -RXUQDO RI 6ROLG�

6WDWH &LUFXLWV�

��� -� *XWKULH� '� 0HQVD� 7� 0DWKHZ� 4� /HH� 6� .ULVKQDQ� 6� -DJDQDWKDQ�

6� &HUDQ DQG 0� -� :� 5RGZHOO� ?$ ��PP &RSSHU�3RO\PHU 6XEVWUDWH

+%7 ,& 7HFKQRORJ\ IRU ! ��� *+] 00,&V� � SUHVHQWHG LQ WKH ����

,((( &RQIHUHQFH RQ ,Q3 DQG 5HODWHG 0DWHULDOV� 6ZLW]HUODQG� 0D\

��� %� $JDUZDO� 4� /HH� 5� 3XOOHOD� '� 0HQVD� -� *XWKULH� DQG 0� -� :�

5RGZHOO� ?���*+] 'LVWULEXWHG $PSOLnHUV ZLWK 7UDQVIHUUHG�6XEVWUDWH

+HWHURMXQFWLRQ %LSRODU 7UDQVLVWRUV�� ,((( 7UDQVDFWLRQV RQ 0LFURZDYH

7KHRU\ DQG 7HFKQLTXHV� 9RO���� �QR����� 'HFHPEHU �����

��� %� $JDUZDO� 4� /HH� 5� 3XOOHOD� '� 0HQVD� -� *XWKULH� DQG 0� -�

:� 5RGZHOO� ?$ 7UDQVIHUUHG�6XEVWUDWH +%7 :LGH�EDQG 'LmHUHQWLDO

$PSOLnHU WR �� *+]�� ,((( 0LFURZDYH DQG *XLGHG :DYH /HWWHUV�

9RO��� �QR���� SS������� -XO\ �����

��� 0� -� :� 5RGZHOO� 4� /HH� '� 0HQVD� -� *XWKULH� 6� -DJDQDWKDQ� 7�

0DWKHZ� 6� /RQJ ?�� *+] 'LJLWDO ,&V 8VLQJ 7UDQVIHUUHG�VXEVWUDWH

+%7V� � ���� ,((( *D$V ,& 6\PS� 7HFK� 'LJ�� SS��������� ����

��� 5� 3XOOHOD� %� $JDUZDO� 4� /HH� '� 0HQVD� -� *XWKULH� /� 6DPRVND

DQG 0� -� :� 5RGZHOO� ?8OWUDIDVW WUDQVIHUUHG�VXEVWUDWH KHWHURMXQF�

WLRQ ELSRODU WUDQVLVWRU ,&V IRU KLJK�VSHHG nEHU�RSWLF WUDQVPLVVLRQ��

2SWLFDO )LEHU &RQIHUHQFH 'LJ�� ����� �LQYLWHG SDSHU��
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��� '� 0HQVD� 5� 3XOOHOD� %� $JDUZDO� 4� /HH� -� *XWKULH DQG 0� -� :�

5RGZHOO� ?2YHU ��� *+] I
~
DQG I

PD[
+%7V LQ D WUDQVIHUUHG�VXEVWUDWH

,& SURFHVV�� :RUNVKRS RQ &RPSRXQG 6HPLFRQGXFWRUV� 0DWHULDOV DQG

'HYLFHV� �����

��� '� 0HQVD� 4� /HH� 5� 3XOOHOD� %� $JDUZDO� -� *XWKULH� 6� -DJDQDWKDQ�

0� 5RGZHOO� ? %DVHEDQG $PSOLnHUV LQ 7UDQVIHUUHG�6XEVWUDWH +%7

7HFKQRORJ\�� *D$V ,& 6\PS� 7HFK� 'LJ�� VXEPLWWHG IRU SUHVHQWDWLRQ�

�����

��� %� $JDUZDO� 5� 3XOOHOD� 8� %KDWWDFKDU\D� '� 0HQVD� 4� /HH� /� 6DPRVND�

-� *XWKULH DQG 0� -� :� 5RGZHOO� ?8OWUDKLJK I
PD[

$O,Q$V�*D,Q$V

WUDQVIHUUHG�VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV IRU LQWHJUDWHG

FLUFXLW DSSOLFDWLRQV�� WR DSSHDU� ,QWHUQDWLRQDO -RXUQDO RI +LJK 6SHHG

(OHFWURQLFV DQG 6\VWHPV� ����� �LQYLWHG SDSHU��

��� %� $JDUZDO� 5� 3XOOHOD� 8� %KDWWDFKDU\D� '� 0HQVD� 4� /HH� /� 6DPRVND�

-� *XWKULH DQG 0� -� :� 5RGZHOO� ?8OWUDKLJK I
PD[

$O,Q$V�*D,Q$V

WUDQVIHUUHG�VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV IRU LQWHJUDWHG

FLUFXLW DSSOLFDWLRQV�� WR DSSHDU� &XUUHQW 7UHQGV LQ +HWHURMXQFWLRQ

%LSRODU 7UDQVLVWRUV� ����� �ERRN FKDSWHU��

��� /� 6DPRVND� 5� 3XOOHOD� %� $JDUZDO� '� 0HQVD� 4� /HH� 9� .DPDQ� -�

*XWKULH� DQG 0� -� :� 5RGZHOO� ?,Q3 KHWHURMXQFWLRQ ELSRODU WUDQVLV�

WRU GHFLVLRQ FLUFXLWV�� DFFHSWHG� ���� 077�6 ,QWHUQDWLRQDO 0LFURZDYH

6\PSRVLXP�

��� -� *XWKULH� '� 0HQVD� %� $JDUZDO� 4� /HH� 5� 3XOOHOD DQG 0� -�

:� 5RGZHOO� ?+%7 ,& SURFHVV ZLWK D FRSSHU VXEVWUDWH��� (OHFWURQLFV

/HWWHUV� YRO���� ,(((� S������� �����

��� %� $JDUZDO� 5� 3XOOHOD� 4� /HH� '� 0HQVD� -� *XWKULH DQG 0� -� :�

5RGZHOO� ?�� *+] GLVWULEXWHG DPSOLnHUV ZLWK WUDQVIHUUHG�VXEVWUDWH

KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV�� DFFHSWHG� ���� 077�6 ,QWHUQD�

WLRQDO 0LFURZDYH 6\PSRVLXP�

��� %� $JDUZDO� 4� /HH� 5� 3XOOHOD� '� 0HQVD� -� *XWKULH DQG 0� -� :�

5RGZHOO� ?$ �� *+] EURDGEDQG GLmHUHQWLDO DPSOLnHU ZLWK WUDQVIHUUHG�

VXEVWUDWH +%7V�� ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ ,QGLXP 3KRV�

SKLGH DQG 5HODWHG 0DWHULDOV � /DWH QHZV 'LJ�� �����
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��� %� $JDUZDO� 4� /HH� 5� 3XOOHOD� '� 0HQVD� -� *XWKULH DQG 0� -�

:� 5RGZHOO� ?%URDGEDQG IHHGEDFN DPSOLnHUV ZLWK $O,Q$V�*D,Q$V

WUDQVIHUUHG�VXEVWUDWH +%7V�� DFFHSWHG�,((( 0LFURZDYH DQG *XLGHG

:DYH /HWWHUV� �����

��� 5� 3XOOHOD� 4� /HH� %� $JDUZDO� '� 0HQVD� -� *XWKULH� /� 6DPRVND�

DQG 0� 5RGZHOO� ?$ ! ��� *+] I
PD[

WUDQVIHUUHG�VXEVWUDWH +%7 LQ�

WHJUDWHG FLUFXLW WHFKQRORJ\�� 'HYLFH 5HVHDUFK &RQIHUHQFH 7HFKQLFDO

'LJHVW� ����� SS� ,,,%���

��� 0� -� :� 5RGZHOO� 5� 3XOOHOD� %� $JDUZDO� 0� 5HGG\� 4� /HH� -�

*XWKULH� '� 0HQVD� /� 6DPRVND� 6� &� 0DUWLQ DQG 5� 3� 6PLWK �

?6XEPLFURQ ODWHUDO VFDOLQJ RI YHUWLFDO�WUDQVSRUW GHYLFHV� WUDQVIHUUHG�

VXEVWUDWH ELSRODU WUDQVLVWRUV DQG VFKRWWN\�FROOHFWRU WXQQHO GLRGHV��

8OWUDIDVW (OHFWURQLFV DQG 2SWRHOHFWURQLFV 7HFKQLFDO 'LJHVW� ����� SS�

��������

��� %� $JDUZDO� '� 0HQVD� 4� /HH� 5� 3XOOHOD� -� *XWKULH� /� 6DPRVND DQG

0� -� :� 5RGZHOO ?$ �� *+] IHHGEDFN DPSOLnHU ZLWK $O,Q$V�*D,Q$V

WUDQVIHUUHG�VXEVWUDWH +%7�� ,QWHUQDWLRQDO (OHFWURQ 'HYLFHV 0HHWLQJ

7HFKQLFDO 'LJHVW� ����� SS� ��������

��� %� $JDUZDO� '� 0HQVD� 5� 3XOOHOD� 4� /HH� 8� %KDWWDFKDU\D� /� 6DPRVND�

-� *XWKULH DQG 0� -� :� 5RGZHOO� ?$ ��� *+] I
PD[

WUDQVIHUUHG�

VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRU�� ,((( (OHFWURQ 'HYLFH

/HWWHUV� YRO� ��� QR� �� SS� �������� �����

��� %� $JDUZDO� '� 0HQVD� 5� 3XOOHOD� 4� /HH� 8� %KDWWDFKDU\D� /� 6DPRVND�

-� *XWKULH DQG 0� -� :� 5RGZHOO� ?$ ��� *+] I
PD[

WUDQVIHUUHG�

VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRU��,QWHUQDWLRQDO &RQIHUHQFH

RQ ,QGLXP 3KRVSKLGH DQG 5HODWHG 0DWHULDOV 7HFKQLFDO 'LJHVW� �����

SS� ��������

��� 8� %KDWWDFKDU\D� /� 6DPRVND� 5� 3XOOHOD� -� *XWKULH� 4� /HH� %� $JDU�

ZDO� '� 0HQVD DQG 0� -� :� 5RGZHOO� ?��� *+] WUDQVIHUUHG�VXEVWUDWH

KHWHURMXQFWLRQ ELSRODU WUDQVLVWRU�� (OHFWURQLFV /HWWHUV� YRO� ��� QR�

��� SS� ���������� �����

��� :RKOJHPXWK� 2�� $JDUZDO� %�� 3XOOHOD� 5�� 0HQVD� '�� /HH� 4�� *XWKULH�

-�� 5RGZHOO� 0�-�:�� 5HXWHU� 5�� %UDXQVWHLQ� -�� 6FKOHFKWZHJ� 0��
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.UHPV� 7�� .RKOHU� .�� ?$Q LQWHJUDWHG FLUFXLW IRU QHWZRUN DQDO\VLV

ZLWKLQ ������ *+]�� ���� ,((( 6L[WK ,QWHUQDWLRQDO &RQIHUHQFH RQ

7HUDKHUW] (OHFWURQLFV 3URFHHGLQJV� ����� S��������

L[



$EVWUDFW

8OWUD�KLJK %DQGZLGWK +HWHURMXQFWLRQ %LSRODU

7UDQVLVWRUV DQG

0LOOLPHWHU�ZDYH 'LJLWDO ,QWHJUDWHG &LUFXLWV

E\

4LQJKXQJ /HH

+HWHURMXQFWLRQ ELSRODU WUDQVLVWRUV KDYH DSSOLFDWLRQV LQ PHGLXP�VFDOH LQ�

WHJUDWHG FLUFXLWV RSHUDWLQJ DW *+] IUHTXHQFLHV� 7DUJHW DSSOLFDWLRQV LQFOXGH

PLFURZDYH IUHTXHQF\ GLUHFW GLJLWDO V\QWKHVLV� nEHU�RSWLF WUDQVPLVVLRQ FKLS�

VHWV DQG DQDORJ�GLJLWDO FRQYHUWHUV� ,Q WKHVH DSSOLFDWLRQV� ERWK WKH WUDQVLVWRU

FXUUHQW JDLQ FXW�Rm IUHTXHQF\ I

~
� DQG WKH SRZHU JDLQ FXW�Rm IUHTXHQF\ I

PD[

PXVW EH FRQVLGHUDEO\ KLJKHU WKDQ WKH VLJQDO IUHTXHQFLHV LQYROYHG� 7R SHU�

PLW FORFN UDWHV H[FHHGLQJ ��� *+]� WUDQVLVWRUV ZLWK EDQGZLGWKV RI VHYHUDO

KXQGUHG *+] DUH UHTXLUHG� 2EWDLQLQJ KLJK WUDQVLVWRU EDQGZLGWK UHTXLUHV

ERWK YHUWLFDO DQG ODWHUDO GHYLFH VFDOLQJ� 7KH VXEVWUDWH WUDQVIHU SURFHVV KDV

\LHOGHG VFDODEOH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV ZLWK VXEPLFURQ HPLWWHU�

EDVH DQG FROOHFWRU�EDVH MXQFWLRQV� PLQLPL]LQJ 5& SDUDVLWLFV DQG LQFUHDVLQJ

IPD[ WR ��� *+]� 7KH KLJK IPD[ UHVXOWV IURP WKH VFDOLQJ RI +%7 MXQFWLRQ

ZLGWKV� IURP HOLPLQDWLRQ RI FROOHFWRU VHULHV UHVLVWDQFH WKURXJK WKH XVH RI

D 6FKRWWN\ FROOHFWRU FRQWDFW� DQG IURP SDUWLDO VFUHHQLQJ RI WKH FROOHFWRU�

EDVH FDSDFLWDQFH E\ WKH FROOHFWRU VSDFH FKDUJH� 7KH SURFHVV DOVR SURYLGHV

D PLFURVWULS ZLULQJ HQYLURQPHQW RQ D ORZ GLHOHFWULF FRQVWDQW VXEVWUDWH� $

VWDWLF IUHTXHQF\ GLYLGHU IDEULFDWHG IURP (&/ oLSoRSV ZLWK �� WUDQVLVWRU KDV

GHPRQVWUDWHG DW �� *+] FORFN IUHTXHQF\� 7KH WHFKQRORJ\ KDV WKH SRWHQWLDO

WR \LHOG ,&V DW ��� *E�V FORFN UDWHV�

[



&RQWHQWV

� ,QWURGXFWLRQ �

� 6XEPLFURQ /DWHUDO 6FDOLQJ RI 7UDQVIHUUHG�VXEVWUDWH +%7V �

� )
PD[

LQ 7UDQVIHUUHG�VXEVWUDWH +%7V ��

��� &DOFXODWLRQ RI I

PD[
LQ 7UDQVIHUUHG�VXEVWUDWH +%7V � � � � � � ��

��� &ROOHFWRU�EDVH &DSDFLWDQFH &FE &DQFHODWLRQ � � � � � � � � � � ��

� *URZWK DQG )DEULFDWLRQ ��

��� *URZWK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )DEULFDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (PLWWHU 'HnQLWLRQ � � � � � � � � � � � � � � � � � � � � � � � ��

��� (PLWWHU %DVH (WFK � � � � � � � � � � � � � � � � � � � � � � � ��

��� %RQGLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &ROOHFWRU 'HnQLWLRQ � � � � � � � � � � � � � � � � � � � � � � � ��

��� &ROOHFWRU $OLJQPHQW � � � � � � � � � � � � � � � � � � � � � � ��

� 7KURXJK�5HoHFW�/LQH RQ�ZDIHU &DOLEUDWLRQ ��

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� /LQH�5HoHFW�/LQH &DOLEUDWLRQ 7KHRU\ � � � � � � � � � � � � � ��

��� /5/ LPSOHPHQWDWLRQ � � � � � � � � � � � � � � � � � � � � � � ��

��� &DOLEUDWLRQ 9HULnFDWLRQ � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV ��

��� %DVH 5HVLVWDQFH � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� '& PHDVXUHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5) PHDVXUHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � ��

����� :DIHU $� 2SWLFDO &RQWDFW OLWKRJUDSK\ � � � � � � � � � ��
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����� )LUVW *HQHUDWLRQ (�EHDP /LWKRJUDSK\ 'HYLFHV � � � � ��

����� 6HFRQG *HQHUDWLRQ (�EHDP /LWKRJUDSK\ 'HYLFHV � � � ��

����� 7KLUG *HQHUDWLRQ (�EHDP OLWKRJUDSK\ 'HYLFHV � � � � ��

����� 2SWLFDO 3URMHFWLRQ /LWKRJUDSK\ �6WHSSHU� 'HnQHG 7UDQVIHUUHG�

VXEVWUDWH +%7V � � � � � � � � � � � � � � � � � � � � � ��

��� +\EULG�{ 0RGHOV RI 7UDQVIHUUHG�VXEVWUDWH +%7V � � � � � � � ��

� ,QWHJUDWHG &LUFXLWV ��

��� .H\ )HDWXUHV RI WKH 7UDQVIHUUHG�VXEVWUDWH ,& SURFHVV � � � � ��

��� (&/*DWH 'HOD\� D 0HWKRG RI 7LPH &RQVWDQW $QDO\VLV �027&����

��� (&/ 6WDWLF )UHTXHQF\ 'LYLGHU� &LUFXLW 'HVLJQ DQG /D\RXW � ���

��� (&/ 6WDWLF )UHTXHQF\ 'LYLGHU 5HVXOWV � � � � � � � � � � � � ���

��� $QRWKHU (&/ 6WDWLF )UHTXHQF\ 'LYLGHU 'HVLJQ � � � � � � � � ���

��� 2WKHU &LUFXLW %XLOW LQ 7UDQVIHUUHG�VXEVWUDWH +%7 7HFKQRORJ\ ���

� &RQFOXVLRQV ���

��� $FKLHYHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )XWXUH :RUN � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$ 3URFHVV )ORZ ���
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/LVW RI )LJXUHV

��� %DVLF WUDQVPLWWHU DQG UHFHLYHU FRQnJXUDWLRQ IRU D W\SLFDO

nEHU�RSWLFDO V\VWHP� � � � � � � � � � � � � � � � � � � � � � � �

��� %ORFN GLDJUDP RI 'HOWD�VLJPD $�' FRQYHUWHU� � � � � � � � � �

��� %ORFN GLDJUDP RI 'LUHFW 'LJLWDO 6\QWKHVLV� � � � � � � � � � � �

��� &RPSDULVRQ RI IPD[ DQG HPLWWHU GLPHQVLRQV IRU VRPH +%7V

LQ WKH OLWHUDWXUH� � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 6FDOLQJ D 6FKRWWN\ GLRGH� � � � � � � � � � � � � � � � � � � � � �

��� +\EULG�{ PRGHO IRU DQ +%7� � � � � � � � � � � � � � � � � � � �

��� 6FKHPDWLF FURVV�VHFWLRQ RI D VWDQGDUG WULSOH�PHVD +%7� � � � ��

��� 6FKHPDWLF FURVV�VHFWLRQ RI D WUDQVIHUUHG�VXEVWUDWH +%7� � � � ��

��� &RPSDULVRQ RI WKH SURMHFWHG IPD[ RI WKH WUDQVIHUUHG�VXEVWUDWH

+%7 WR WKH WULSOH�PHVD +%7� � � � � � � � � � � � � � � � � � ��

��� �D� 2KPLF VHPLFRQGXFWRU�PHWDO FROOHFWRU FRQWDFW� �E� 6FKRW�

WN\ VHPLFRQGXFWRU�PHWDO FROOHFWRU FRQWDFW� � � � � � � � � � � ��

��� (TXLYDOHQW FLUFXLW RI D PLFURZDYH +%7� � � � � � � � � � � � � ��

��� 6FKHPDWLF FURVV�VHFWLRQ RI D WUDQVIHUUHG�VXEVWUDWH +%7 VWUXF�

WXUH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D�%DVH�FROOHFWRU HOHFWULFDO QHWZRUN IRU D WUDQVIHUUHG�VXEVWUDWH

+%7 VWUXFWXUH� �E� 5HGXFHG EDVH�FROOHFWRU HOHFWULFDO QHW�

ZRUN IRU D WUDQVIHUUHG�VXEVWUDWH +%7 VWUXFWXUH� � � � � � � � ��

��� 0RGHO IRU WKH FROOHFWRU GHSOHWLRQ UHJLRQ� 7KH OHIW HOHFWURGH

FRUUHVSRQGV WR WKH EDVH HGJH RI WKH GHSOHWLRQ UHJLRQ DQG WKH

ULJKW RQH WR WKH FROOHFWRU HGJH� � � � � � � � � � � � � � � � � � ��

��� (OHFWULF nHOG SURnOHV LQ WKH FROOHFWRU VSDFH FKDUJH UHJLRQ IRU

ORZ DQG KLJK FROOHFWRU FXUUHQW� � � � � � � � � � � � � � � � � ��
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~
� YV� 9

FE
IRU HPLWWHU FXUUHQWV RI �D� ��� P$� �E� ���

P$ DQG �F� ��� P$� 7KH VROLG OLQHV DUH WKH EHVW OLQHDU nWV

WR WKH PHDVXUHG GDWD� � � � � � � � � � � � � � � � � � � � � � ��

��� &ROOHFWRU�EDVH FDSDFLWDQFH H[WUDFWHG IURP <�SDUDPHWHU YV�

HPLWWHU FXUUHQW� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &ROOHFWRU�EDVH FDSDFLWDQFH H[WUDFWHG IURP I~ � IPD[ DQG 5EE

YV� HPLWWHU FXUUHQW� � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� 0%( OD\HU VWUXFWXUH DQG �E� %DQG GLDJUDP XQGHU IRU�

ZDUG ELDV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )DEULFDWLRQ SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V� � � � ��

��� )DEULFDWLRQ SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V� � � � ��

��� �D� ��� xP HPLWWHU FRQWDFW GHnQHG E\ HOHFWURQ�EHDP OLWKRJ�

UDSK\� DQG �E� ��� xP HPLWWHU FRQWDFW GHnQHG E\ RSWLFDO

SURMHFWLRQ OLWKRJUDSK\� � � � � � � � � � � � � � � � � � � � � � ��

��� �D� 2SWLFDO SURMHFWLRQ OLIW�Rm SURFHVV� DQG �E� 6(0 RI WKH

OLIW�Rm SKRWRUHVLVW SURnOH� � � � � � � � � � � � � � � � � � � � � ��

��� (PLWWHU PHVD SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V� � � ��

��� (PLWWHU PHVD SURnOH RI �D� HPLWWHU VWULSH SHUSHQGLFXODU WR

PDMRU oDW� DQG �E� HPLWWHU VWULSH SDUDOOHO WR WKH PDMRU oDW� � ��

��� (WFK UDWH RI WKH VHOHFWLYH ZHW HWFK YHUVXV WHPSHUDWXUH� � � � ��

��� 6(0 RI ��� xP HPLWWHU�EDVH MXQFWLRQ� � � � � � � � � � � � � ��

���� ,PSURYHG HPLWWHU PHVD HWFK IRU GHHS VXEPLFURQ GLPHQVLRQ� � ��

���� 6(0 RI �D� ��� xP FROOHFWRU VWULSH� DQG �E� DLUEULGJHG FROOHFWRU� ��

���� &RPSDULVRQ RI WKH PLVDOLJQPHQW GXH WR ZDIHU URWDWLRQ IRU D

VKRUW DQG ORQJ GHYLFHV� � � � � � � � � � � � � � � � � � � � � � ��

��� &RUUXSWHG JDLQ SORWV IRU ���� DQG ������ *+] PHDVXUHPHQWV� ��

��� 7ZR�SRUW ���WHUP HUURU PRGHO � � � � � � � � � � � � � � � � � ��

��� %ORFN GLDJUDP IRU D WZR�SRUW HUURU�FRUUHFWHG PHDVXUHPHQW

V\VWHP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� ��WHUP 75/ HUURU PRGHO� �E�75/ SURFHGXUH� � � � � � � ��

��� /D\RXW RI WKH RQ�ZDIHU FDOLEUDWLRQ VWDQGDUGV� � � � � � � � � � ��

��� 6��� 6�� RI WKH RSHQ� VKRUW� DQG WKURXJK RQ VPLWK FKDUW DIWHU

DSSO\ FDOLEUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� 6��� 6�� PHDVXUHPHQWV RI RSHQ FLUFXLW DIWHU FDOLEUDWLRQ�

�E� 6��� 6�� PHDVXUHPHQWV RI VKRUW FLUFXLW DIWHU FDOLEUDWLRQ� � ��
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��� �D� 6�� PHDVXUHPHQW RI RSHQ OLQH FLUFXLW DIWHU FDOLEUDWLRQ�

�E� 6�� PHDVXUHPHQW RI RSHQ OLQH FLUFXLW DIWHU FDOLEUDWLRQ� � � ��

��� 6��� 6�� PHDVXUHPHQWV RI WKURXJK OLQH DIWHU FDOLEUDWLRQ� � � � ��

���� ([DPSOH PHDVXUHPHQW RI D WUDQVIHUUHG�VXEVWUDWH +%7 XVLQJ

WKH /5/ RQ�ZDIHU FDOLEUDWLRQ VWDQGDUGV� � � � � � � � � � � � ��

��� �D� QRUPDO EDVH 7/0 �E� PRGLnHG EDVH 7/0 ZLWK HPLWWHUV

�F�VRPH GHnQLWLRQV � � � � � � � � � � � � � � � � � � � � � � � ��

��� 1RUPDO DQG SLQFKHG 7/0 PHDVXUHPHQWV DFURVV D TXDUWHU RI

D ��LQFK ZDIHU ZLWK ���

y

$ WKLFN EDVH GRSHG DW � [ ��

��
�FP

�
� ��

��� *XPPHO SORWV RI WUDQVIHUUHG�VXEVWUDWH +%7V ZLWK ��� [ ��

xP

�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV� � � � � � � � � � � ��

��� '& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI GHYLFHV RQ ZDIHU $

ZLWK ��� [ �� xP

�
HPLWWHUV DQG �D� ��� [ �� xP

�
FROOHFWRUV

DQG �E� ��� [ �� xP

�
FROOHFWRUV� � � � � � � � � � � � � � � � � ��

��� '& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI GHYLFHV RQ ZDIHU %

ZLWK �D� ��� [ �� xP

�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV�

�E� ��� [ �� xP

�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV DQG

��� [ �� xP

�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV� � � � � � � ��

��� '& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI GHYLFHV RQ ZDIHU &

ZLWK ��� [ � xP

�
HPLWWHUV DQG �D� ��� [ �� xP

�
FROOHFWRUV

DQG �E� ��� [ � xP

�
FROOHFWRUV� � � � � � � � � � � � � � � � � � ��

��� *DLQV RI �D� ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

+%7� DQG �E� ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

+%7 IURP ZDIHU $� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG

��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG� � � � � � � � � ��

��� 9DULDWLRQ RI I~ DQG IPD[ ZLWK �D� HPLWWHU FXUUHQW GHQVLW\ DQG

�E� FROOHFWRU�HPLWWHU YROWDJH IRU GHYLFHV IURP ZDIHU $� � � � � ��

��� *DLQV RI ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

+%7 RQ ZDIHU %� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG

��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG� � � � � � � � � ��

���� *DLQV RI ��� [ � xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

+%7 RQ ZDIHU &� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG

��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG� � � � � � � � � ��

���� 9DULDWLRQ RI I

~
DQG I

PD[
ZLWK �D� HPLWWHU FXUUHQW GHQVLW\ DQG

�E� FROOHFWRU�HPLWWHU YROWDJH IRU GHYLFHV IURP ZDIHU &� � � � � ��
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���� *DLQV RI QRPLQDO ��� [ � xP

�
HPLWWHU DQG QRPLQDO ��� [ ��

xP

�
FROOHFWRU +%7 RQ ZDIHU (� 7KHRUHWLFDO ��� G%�GHF� �+��

DQG 8� DQG ��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG� � � ��

���� 9DULDWLRQ RI I~ DQG IPD[ ZLWK �D� HPLWWHU FXUUHQW GHQVLW\ DQG

�E� FROOHFWRU�HPLWWHU YROWDJH IRU GHYLFHV IURP ZDIHU (� � � � � ��

���� 9DULDWLRQ RI I~ DQG IPD[ ZLWK -H IRU GHYLFHV ZLWK GLmHUHQW

JHRPHWU\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� *DLQV RI ��� [ � xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU +%7

IDEULFDWHG E\ VWHSSHU� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8�

DQG ��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG� � � � � � � ��

���� 'HYLFH HTXLYDOHQW FLUFXLW PRGHO IRU GHYLFH ZLWK ��� [ � xP

�

HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU DW 9

FH
 ��� 9 DQG ,

F
 

� P$� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 0HDVXUHG GHYLFH 6�SDUDPHWHUV ������ 	 ������ *+]� DW 9FH

 ��� 9 DQG ,

F
 � P$� 7KH VROLG OLQH UHSUHVHQWV 6�SDUDPHWHUV

RI WKH HTXLYDOHQW FLUFXLW PRGHO� � � � � � � � � � � � � � � � � ��

���� &RPSDULVRQ RI PHDVXUHG DQG K\EULG�{ PRGHOHG 5) JDLQV RI

GHYLFHV IURP ZDIHU &� � � � � � � � � � � � � � � � � � � � � � � ��

��� :LULQJ LQ �D� WULSOH�PHVD +%7 ,& WHFKQRORJ\� JURXQG ORRSV

	 ZLUH ERQGV GHJUDGH FLUFXLW 	 SDFNDJHG ,& SHUIRUPDQFH�

DQG �E� WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� PLFURVWULS ,&

ZLULQJ WR HOLPLQDWH JURXQG ERXQFH QRLVH DQG YLDV 	 JURXQG

SODQH DUH SURYLGHG� � � � � � � � � � � � � � � � � � � � � � � � ��

��� %DVLF (&/ JDWH � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� �D� +\EULG�{ PRGHO RI +%7V ZLWKRXW SDUDVLWLFV� �E� (&/

HTXLYDOHQW FLUFXLW GLDJUDP� � � � � � � � � � � � � � � � � � � � ���

��� (&/ HTXLYDOHQW FLUFXLW ZLWK DUHD GHSHQGHQFH LQGLFDWHG� � � � ���

��� &LUFXLW GLDJUDP RI WKH (&/ ��� VWDWLF IUHTXHQF\ GLYLGHU� �D�

0DVWHU�VODYH '�oLSoRS ��� VWDWLF GLYLGHU FRUH� �E� &ORFN

EXmHU� �F� 'DWD RXWSXW EXmHU� � � � � � � � � � � � � � � � � � ���

��� ,& SKRWRJUDSK� � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� �D� 6SLFH PRGHO RI ?LQWULQVLF� +%7��E�0RGLnHG +%7 6SLFH

PRGHO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� .H\ IHDWXUHV RI GHVLJQ DQG SK\VLFDO OD\RXW� � � � � � � � � � � ���

��� 6LPXODWHG RXWSXW RI (&/ GLYLGHU IRU �� *+] FORFN LQSXW� � � ���

���� 'LYLGHU WHVW VHWXS� � � � � � � � � � � � � � � � � � � � � � � � ���
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���� �� *+] RXWSXW ZDYHIRUP RI (&/ GLYLGHU IRU �� *+] FORFN

LQSXW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %ORFN GLDJUDP RI QRYHO (&/ IUHTXHQF\ GLYLGHU� � � � � � � � � ���

���� 6FKHPDWLF RI QRYHO '�ODWFK� � � � � � � � � � � � � � � � � � � ���

���� 6LPXODWHG RXWSXW RI WKH QRYHO (&/ GLYLGHU IRU ��� *+] FORFN

LQSXW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %ORFN GLDJUDP RI GLJLWDO 3//� � � � � � � � � � � � � � � � � � ���

���� 6FKHPDWLF RI WKH ORRS nOWHU� � � � � � � � � � � � � � � � � � � ���

���� 6FKHPDWLF RI WKH 9&2� � � � � � � � � � � � � � � � � � � � � � ���
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&KDSWHU �

,QWURGXFWLRQ

,Q WKH JURZLQJ PDUNHW RI KLJK EDQGZLGWK FRPPXQLFDWLRQ QHWZRUNV� WKHUH

DUH LQFUHDVLQJ GHPDQGV IRU KLJK SHUIRUPDQFH FLUFXLWV WKDW LQFOXGH PLFURZDYH

IUHTXHQF\ GLUHFW GLJLWDO V\QWKHVLV>�@� nEHU�RSWLF WUDQVPLVVLRQ FKLS�VHWV>�@�

>�@� >�@� >�@ DQG DQDORJ�GLJLWDO FRQYHUWHUV >�@� >�@ DW *+] IUHTXHQFLHV� 7KH

PRWLYDWLRQ IRU KLJK FLUFXLW EDQGZLGWK YDULHV ZLWK WKH DSSOLFDWLRQ�

$ W\SLFDO nEHU�RSWLF FRPPXQLFDWLRQ V\VWHP FRQnJXUDWLRQ LV VKRZQ LQ

nJXUH ���� $W WKH WUDQVPLWWHU� D PXOWLSOH[HU �08;� FRPELQHV SDUDOOHO LQ�

SXW FKDQQHOV RI ORZ ELW�UDWH GDWD LQWR RQH KLJK ELW�UDWH GDWD VWUHDP� 7KLV

KLJK�VSHHG HOHFWULFDO VLJQDO LV DPSOLnHG E\ D ODVHU GULYHU � DQG GULYHV D ODVHU

GLRGH� DOORZLQJ WKH VLJQDO WR EH WUDQVPLWWHG WKURXJK WKH nEHU� $W WKH UH�

FHLYHU� D SKRWRGLRGH FRQYHUWV WKH RSWLFDO VLJQDO EDFN WR SKRWRFXUUHQW� $

WUDQVLPSHGDQFH SUHDPSOLnHU WUDQVIRUPV WKH SKRWRFXUUHQW GHWHFWHG E\ WKH

SKRWRGLRGH LQWR D YROWDJH VLJQDO� 7KHQ D PDLQ�DPSOLnHU DPSOLnHV WKH VLJ�

QDO WR D OHYHO UHJXODWHG E\ DQ $*& ORRS� 'HFLVLRQ FLUFXLWV WKHQ UHJHQHUDWH

WKH WUDQVPLWWHG GDWD LQ WLPH DQG LQ DPSOLWXGH� $ FORFN UHFRYHU\ FLUFXLW

H[WUDFWV WKH FORFN IURP WKH GDWD� DV UHTXLUHG E\ WKH GDWD GHFLVLRQ DQG GH�

PXOWLSOH[HU �'(08;� FLUFXLWV� 7KH UHFRYHUHG GDWD LV GHPXOWLSOH[HG LQWR

SDUDOOHO ORZ ELW�UDWH GDWD FKDQQHOV� ,PSURYLQJ WKH EDQGZLGWK RI WKHVH HOHF�

WURQLF FRPSRQHQWV ZLOO GLUHFWO\ HQDEOH LQFUHDVHG WLPH GLYLVLRQ PXOWLSOH[HG

�7'0� WUDQVPLVVLRQ UDWHV� 7KH WUDQVPLVVLRQ FDSDFLW\ FDQ EH IXUWKHU LQ�

FUHDVHG E\ ZDYHOHQJWK GLYLVLRQ PXOWLSOH[LQJ �:'0��

'HOWD�VLJPD $'&V DUH D VHFRQG HPHUJLQJ DSSOLFDWLRQ IRU +%7V� 7KHVH

SURYLGH WKH KLJK UHVROXWLRQ UHTXLUHG LQ UDGLR UHFHLYHUV� 'HOWD�VLJPD DQDORJ�

WR�GLJLWDO FRQYHUWHUV �nJXUH ���� PRGXODWH WKH DQDORJ LQSXW LQWR VLQJOH�ELW
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)LJXUH ���� %DVLF WUDQVPLWWHU DQG UHFHLYHU FRQnJXUDWLRQ IRU D W\SLFDO nEHU�

RSWLFDO V\VWHP�

ZRUGV ZKRVH WLPH�DYHUDJH YDOXH DFFXUDWHO\ UHSUHVHQWV WKH LQSXW� 7KH FRQ�

YHUVLRQ IUHTXHQF\ LV PXFK KLJKHU WKDQ WKH QHFHVVDU\ PLQLPXP�1\TXLVW UDWH�

7KLV RYHUVDPSOLQJ VSUHDGV WKH TXDQWL]DWLRQ QRLVH RYHU D ZLGH EDQGZLGWK�

3ODFLQJ WKH FRQYHUWHU LQ D IHHGEDFN ORRS ZLWK IUHTXHQF\�GHSHQGHQW JDLQ

VKDSHV WKH TXDQWL]DWLRQ QRLVH� VR WKDW PRVW RI WKH QRLVH SRZHU LV PRYHG

RXWVLGH WKH EDQGZLGWK RI LQWHUHVW� ,Q WKLV ZD\ KLJKHU VDPSOLQJ VSHHG SUR�

YLGHV KLJKHU UHVROXWLRQ� )RU RYHU�VDPSOHG �c�h� DQDORJ�WR�GLJLWDO FRQYHUW�

HUV� LQ�EDQG TXDQWL]DWLRQ QRLVH SRZHU GHFUHDVHV LQ SURSRUWLRQ WR WKH �

WK

SRZHU RI WKH RYHUVDPSOLQJ UDWLR IRU �

QG
�RUGHU PRGXODWRUV� 9HU\ KLJK VSHHG

,& WHFKQRORJLHV RmHU WKH SRWHQWLDO RI c�h $'&V ZLWK FORFN IUHTXHQFLHV

LQ WKH ��
V *+]� SURYLGLQJ KLJK G\QDPLF UDQJH� �DQG ODUJH LQVWDQWDQHRXV

EDQGZLGWK�RYHU UDGLR�IUHTXHQFLHV DQG ORZHU PLFURZDYH IUHTXHQFLHV�

'LUHFW GLJLWDO V\QWKHVLV �'66� FDQ SURYLGH DFFXUDWH� IDVW KRSSLQJ� ORZ

SKDVH QRLVH DQG EURDG EDQG JHQHUDWLRQ RI PRGXODWHG VLQXVRLGDO VLJQDOV�

$ ''6 �nJXUH ���� FRQVLVWV RI WKUHH SDUWV� D SKDVH DFFXPXODWRU� D VLQH

IXQFWLRQ UHDG�RQO\ PHPRU\ �520� ORRN XS WDEOH� DQG D GLJLWDO�WR�DQDORJ

FRQYHUWHU �'$&�� 6LQFH IUHTXHQF\ LV WKH UDWH RI SKDVH FKDQJH� WKH FRPPRQ

SKDVH LQFUHPHQW ZRUG ZKLFK LV DGGHG WR WKH SKDVH DFFXPXODWRU HDFK FORFN

SHULRG GHWHUPLQHV WKH RXWSXW IUHTXHQF\� $ 520 ORRN XS WDEOH LV XVHG WR

FRQYHUW WKH SKDVH YDOXHV WR WKH VLQXVRLGDO DPSOLWXGH YDOXH� 7KH nQDO VWHS

LV WR FRQYHUW WKH GLJLWDO DPSOLWXGH GDWD WR DQ DQDORJ YROWDJH� ,Q GLUHFW
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)LJXUH ���� %ORFN GLDJUDP RI 'HOWD�VLJPD $�' FRQYHUWHU�

GLJLWDO IUHTXHQF\ V\QWKHVLV �''6�� LQFUHDVHV LQ ORJLF ,& UDWHV DQG '$&

EDQGZLGWKV ZLOO UHVXOW LQ LQFUHDVHG V\QWKHVL]HU EDQGZLGWK� 8VHG LQ UDGDU

WUDQVPLWWHUV� PRGXODWLRQ EDQGZLGWKV FDQ WKHQ EH LQFUHDVHG DQG IUHTXHQF\

DJLOLW\ LPSURYHG�

)LJXUH ���� %ORFN GLDJUDP RI 'LUHFW 'LJLWDO 6\QWKHVLV�

$ ��� *+] FORFN UDWH ,& WHFKQRORJ\ ZRXOG SHUPLW VLJQLnFDQW DGYDQFHV

LQ WKH SHUIRUPDQFH RI VXFK VLJQDO FRQYHUVLRQ ,&V� 7R SHUPLW FORFN UDWH

H[FHHGLQJ ��� *+]� ERWK WKH WUDQVLVWRU FXUUHQW JDLQ FXWRm IUHTXHQF\ I~ � DQG

WKH SRZHU JDLQ FXWRm IUHTXHQF\ I

PD[
PXVW EH FRQVLGHUDEO\ KLJKHU WKDQ WKH

VLJQDO IUHTXHQFLHV LQYROYHG� +%7V ZLWK EDQGZLGWKV RI VHYHUDO KXQGUHG *+]

DUH QHHGHG� 2WKHU LVVXHV LQ LQWHUFRQQHFWV� SDFNDJLQJ� DQG WKHUPDO GHVLJQ

DOVR PXVW EH DGGUHVVHG� :LULQJ SDUDVLWLFV PXVW EH PLQLPL]HG� (pFLHQW

KHDW VLQNLQJ LV HVVHQWLDO� *RRG HmHFWLYH JURXQGLQJ LV DOVR YLWDO�

&RPSHWLQJ WHFKQRORJLHV IRU ��� *+] ,&V LQFOXGH GHHS VXEPLFURQ 6L*H

ELSRODU WUDQVLVWRUV>�@� ,Q3�,Q*D$V>�@ RU ,Q$O$V�,Q*D$V +%7V>��@� DQG ,Q�
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$O$V�,Q*D$V +(07V>��@� ��� xP ,Q$O$V�,Q*D$V +(07V KDYH H[WUHPHO\

KLJK EDQGZLGWK �������� *+] I

~
>��@� ������� *+] I

PD[
>��@� DQG KDG EHHQ

XVHG LQ DSSOLFDWLRQV DERYH �� *+]� <HW� WKH SUHFLVLRQ ���� xP� LQ SKR�

WROLWKRJUDSK\ DQG JDWH UHFHVV HWFK KDYH OLPLWHG WKH VFDOH RI LQWHJUDWLRQ RI

+(07 ,&V >��@� 6L�6L*H +%7V RmHU z ��� *+] I~ DQG IPD[ ZLWK YHU\

KLJK \LHOG� )XUWKHU� z ��

�
$�FP

�
FXUUHQW GHQVLW\ LQ 6L ELSRODU PLQLPL]HV

WKH HPLWWHU FKDUJLQJ WLPH� UHVXOWLQJ LQ FORFN IUHTXHQFLHV WKDW DUH D KLJKHU

IUDFWLRQ RI I

~
WKDQ QRZ REWDLQHG ZLWK ,,,�9 GHYLFHV>�@�

+HWHURMXQFWLRQ ELSRODU WUDQVLVWRUV KDYH VHYHUDO DGYDQWDJHV RYHU 6L�EDVHG

DQG +(07V WHFKQRORJ\� VXFK DV EDQGZLGWK� KLJK WUDQVFRQGXFWDQFH SHU

XQLW DUHD DQG SHU XQLW FXUUHQW� KLJK SRZHU GHQVLW\� KLJK RXWSXW UHVLVWDQFH�

ORZ ��I QRLVH� D VHPL�LQVXODWLQJ VXEVWUDWH� H[FHOOHQW OLQHDULW\ DQG WKUHVKROG

PDWFKLQJ� HWF� 7R ZLQ WKLV FRPSHWLWLRQ� ,,,�9 +%7 ,& WHFKQRORJ\ PXVW

RmHU WUDQVLVWRU EDQGZLGWK HTXDO WR �RU EHWWHU WKDQ� +(07V� DQG ��� WLPHV

WKDW RI 6L� 7KH WHFKQRORJ\ PXVW DOVR RmHU RWKHU IHDWXUHV QHHGHG IRU KLJK

VSHHG ,&V� LQFOXGLQJ ORZ SDUDVLWLF LQWHUFRQQHFWV�

7KLV WKHVLV FRQFHQWUDWHV RQ GHYHORSLQJ D GHHS VXEPLFURQ WUDQVIHUUHG�

VXEVWUDWH +%7 ,& SURFHVV ZKLFK FDQ RmHU YHU\ KLJK WUDQVLVWRU EDQGZLGWK�

ORZ ZLULQJ FDSDFLWDQFH� DQG ORZ ZLULQJ LQGXFWDQFH� $ VFDODEOH +%7 LV

GHYHORSHG ZKLFK FDQ EH VFDOHG WR DFKLHYH KLJK EDQGZLGWKV IRU KLJK�VSHHG

DSSOLFDWLRQV� 7\SLFDOO\� +%7V DUH QRW VFDODEOH GHYLFHV� 7KH WUDQVIHUUHG�

VXEVWUDWH SURFHVV UHQGHUV WKH +%7 VFDODEOH DQG DFKLHYHV UHFRUG EDQGZLGWKV�

7KH ZLULQJ SDUDVLWLFV LQ WKLV WHFKQRORJ\ DUH PLQLPL]HG E\ XVLQJ WKH ORZ q

U

ZLULQJ GLHOHFWULFV� 'HHS VXEPLFURQ WUDQVIHUUHG�VXEVWUDWH +%7 IDEULFDWHG E\

H�EHDP OLWKRJUDSK\ ZLWK UHFRUG GHYLFH EDQGZLGWK ���� *+] IPD[� KDYH EHHQ

GHPRQVWUDWHG� 7KH WUDQVIHUUHG�VXEVWUDWH +%7 ,& SURFHVV XVLQJ RSWLFDO

SURMHFWLRQ OLWKRJUDSK\ KDV EHHQ GHYHORSHG DQG GLJLWDO FLUFXLWV FRQVLVWLQJ RI

�� WUDQVLVWRUV LQ WKLV WHFKQRORJ\ ZLWK UHFRUG FORFN�UDWH ��� *+]� KDYH DOVR

EHHQ GHPRQVWUDWHG�
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&KDSWHU �

6XEPLFURQ /DWHUDO 6FDOLQJ RI
7UDQVIHUUHG�VXEVWUDWH +%7V

3URJUHVVLYH LPSURYHPHQW LQ GHYLFH EDQGZLGWKV DUH QHHGHG WR PHHW WKH GH�

PDQG IRU LQWHJUDWHG FLUFXLWV FORFNLQJ DW KLJK IUHTXHQFLHV� 7KH VFDOLQJ RI

GHYLFH GLPHQVLRQV LV HVVHQWLDO IRU DFKLHYLQJ ODUJH GHYLFH EDQGZLGWK DQG D

ODUJH LQWHJUDWLRQ OHYHO� ,PSURYHPHQW LQ GHYLFH EDQGZLGWK UHTXLUHV WKH VFDO�

LQJ RI GHYLFHV� LH� ODWHUDO VFDOLQJ E\ UHGXFLQJ WKH OLWKRJUDSKLF GLPHQVLRQV

DFFRPSDQLHG E\ YHUWLFDO VFDOLQJ E\ WKLQQLQJ WKH VHPLFRQGXFWRU HSLWD[LDO

OD\HU WKLFNQHVV� 7KH GLPHQVLRQV RI WUDQVLVWRUV LQ GLmHUHQW VHPLFRQGXFWRU

WHFKQRORJLHV KDYH EHHQ SURJUHVVLYHO\ UHGXFHG RYHU WKH SDVW �� \HDUV� 7KLV

GHYLFH VFDOLQJ LQFUHDVHG WKH SDFNLQJ GHQVLW\� UHGXFHG SDUDVLWLF 5& HOHPHQWV�

DQG UHVXOWHG LQ JUHDWO\ LQFUHDVHG GHYLFH EDQGZLGWK� &ORFN UDWHV RI &026

9/6, PLFURSURFHVVRUV KDYH LQFUHDVHG E\ D IDFWRU RI �� LQ WKH SDVW GHFDGH�

DQG VKRXOG VXUSDVV � *+] DV WKH JDWH OHQJWKV DSSURDFK ��� xP�

6FDOLQJ KDV DOVR EHHQ H[SORLWHG WR JUHDW VXFFHVV ZLWK ,,,�9 KLJK�HOHFWURQ

PRELOLW\�nHOG�HmHFW WUDQVLVWRUV �+(07V�� +(07V IDEULFDWHG ZLWK ��� xP

JDWH OHQJWKV REWDLQHG D SRZHU JDLQ FXWRm IUHTXHQF\ �IPD[� RI ��� *+] >��@

DQG D FXUUHQW FXWRm IUHTXHQF\ �I~ � RI ��� *+] >��@� 7ZR UHVXOWV RI ���

*+] I

PD[
KDYH DOVR EHHQ UHSRUWHG� 7KH VXSHULRU EDQGZLGWKV RI +(07V LV

D UHVXOW RI WKH UDSLG LPSURYHPHQW LQ +(07 EDQGZLGWK ZLWK GHHS VXEPLFURQ

VFDOLQJ�

*LYHQ WKH VXFFHVVIXO GHHS VXEPLFURQ VFDOLQJ RI 026)(7V DQG +(07V�

LW LV UHPDUNDEOH WKDW ERWK KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV �+%7V� DUH

W\SLFDOO\ IDEULFDWHG DW MXQFWLRQ GLPHQVLRQV RI ��� xP� 6FDOLQJ HPLWWHU GL�

�



PHQVLRQV EHORZ z � xP GRHV QRW LPSURYH WKH GHYLFH EDQGZLGWK RI +%7V

VLJQLnFDQWO\� $ +%7 ZLWK VPDOOHU HPLWWHU ZLGWK GRHV QRW JHQHUDOO\ KDYH D

KLJKHU EDQGZLGWK� )LJXUH ��� VKRZV IPD[ YHUVXV HPLWWHU GLPHQVLRQ IRU VRPH

+%7 WHFKQRORJLHV UHSRUWHG LQ WKH OLWHUDWXUH� ,W FDQ EH VHHQ WKDW WKHUH LV

QR VWURQJ FRUUHODWLRQ EHWZHHQ IPD[ DQG HPLWWHU ZLGWK H[FHSW IRU WKH 8&6%

WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� 7KHUHIRUH� +%7V DUH QRW IDEULFDWHG

ZLWK GHHS VXEPLFURQ GLPHQVLRQV H[FHSW WR PLQLPL]H ELDV FXUUHQW IRU WKH

ORZ SRZHU RSHUDWLRQ�
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)LJXUH ���� &RPSDULVRQ RI I

PD[
DQG HPLWWHU GLPHQVLRQV IRU VRPH +%7V LQ

WKH OLWHUDWXUH�

/HW XV nUVW UHYLHZ WKH IDFWRUV ZKLFK JHQHUDOO\ GHWHUPLQH VHPLFRQGXF�

WRU GHYLFH EDQGZLGWK� ,Q DOO VHPLFRQGXFWRU GHYLFHV� FDUULHUV GULIW LQ D GH�

SOHWHG VHPLFRQGXFWRU OD\HU� 6HPLFRQGXFWRU SDUDVLWLFV� VXFK DV WKH EXON

VHPLFRQGXFWRU UHVLVWDQFH� 2KPLF FRQWDFW UHVLVWDQFH� ODWHUDO FRQWDFW DFFHVV

UHVLVWDQFH DQG WKH GHSOHWLRQ OD\HU FDSDFLWDQFH� HWF� ZLOO DGG 5& FKDUJLQJ

WLPH�FRQVWDQWV WR WKH GLmXVLRQ�GHSOHWLRQ WUDQVLW WLPH� 7KHVH LQ FRPELQD�

WLRQ GHWHUPLQH WKH GHYLFH EDQGZLGWK�

+(07V DQG 026)(7V DUH ODWHUDO�WUDQVSRUW GHYLFHV� ZLWK WKH HOHFWURQ

oX[ SDUDOOHO WR WKH SODQH RI WKH ZDIHU� 'HFUHDVLQJ WKH OLWKRJUDSKLF GLPHQ�

VLRQV� H�J� WKH JDWH OHQJWK� UHGXFHV ERWK WUDQVLW WLPHV DQG GHYLFH SDUDVLWLFV

DQG FRQVHTXHQWO\� D KLJKHU EDQGZLGWK UHVXOWV� 7R PDLQWDLQ ORZ RXWSXW FRQ�
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GXFWDQFH� DV WKH ODWHUDO GLPHQVLRQV DUH UHGXFHG� WKH YHUWLFDO GLPHQVLRQV

PXVW EH SURSRUWLRQDOO\ VFDOHG� 2Q WKH RWKHU KDQG� +%7V DQG 57'V DUH

YHUWLFDO WUDQVSRUW GHYLFHV� ZLWK WKH FDUULHU WUDQVLW WLPHV FRQWUROOHG E\ HSL�

WD[LDO OD\HU WKLFNQHVV� ,Q YHUWLFDO WUDQVSRUW GHYLFHV� WKHUH DUH SDUDVLWLF 5&

WLPH�FRQVWDQWV ZKRVH PDJQLWXGH LV VWURQJO\ FRQWUROOHG E\ WKH ZLGWKV RI WKH

VHPLFRQGXFWRU MXQFWLRQV� :LWK WKH FRUUHFW GHYLFH VWUXFWXUH� UHGXFLQJ WKH

ODWHUDO GLPHQVLRQ RI WKH FRQWDFW VWUXFWXUHV UHGXFHV WKH SDUDVLWLF 5& FKDUJ�

LQJ WLPHV� UHGXFLQJ YHUWLFDO GLPHQVLRQV RI WKH HSLWD[LDO OD\HU UHGXFHV WKH

WUDQVLW WLPH� DQG WKH WUDQVLVWRU EDQGZLGWK LQFUHDVHV UDSLGO\ ZLWK VFDOLQJ�

)LJXUH ���� 6FDOLQJ D 6FKRWWN\ GLRGH�

7KH 6FKRWWN\ GLRGH VHUYHV DV D VLPSOH H[DPSOH �nJXUH ����RI GHYLFH

VFDOLQJ� &DUULHU WUDQVLW WLPH WKURXJK WKH GHSOHWLRQ UHJLRQ RI D 6FKRWWN\

GLRGH LV SURSRUWLRQDO WR WKH WKLFNQHVV �'� RI WKH GHSOHWLRQ UHJLRQ �~

WUDQVLW

� '�YHOHFWURQ�� 7KHUHIRUH� WKH EDQGZLGWK RI WKH GHYLFH ZLWK WKLFN GHSOHWLRQ

OD\HU LV OLPLWHG E\ WKH FDUULHU WUDQVLW WLPH� 9HUWLFDO VFDOLQJ RI WKH GHSOH�

WLRQ UHJLRQ ZLOO UHGXFH WKH FDUULHU WUDQVLW WLPH� KHQFH LPSURYH WKH GHYLFH

EDQGZLGWK� EXW WKLV WKLQQLQJ RI WKH GHSOHWLRQ OD\HU WKLFNQHVV ' LQFUHDVHV

WKH GHSOHWLRQ FDSDFLWDQFH & �& � :/�'� ZKHUH : LV WKH VHPLFRQGXF�

�



WRU MXQFWLRQ ZLGWK� DQG / LV WKH MXQFWLRQ VWULSH OHQJWK�� *LYHQ WKH VHULHV

UHVLVWDQFH RI WKH 2KPLF FRQWDFWV �5 � ��/�� WKH 5& WLPH FRQVWDQW LV �

:�'� 7KHUHIRUH� H[WUHPH YHUWLFDO VFDOLQJ RI WKH VHPLFRQGXFWRU OD\HU ZLOO

UHVXOW LQ D GHYLFH ZKRVH EDQGZLGWK LV OLPLWHG E\ WKH UHVLVWDQFH�FDSDFLWDQFH

�5&� WLPH�FRQVWDQW� /DWHUDO VFDOLQJ FDQ EH XVHG LQ VXFK D VLWXDWLRQ WR UH�

GXFH WKH 5& WLPH�FRQVWDQW� $ 6FKRWWN\ FRQWDFW ZLWK QDUURZHU ZLGWK ZLOO

KDYH D ORZHU FDSDFLWDQFH� D ORZHU VSUHDGLQJ UHVLVWDQFH� DQG DQ XQFKDQJHG

RKPLF FRQWDFW UHVLVWDQFH� 7KH 5& WLPH�FRQVWDQW LV WKXV UHGXFHG� ,Q YHUWL�

FDO WUDQVSRUW GHYLFHV� WUDQVLW WLPHV DUH UHGXFHG E\ GHHS VXEPLFURQ VFDOLQJ

RI WKH VHPLFRQGXFWRU HSLWD[LDO OD\HU WKLFNQHVVHV DQG 5& WLPH�FRQVWDQWV DUH

UHGXFHG E\ GHHS VXEPLFURQ VFDOLQJ RI WKH WUDQVYHUVH MXQFWLRQ GLPHQVLRQV�

a

a

)LJXUH ���� +\EULG�{ PRGHO IRU DQ +%7�

$V ZLWK PRVW GHYLFHV� WKH EDQGZLGWK RI +%7V LV GHWHUPLQHG E\ WKH FRP�

ELQDWLRQ RI WUDQVLW WLPHV DQG 5& FKDUJLQJ WLPHV� 7KH 5& WLPH�FRQVWDQWV

DUH FRQWUROOHG E\ WKH +%7
V ODWHUDO GLPHQVLRQV� :H QRZ EULHo\ FRQVLGHU

�



WKH IDFWRUV OLPLWLQJ WKH +%7 EDQGZLGWK� $ PXFK PRUH GHWDLOHG DQDO\VLV

ZLOO EH FRQVLGHUHG LQ FKDSWHU �� )LJXUH ��� VKRZV D VLPSOLnHG VPDOO VLJQDO

HTXLYDOHQW FLUFXLW PRGHO IRU DQ +%7� 7KH H[SUHVVLRQ IRU WKH VKRUW FLUFXLW

FXUUHQW JDLQ FXWRm IUHTXHQF\ I~ LV�

�

�{I~

 ~E � ~F �

.7

T,F

�&MH � &FE� � �UH[ � UF�&FE� �����

ZKHUH ~

E
LV WKH EDVH WUDQVLW WLPH� ~

F
LV WKH FROOHFWRU WUDQVLW WLPH� .7�T LV WKH

WKHUPDO YROWDJH� ,

F
LV WKH FROOHFWRU FXUUHQW� &

MH
LV WKH HPLWWHU�EDVH MXQFWLRQ

FDSDFLWDQFH� &FE LV WKH FROOHFWRU�EDVH FDSDFLWDQFH� UH[ LV WKH HPLWWHU FRQWDFW

UHVLVWDQFH� DQG UF LV WKH FROOHFWRU FRQWDFW UHVLVWDQFH� $W D JLYHQ FXUUHQW

GHQVLW\� DOO WHUPV H[FHSW �UH[ � UF�&FE LQ WKH DERYH HTXDWLRQ DUH LQGHSHQGHQW

RI WKH ODWHUDO GLPHQVLRQV� 7KH EDVH DQG FROOHFWRU WUDQVLW WLPHV FDQ EH

UHGXFHG E\ YHUWLFDOO\ WKLQQLQJ WKH EDVH DQG FROOHFWRU OD\HUV� 7KHUHIRUH�

I~ FDQ EH LPSURYHG E\ YHUWLFDO VFDOLQJ RI WKH HSLWD[LDO OD\HU� 6LQFH UH[ LV

LQYHUVHO\ SURSRUWLRQDO WR WKH HPLWWHU ZLGWK� DQG &FE LV SURSRUWLRQDO WR WKH

FROOHFWRU ZLGWK� UH[&FE LV UHGXFHG E\ UHGXFLQJ WKH UDWLR RI HPLWWHU WR FROOHFWRU

MXQFWLRQ ZLGWK�

7KH SRZHU JDLQ FXWRm IUHTXHQF\ I

PD[
LV DQRWKHU LPSRUWDQW nJXUH�RI�

PHULW RI KLJK�IUHTXHQF\ +%7 SHUIRUPDQFH� )

PD[
LV WKH IUHTXHQF\ DW ZKLFK

WKH PD[LPXP DYDLODEOH SRZHU JDLQ *PD[� DQG 0DVRQ
V XQLODWHUDO SRZHU

JDLQ 8 >��@ DUH ERWK XQLW\� IPD[ QRW RQO\ GHSHQGV RQ I~ � EXW DOVR RQ WKH

EDVH�UHVLVWDQFH�FROOHFWRU�EDVH�FDSDFLWDQFH WLPH FRQVWDQW DV

IPD[  

V
I

~

�{UEE&FEL

� �����

ZKHUH U

EE
LV WKH EDVH UHVLVWDQFH DQG &

FEL
LV WKH IUDFWLRQ RI WKH FROOHFWRU�EDVH

FDSDFLWDQFH FKDUJHG WKURXJK UEE� 3RZHU JDLQ LV DYDLODEOH RQO\ DW IUHTXHQFLHV

EHORZ IPD[� QR PDWWHU KRZ ODUJH WKH YDOXH RI I~ � 7KHUHIRUH� WR LPSURYH GHYLFH

EDQGZLGWK� ERWK I~ DQG WKH UEE&FE WLPH�FRQVWDQW VKRXOG EH LPSURYHG� 7KH

H[WULQVLF FROOHFWRU�EDVH FDSDFLWDQFH KDV OLWWOH HmHFW RQ I

PD[
� EXW LW GRHV DmHFW

WKH SHUIRUPDQFH RI PDQ\ KLJK VSHHG FLUFXLWV� DQG VKRXOG DOVR EH PLQLPL]HG�

:H QRZ FRQVLGHU IDFWRUV GHWHUPLQLQJ WKH UEE&FE WLPH�FRQVWDQWV IRU DQ

+%7� )LJXUH ��� VKRZV WKH VFKHPDWLF FURVV�VHFWLRQ RI D VWDQGDUG WULSOH�

PHVD +%7� 7KH EDVH UHVLVWDQFH UEE KDV WKUHH FRPSRQHQWV� 7KHVH DUH WKH

FRQWDFW UHVLVWDQFH IURP WKH EDVH RKPLF FRQWDFW� WKH VKHHW UHVLVWDQFH IURP WKH

JDS EHWZHHQ WKH HPLWWHU PHVD DQG EDVH RKPLF FRQWDFW� DQG WKH VSUHDGLQJ

�



)LJXUH ���� 6FKHPDWLF FURVV�VHFWLRQ RI D VWDQGDUG WULSOH�PHVD +%7�
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UHVLVWDQFH RI WKH EDVH OD\HU XQGHUQHDWK WKH HPLWWHU PHVD� :KHQ WKH EDVH

RKPLF LV PXFK ODUJHU WKDQ WKH FRQWDFW WUDQVIHU OHQJWK /

7
� 

T
|

EF
 |

EV
�� WKH

FRQWDFW UHVLVWDQFH 5FRQWDFW LV HTXDO WR

S

|EF|EV��/� ZKHUH |EF LV WKH VSHFLnF

FRQWDFW UHVLVWDQFH SHU XQLW DUHD RI WKH PHWDO�VHPLFRQGXFWRU LQWHUIDFH �XQLWV

RI l�FP

�
�� |

EV
LV WKH EDVH VKHHW UHVLVWLYLW\ �XQLWV RI l�(� DQG / LV WKH HPLWWHU

VWULSH OHQJWK �XQLWV RI xP�� 7KH JDS UHVLVWDQFH 5

JDS
LV HTXDO WR |

EV
:

JDS
��/

ZKHUH :JDS LV WKH VHSDUDWLRQ EHWZHHQ WKH HPLWWHU PHVD DQG WKH EDVH RKPLF

FRQWDFW� )RU WKH VWDQGDUG VHOI�DOLJQHG +%7 SURFHVV� :JDS � ��� xP� DQG

5JDS LV IDLUO\ VPDOO DQG LQGHSHQGHQW RI WKH HPLWWHU ZLGWK� 7KH VSUHDGLQJ

UHVLVWDQFH 5

VSUHDG
LV JLYHQ E\ |

EV
:

H
���/ ZKHUH :

H
LV WKH HPLWWHU ZLGWK�

1RWH WKDW 5

VSUHDG
LV SURSRUWLRQDO WR WKH HPLWWHU ZLGWK :

H
� EXW WKH 5

JDS

DQG 5FRQWDFW DUH LQGHSHQGHQW RI :H� 7KHUHIRUH� IRU YHU\ QDUURZ�HPLWWHU

GHYLFHV� WKH EDVH UHVLVWDQFH LV GRPLQDWHG E\ WKH 5FRQWDFW DQG 5JDS DQG LV

RQO\ ZHDNO\ GHSHQGHQW XSRQ :H� 7KH PLQLPXP EDVH UHVLVWDQFH IRU D JLYHQ

VWULSH OHQJWK� LV VHW E\ WKH EDVH FRQWDFW UHVLVWDQFH� 7KH WRWDO FROOHFWRU�EDVH

FDSDFLWDQFH &

FE
LV SURSRUWLRQDO WR :

F
� 7KH FROOHFWRU MXQFWLRQ LV GHnQHG

LQ WKH VDPH VWHS DV WKH EDVH RKPLF FRQWDFWV� VHWWLQJ D PLQLPXP FROOHFWRU

MXQFWLRQ ZLGWK HTXDO WR WZR EDVH RKPLF FRQWDFW WUDQVIHU OHQJWKV SOXV WKH

HPLWWHU ZLGWK� :F  �/7 � :H� :H WKHQ KDYH &FE  q/:F�7F� ZKHUH

7

F
LV WKH WKLFNQHVV RI WKH FROOHFWRU GHSOHWLRQ UHJLRQ� +HQFH� WKH PLQLPXP

FROOHFWRU�EDVH FDSDFLWDQFH LV VHW E\ WKH PLQLPXP EDVH FRQWDFW VL]H� DQG LV

LQGHSHQGHQW RI :

H
� )RU QDUURZ HPLWWHUV� WKH EDVH�FROOHFWRU WLPH FRQVWDQW

LV

U

EE
&

FE
 :

H
��/

7
� c

q

7

F

|EV

��

� ��/

7
� c

q

7

F

S

|

EF
|

EV

�

� �����

7KHUHIRUH� WKH 5

EE
&

FE
WLPH�FRQVWDQW LV YHU\ ZHDNO\ GHSHQGHQW RQ :

H
IRU

YHU\ QDUURZ HPLWWHUV� +HQFH ODWHUDO VFDOLQJ RI WKH HPLWWHU ZLGWK EHORZ z

� xP GRHV QRW VLJQLnFDQWO\ LPSURYH WKH GHYLFH EDQGZLGWK RI WULSOH�PHVD

+%7V �nJXUH �����

7R UHQGHU WKH +%7 VFDODEOH� VLJQLnFDQW FKDQJHV PXVW EH PDGH WR WKH

GHYLFH VWUXFWXUH� $V GLVFXVVHG DERYH� LQ WKH FDVH RI QRUPDO WULSOH�PHVD

+%7V� WKH WUDQVIHU OHQJWK RI WKH EDVH RKPLF FRQWDFW VHWV D PLQLPXP VL]H IRU

WKH FROOHFWRU�EDVH MXQFWLRQ� UHJDUGOHVV RI OLWKRJUDSKLF OLPLWV� 7KH SDUDVLWLFV

�U

EE
&

FE
� DVVRFLDWHG ZLWK WKH +%7 FROOHFWRU�EDVH MXQFWLRQ DUH WKHUHIRUH QRW

DGGUHVVHG E\ VFDOLQJ�

:H KDYH GHYHORSHG +%7V IDEULFDWHG LQ D VXEVWUDWH WUDQVIHU SURFHVV�

7KLV WUDQVIHUUHG�VXEVWUDWH SURFHVV DOORZV RQH WR OLWKRJUDSKLFDOO\ GHnQH ERWK

��
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QDUURZ HPLWWHU DQG FROOHFWRU VWULSHV DOLJQHG WR HDFK RWKHU RQ RSSRVLWH VLGHV

RI WKH EDVH HSLWD[LDO OD\HU>��@� 7KH FROOHFWRU�EDVH FDSDFLWDQFH &

FE
LV SUR�

SRUWLRQDO WR WKH FROOHFWRU VWULSH ZLGWK :F ZKLFK FDQ EH GHWHUPLQHG E\

WKH OLWKRJUDSK\� LQGHSHQGHQW RI WKH EDVH�PHVD ZLGWK� UEE&FE EHFRPHV SUR�

SRUWLRQDO WR WKH SURFHVV PLQLPXP IHDWXUH VL]H� DQG IPD[ LQFUHDVHV UDSLGO\

ZLWK VFDOLQJ� )LJXUH ��� VKRZV D VFKHPDWLF FURVV�VHFWLRQ RI D WUDQVIHUUHG�

VXEVWUDWH +%7� ,Q WUDQVIHUUHG�VXEVWUDWH +%7V� WKH HPLWWHU DQG FROOHFWRU

VWULSH ZLGWKV DUH QHDUO\ HTXDO �:

H
 :

F
 :�� DQG WKH EDVH�FROOHFWRU WLPH

FRQVWDQW LV

UEE&FE  :

�
c

q

7F

|

EV

��

�: c

q

7F

S

|EF|EV

�

� �����

7KH nUVW WHUP DULVHV IURP WKH EDVH VSUHDGLQJ UHVLVWDQFH DQG VFDOHV DV :

�
�

WKH VHFRQG WHUP IURP WKH EDVH RKPLF FRQWDFW UHVLVWDQFH DQG VFDOHV DV :� 7KH

5

EE
&

FE
WLPH�FRQVWDQW UHGXFHV UDSLGO\ ZLWK GHHS VXEPLFURQ VFDOLQJ� &RQVH�

TXHQWO\� WKH SRZHU JDLQ FXWRm IUHTXHQF\ I

PD[
�� ��

S

:

H
� UDSLGO\ LPSURYHV

ZLWK GHHS VXEPLFURQ VFDOLQJ RI WKH GHYLFH IRU WKH WUDQVIHUUHG�VXEVWUDWH

+%7V �nJXUH ����� %DQGZLGWK LV LPSURYHG VLPSO\ EHFDXVH WKH FROOHFWRU

MXQFWLRQ ZLGWK LV SURSRUWLRQDO WR WKH HPLWWHU MXQFWLRQ ZLGWK�

$ FRPSDULVRQ RI IPD[ REWDLQHG E\ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFK�

QRORJ\ DQG WKH VWDQGDUG WULSOH�PHVD +%7 WHFKQRORJ\ LV VKRZQ LQ nJXUH ����

7KLV nJXUH ZDV FDOFXODWHG XVLQJ >��@ WKH PRUH DFFXUDWH I

PD[
WKHRU\ DW FKDS�

WHU �� XVLQJ W\SLFDO PDWHULDO SDUDPHWHUV IRU ,Q$O$V�,Q*D$V +%7V� ,W LV RE�

VHUYHG WKDW WKH WUDQVLVWRU EDQGZLGWK GUDPDWLFDOO\ LQFUHDVHG IRU GHHS VXE�

PLFURQ HPLWWHU MXQFWLRQ ZLGWK LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\�

,Q WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� ODWHUDO VFDOLQJ SURYLGHV D

VHFRQGDU\ EHQHnW RI VOLJKWO\ LPSURYLQJ I~ � 5HZULWLQJ WKH H[SUHVVLRQ IRU I~

EHORZ�

�

�{I

~

 ~E � ~F �

.7

T,

F

&MH � �

.7

T,

F

� UH[ � UF�&FE� �����

&ROOHFWRU UHVLVWDQFH U

F
LV HOLPLQDWHG LQ WUDQVIHUUHG�VXEVWUDWH +%7V WKURXJK

WKH XVH RI WKH 6FKRWWN\ FROOHFWRUV� )XUWKHU� &FE LV ORZ IRU D KLJKO\ VFDOHG

FROOHFWRU� VR I~ DW ORZHU FXUUHQW GHQVLW\ LV LPSURYHG GXH WR &FE�N7�T,H�� DQG

SHDN I~ LV LPSURYHG GXH WR ORZHU &FEUH[�

,Q D JLYHQ WHFKQRORJ\� H[FHSW LQ RVFLOODWRUV� UHDFWLYHO\�WXQHG DPSOLnHUV

DQG GLVWULEXWHG DPSOLnHUV ZKHUH IPD[ LV WKH RQO\ GHWHUPLQDQW RI WKH FLUFXLW

EDQGZLGWK� ERWK I

~
DQG I

PD[
DUH YHU\ LPSRUWDQW IRU FLUFXLW SHUIRUPDQFH�

$SSOLFDWLRQ WR FRPELQHG PLFURZDYH�DQDORJ�GLJLWDO FLUFXLWV SODFHV D VHW RI

��
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)LJXUH ���� &RPSDULVRQ RI WKH SURMHFWHG IPD[ RI WKH WUDQVIHUUHG�VXEVWUDWH

+%7 WR WKH WULSOH�PHVD +%7�

GHPDQGV RQ WUDQVLVWRUV� 7KH UHTXLUHPHQWV DUH VXPPDUL]HG LQ 7DEOH ����

)RU PRVW DSSOLFDWLRQV� KLJK I~ � DV ZHOO DV KLJK IPD[ LV QHHGHG� /RZ

FROOHFWRU FDSDFLWDQFH DQG ORZ EDVH UHVLVWDQFH DUH HVVHQWLDO� 7R REWDLQ XVDEOH

GHYLFHV� YHUWLFDO VFDOLQJ RI WKH HSLWD[LDO OD\HU WKLFNQHVV PXVW DFFRPSDQ\

WKH OLWKRJUDSKLF VFDOLQJ� 'HYLFHV ZLWK I

PD[
~ I

~
� REWDLQHG E\ WKLQQLQJ

WKH HSLWD[LDO OD\HUV ZLWKRXW ODWHUDO OLWKRJUDSKLF VFDOLQJ ZLOO VKRZ FLUFXLW

EDQGZLGWK OLPLWHG E\ U

EE
DQG &

FE
� 'HYLFHV ZLWK I

PD[
� I

~
�H�J� GHYLFHV ZLWK

UHODWLYHO\ WKLFN HSLWD[LDO OD\HUV DQG VLJQLnFDQW ODWHUDO OLWKRJUDSKLF VFDOLQJ�

ZLOO VKRZ FLUFXLW EDQGZLGWK OLPLWHG E\ �~E � ~F�� 5HGXFWLRQ RI �~E � ~F�

LV REWDLQHG E\ WKLQQLQJ WKH HSLWD[LDO OD\HUV� ZKLFK XQIRUWXQDWHO\ LQFUHDVHV

U

EE
&

FE
� 7KH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\ DOORZV IRU WKH VXEVHTXHQW

UHGXFWLRQ RI U

EE
&

FE
� $ GHYLFH ZLWK ERWK KLJK I

~
DQG I

PD[
LV WKXV IHDVLEOH�

6HYHUDO DSSURDFKHV KDYH EHHQ UHSRUWHG IRU UHGXFLQJ WKH FROOHFWRU�EDVH

FDSDFLWDQFH RI +%7V� DQG WKHUHE\ LPSURYLQJ I

PD[
DQG H[WULQVLF FROOHFWRU

FDSDFLWDQFH &FE[� 2QH DSSURDFK LV WKH UHGXFWLRQ RI WKH ZLGWK RI WKH EDVH

PHVD >��@� 7KLV UHOLHV RQ LPSURYHPHQWV LQ EDVH FRQWDFW WHFKQRORJ\ EHFDXVH

D QDUURZ EDVH PHVD UHVXOWV LQ D VPDOOHU EDVH RKPLF FRQWDFW DUHD� 7KH EDVH

FRQWDFW ZLGWK PXVW EH DW OHDVW RQH WUDQVIHU OHQJWK LI WKH FRQWDFW UHVLVWDQFH

LV WR EH NHSW VPDOO� ,Q FRQWUDVW� WKH WUDQVIHUUHG�VXEVWUDWH WHFKQLTXH SUR�

��



3DUDPHWHUV 'LJLWDO $QDORJ 0LFURZDYH 3RZHU

I~ YHU\ KLJK YHU\ KLJK YHU\ KLJK

I

PD[
KLJK YHU\ KLJK YHU\ KLJK

U

EE
YHU\ ORZ ORZ YHU\ ORZ

&

FE
ORZ YHU\ ORZ ORZ

&EH YHU\ ORZ ORZ ORZ

n �� ����� �����

9

EH
FRQWURO PHGLXP JRRG ORZ

<LHOG YHU\ KLJK KLJK ORZ

7DEOH ���� 5HTXLUHPHQWV IRU +%7 WHFKQRORJ\ LQ GLmHUHQW DSSOLFDWLRQV�

YLGHV LQGHSHQGHQW FRQWURO RI WKH EDVH DQG FROOHFWRU FRQWDFW ZLGWKV� 7KHUH

KDYH EHHQ RWKHU DSSURDFKHV WR PDNH WKH FROOHFWRU FRQWDFW ZLGWK LQGHSHQ�

GHQW RI WKH VL]H RI WKH EDVH FRQWDFW� VXFK DV VHOHFWLYH HWFKLQJ WR XQGHUFXW

WKH FROOHFWRU >��@� DQG FROOHFWRU LVRODWLRQ LPSODQWDWLRQ >��@� +RZHYHU� LQ

DOPRVW DOO FDVHV� WKH VFDODELOLW\ DQG FRQWUROODELOLW\ RI WKHVH DSSURDFKHV KDV

QRW EHHQ GHPRQVWUDWHG DQG RQO\ PRGHUDWH ������ �� LQFUHDVHV LQ IPD[ KDYH

EHHQ REWDLQHG� 7UDQVIHUUHG�VXEVWUDWH +%7V FDQ EH VFDOHG WR GHHS VXEPL�

FURQ GLPHQVLRQV ZLWK WKH XVH RI SRZHUIXO nQH�OLQH OLWKRJUDSK\ IRU IDEULFDW�

LQJ QDUURZ HPLWWHU DQG FROOHFWRU VWULSHV SUHFLVHO\� 7KLV OHDGV WR GUDPDWLF

LPSURYHPHQWV LQ GHYLFH EDQGZLGWK�

$Q LQWHUHVWLQJ IXUWKHU DGYDQWDJH RI WKH WUDQVIHUUHG�VXEVWUDWH +%7 LV

WKH SRVVLELOLW\ RI DFFRPPRGDWLQJ D 6FKRWWN\ FROOHFWRU� 7KH LPSRUWDQW SDU�

DVLWLFV UHVLVWDQFH U

F
LQ VPDOO DUHD GHYLFHV LV GXH WR WKH FROOHFWRU PHWDO FRQWDFW

DQG VHPLFRQGXFWRU MXQFWLRQ� 6LQFH WKH UHVLVWDQFH RI DQ RKPLF FRQWDFW� nJ�

XUH ���D� VFDOHV ZLWK LWV DUHD� DW VPDOO HQRXJK GLPHQVLRQV LW PD\ GRPLQDWH

RYHU RWKHU UHVLVWDQFHV WKDW VFDOH ZLWK WKH FRQWDFW SHULPHWHU� 7KHUHIRUH� D

6FKRWWN\ FROOHFWRU FDQ EH XVHG LQVWHDG RI WKH Q

�
GRSHG VHPLFRQGXFWRU OD\HU

LQ WKH FROOHFWRU� nJXUH ���E� VR WKH U

F
LV HOLPLQDWHG�

7KHUH DUH VHYHUDO LVVXHV UHJDUGLQJ WKH GHHS VXEPLFURQ VFDOLQJ RI WKH

WUDQVIHUUHG�VXEVWUDWH +%7V WKDW QHHG WR EH DGGUHVVHG�

(OHFWURQ�EHDP DQG RSWLFDO�VWHSSHU OLWKRJUDSK\ WRROV DUH QHHGHG WR GH�

nQH WKH GHHS VXEPLFURQ HPLWWHU DQG FROOHFWRU FRQWDFW VWULSHV�

7R PLQLPL]H WKH SDUDVLWLF EDVH UHVLVWDQFH� D VHOI�DOLJQHG HPLWWHU�EDVH

��



D
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)LJXUH ���� �D� 2KPLF VHPLFRQGXFWRU�PHWDO FROOHFWRU FRQWDFW� �E� 6FKRWWN\

VHPLFRQGXFWRU�PHWDO FROOHFWRU FRQWDFW�

SURFHVV LQ ZKLFK WKH GHYLFH IHDWXUHV DUH GHnQHG E\ WKH VDPH SKRWRUHVLVW SDW�

WHUQ LV ZDQWHG� 7KHUHIRUH� SUHFLVH GLPHQVLRQDO FRQWURO RI WKH HPLWWHU�EDVH

PHVD IRUPDWLRQ LV HVVHQWLDO� $ GU\ HWFK WHFKQLTXH LV UHTXLUHG WR HQDEOH D

UHSURGXFLEOH� KLJK \LHOG� DQG VL]H FRQWUROODEOH GHHS VXEPLFURQ SURFHVV WHFK�

QRORJ\� 7KHUH DUH WKUHH EDVLF DSSURDFKHV WR VHOI�DOLJQHG SURFHVVLQJ RI +%7V�

,Q WKH nUVW� WKH HPLWWHU FRQWDFW PHWDOL]DWLRQ LV XVHG DV WKH GU\ HWFK PDVN

IRU H[SRVLQJ WKH EDVH� WKH GU\�HWFK VWHS LV IROORZHG E\ ZHW FKHPLFDO HWFK IRU

GDPDJH OD\HU UHPRYDO DQG XQGHUFXW HPLWWHU IRU WKH VXEVHTXHQW EDVH PHWDO

OLIW�Rm� ,Q WKH VHFRQG VHOI�DOLJQHG SURFHVV� D GLHOHFWULF GXPP\ HPLWWHU LV

XVHG DV D HWFKLQJ PDVN WR SURGXFH WKH XQGHUFXW� $IWHU EDVH PHWDOL]DWLRQ�

WKH HPLWWHU FRQWDFW LV WKHQ GHSRVLWHG DIWHU UHPRYDO RI WKH LQLWLDO GLHOHFWULF

OD\HU� 7KH WKLUG DSSURDFK LV WR HVWDEOLVK WKH HPLWWHU�EDVH VHSDUDWLRQ E\

XVLQJ D VLGHZDOO VSDFHU OD\HU� FRPSULVHG RI HLWKHU 6L2� RU 6L�1�� 7KH WKLUG

SURFHVV LV D PRUH FRQWUROOHG WHFKQLTXH IRU � ��� xP HPLWWHU ZLGWK GHYLFH� ,Q

WKLV ZRUN� WKH nUVW DSSURDFK LV XVHG� L�H� D YHU\ FRQWUROOHG ��VWHS FRPELQHG

UHDFWLYH�LRQ GU\ DQG ZHW FKHPLFDO HWFK�

$QRWKHU LPSRUWDQW LVVXH LV WKDW WKH FROOHFWRU KDV WR EH SUHFLVHO\ DOLJQHG

WR WKH HPLWWHU DQG KDV WR FRYHU WKH HPLWWHU� 7R HOLPLQDWH WKH H[FHVV

��



FROOHFWRU�EDVH FDSDFLWDQFH� WKH FROOHFWRU ZLGWK PXVW EH DV QDUURZ DV WKH

HPLWWHU ZLGWK SOXV WKH DOLJQPHQW WROHUDQFH� 7KH HmHFW RI PLVDOLJQPHQW LV

WR LQFUHDVH WKH DYHUDJH WUDQVLW WLPH RI HOHFWURQV IURP WKH HPLWWHU WR WKH

FROOHFWRU DQG WKXV UHGXFH I~ DW JLYHQ FXUUHQW GHQVLW\� $OVR� LQ WKH UHJLRQV

ZKHUH WKHUH LV QR FROOHFWRU FRQWDFW DQG KHQFH QR HOHFWULF nHOG WR DWWUDFW WKH

HOHFWURQV� WKH HOHFWURQV WHQG WR PRYH XQGHU GLmXVLYH ORZ�nHOG WUDQVSRUW�

+HQFH� I

PD[
UHGXFHV GUDVWLFDOO\ IRU PLVDOLJQPHQW GHYLFHV� 8OWLPDWHO\� WKH

FROOHFWRU VFDOLQJ LV OLPLWHG E\ WKH OLWKRJUDSKLF WRROV
 DOLJQPHQW WROHUDQFH�

7KH HDUO\ ZRUN RQ $O*D$V�*D$V +%7V VKRZHG WKDW ODWHUDO VFDOLQJ

UHVXOWV LQ D VLJQLnFDQW UHGXFWLRQ LQ FXUUHQW JDLQ� 7KH SK\VLFDO RULJLQ LV

WKDW HOHFWURQV GLmXVH LVRWURSLFDOO\� :KHQ D ELDV LV DSSOLHG� DQ HOHFWURQ

FRQFHQWUDWLRQ JUDGLHQW H[LWV EHWZHHQ WKH HPLWWHU�EDVH DQG EDVH�FROOHFWRU

MXQFWLRQV �YHUWLFDOO\�� DQG DOVR EHWZHHQ WKH HPLWWHU�EDVH MXQFWLRQ DQG EDVH

RKPLF FRQWDFW �ODWHUDOO\�� 7KHUHIRUH� HOHFWURQV GLmXVH ERWK YHUWLFDOO\ DQG

ODWHUDOO\ ZLWKLQ WKH EDVH� 7KH UHFRPELQDWLRQ FXUUHQW EHWZHHQ WKH H[SRVHG

VXUIDFH LV WKHQ JLYHQ E\ -UHF  TQYV ZKHUH Q LV WKH FRQFHQWUDWLRQ RI HOHFWURQV

DW WKH VXUIDFH DQG YV LV WKH VXUIDFH UHFRPELQDWLRQ YHORFLW\� 7KH FDOFXODWLRQ

RI WKH '& FXUUHQW JDLQ LQYROYHV VROYLQJ WKH ��GLPHQVLRQDO GLmXVLRQ HTXDWLRQ
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FRXQWV IRU WKH FRQYHQWLRQDO SDUDOOHO�SODWH FDSDFLWDQFH GXH WR WKH VSDFH�

FKDUJH YDULDWLRQ DW WKH GHSOHWLRQ HGJHV� 7KH VHFRQG WHUP DFFRXQWV IRU WKH

(DUO\ HmHFWV E\ FRQVLGHULQJ WKH FKDQJH LQ ,
F
PRGXODWHG E\ 9
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� )RU +%7V

ELDVHG LQ WKH IRUZDUG�DFWLYH UHJLRQ� WKLV WHUP LV QHJOLJLEOH� 7KH WKLUG WHUP

RULJLQDWHV IURP WKH UHVSRQVH RI WKH FROOHFWRU VSDFH�FKDUJH WR WKH PRGXOD�

WLRQ RI WKH 9
FE
� LH� WKH DYHUDJH YHORFLW\ PRGXODWHG E\ WKH FROOHFWRU HOHFWULF

nHOG� 7KH HOHFWURQ YHORFLW\ GHFUHDVHV DV WKH FROOHFWRU�EDVH YROWDJH LQFUHDVHV�

KHQFH FROOHFWRU WUDQVLW WLPH LQFUHDVHV ZLWK 9
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� 7KHUHIRUH WKH WKLUG WHUP LQ
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:KLOH DQ HOHFWURQ LV LQ WKH EDVH� LWV FKDUJH LV VFUHHQHG E\ KROHV� VR QR

FROOHFWRU FXUUHQW oRZV� :KHQ WKH HOHFWURQ HQWHUV WKH GHSOHWHG FROOHFWRU�

KRZHYHU� LW LPDJHV FKDUJH RQ WKH TXDVL�QHXWUDO EDVH DQG WKH XQGHSOHWHG

FROOHFWRU� )LJXUH ��� LOOXVWUDWHV WKH HOHFWURVWDWLF�LQGXFHG H[FHVV FKDUJH DW

WKH GHSOHWLRQ HGJHV� ZKLFK LV FDXVHG E\ DQ HOHFWURQ WUDYHUVLQJ WKH GHSOHWLRQ

UHJLRQ� %HFDXVH RI WKH HOHFWULFDO V\PPHWU\ LQ nJXUH ���� WKH LQGXFHG FKDUJHV
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WKH VHFRQG FDVH� FROOHFWRU FXUUHQW ,
F
LV KHOG FRQVWDQW� ZKLOH LQFUHDVLQJ WKH

EDVH�FROOHFWRU YROWDJH 9
FE
�

&DVH �� nJXUH ��� VKRZV HOHFWULF nHOG SURnOHV LQ WKH FROOHFWRU VSDFH�

FKDUJH UHJLRQ LQ ORZ DQG KLJK FROOHFWRU FXUUHQW� :H FDQ VHH WKDW DW ORZ

FROOHFWRU FXUUHQW GHQVLW\ FDVH� WKH GLVWULEXWLRQ RI WKH HOHFWULF nHOG LQ WKH

GHSOHWLRQ OD\HU RI WKH FROOHFWRU LV PDLQO\ GHWHUPLQHG E\ WKH SURnOHV RI WKH

LPSXULWLHV DQG DSSOLHG YROWDJH� WKH HOHFWULF nHOG LV PD[LPXP RQ WKH EDVH

VLGH RI WKH GHSOHWLRQ OD\HU� WKH HOHFWURQ YHORFLW\ RYHUVKRRWV LWV VWHDG\�VWDWH

YDOXH XQWLO LQWHUYDOOH\ VFDWWHULQJ RFFXUV� ,Q WKLV FDVH WKH HOHFWURQ YHORF�

LW\ RYHUVKRRW HmHFW H[LWV RQO\ RYHU D QDUURZ UHJLRQ QHDU WKH EDVH FROOHFWRU

LQWHUIDFH� 2Q WKH RWKHU KDQG� LQFUHDVLQJ WKH FROOHFWRU FXUUHQW GHQVLW\ UH�

GXFHV WKH HOHFWULF nHOG RQ WKH EDVH VLGH RI WKH GHSOHWLRQ UHJLRQ DQG LQFUHDVHV

WKH ZLGWK RI WKH RYHUVKRRW UHJLRQ� 7KLV LV DFFRPSDQLHG E\ DQ LQFUHDVH RI

WKH HmHFWLYH HOHFWURQ YHORFLW\ LQ WKH FROOHFWRU GHSOHWLRQ OD\HU� OHDGLQJ WR D

UHGXFWLRQ RI WKH FROOHFWRU WUDQVLW WLPH�

)LJXUH ���� (OHFWULF nHOG SURnOHV LQ WKH FROOHFWRU VSDFH FKDUJH UHJLRQ IRU ORZ

DQG KLJK FROOHFWRU FXUUHQW�

&DVH �� ,QFUHDVLQJ WKH DSSOLHG EDVH�FROOHFWRU YROWDJH 9
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OHDGV WR LQ�

FUHDVH RI WKH FROOHFWRU WUDQVLW WLPH� UHVXOWLQJ IURP WKH LQFUHDVHG HOHFWURQ

WUDQVLWLRQ IURP WKH b�YDOOH\ WR XSSHU /� ;�YDOOH\V ^ WKDW LV� GXH WR WKH

UHVXOWDQW GHFUHDVH LQ RYHUVKRRW HmHFW UHJLRQ XQGHU WKH KLJK FROOHFWRU EDVH
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:H FDQ JHW VRPH LQWHUHVWLQJ REVHUYDWLRQV E\ LQYHVWLJDWLQJ nJXUH ��� LQ
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KLJK nHOG LQ ,Q����*D����$V KDV D QHJDWLYH GLmHUHQWLDO PRELOLW\� 7KH UHFLS�
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SDULQJ (T�� ����� WR WKH SRO\QRPLDO REWDLQHG E\ nJXUH ���� ZH nQG WKDW ��
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VHF�9� ,W VKRXOG EH QRWHG WKDW ZKLOH WKH SDUDEROLF GDWD RI

nJXUH ��� KDV WZR IUHH SDUDPHWHUV� &DPQLW]
V WKHRU\ �HT� ����� SURYLGHV D

VLQJOH GHJUHH RI IUHHGRP���� 7KH FRUUHODWLRQ RI WKHRU\ YV� H[SHULPHQW LV

WKHUHIRUH VWURQJ�

7R VXPPDUL]H� WKH EDVH�FROOHFWRU FDSDFLWDQFH LV YHU\ LPSRUWDQW LQ GHWHU�

PLQLQJ WKH WUDQVLVWRU
V RXWSXW LPSHGDQFH� UHYHUVH LVRODWLRQ FKDUDFWHULVWLFV

DQG WKH SRZHU JDLQ FXWRm IUHTXHQF\ I
PD[
� %HFDXVH RI WKH PRGXODWLRQ RI WKH

HOHFWURQ�VSDFH�FKDUJH YHORFLW\ E\ WKH EDVH�FROOHFWRU YROWDJH DW KLJK FXUUHQW

GHQVLW\� WKH LQWULQVLF FROOHFWRU�EDVH FDSDFLWDQFH FDQ EH FRQVLGHUDEO\ ORZHU

WKDQ WKH GLHOHFWULF FDSDFLWDQFH YDOXH� 7KLV FDSDFLWDQFH FDQFHODWLRQ HmHFW

FRXOG JUHDWO\ LQFUHDVH WKH RYHUDOO SHUIRUPDQFH RI +%7V� EXW LQ WKH QRUPDO�

PHVD +%7 GHVLJQV� WKH ODUJH YDOXH RI H[WULQVLF FROOHFWRU�EDVH FDSDFLWDQFH

ZRXOG ZLWKKROG WKH SRWHQWLDO LPSURYHPHQWV� ,Q WUDQVIHUUHG�VXEVWUDWH +%7
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WHFKQRORJ\� ZKLFK DOORZ XV WR OLWKRJUDSKLFDOO\ GHnQH ERWK QDUURZ HPLWWHU

DQG FROOHFWRU VWULSHV DOLJQHG WR HDFK RWKHU RQ WKH RSSRVLWH VLGHV RI WKH

EDVH HSLWD[LDO OD\HU� WKLV ZLOO VXEVWDQWLDOO\ UHGXFH RU HOLPLQDWH WKH H[WULQVLF

FROOHFWRU�EDVH FDSDFLWDQFH� WKHUHIRUH� WKH IXOO EHQHnW RI WKH FROOHFWRU FDSDF�

LWDQFH FDQFHODWLRQ HmHFW FDQ EH DFKLHYHG�
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&KDSWHU �

*URZWK DQG )DEULFDWLRQ

7KLV FKDSWHU ZLOO GHVFULEH LQ GHWDLO WKH LPSRUWDQW VWDJHV RI GHYHORSPHQW RI

WKH VXEPLFURQ WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\ LQ WKH ,Q$O$V�,Q*D$V

PDWHULDO V\VWHP� 7KH IDEULFDWLRQ RI GHHS VXEPLFURQ WUDQVIHUUHG�VXEVWUDWH

+%7V DQG LQWHJUDWH FLUFXLW ZDV FKDOOHQJLQJ� ([WHQVLYH H[SHULPHQWV DQG

PXOWLSOH ZDIHU UXQV ZHUH GRQH LQ GHYHORSLQJ WKH IDEULFDWLRQ SURFHVV� 7KH

UHVXOWV IURP HYHU\ SURFHVV GHYHORSPHQW H[SHULPHQW DUH QRW SUHVHQWHG KHUH

LQ GHWDLO� WKH nQDO SURFHVV LV SUHVHQWHG EULHo\� 7KH GHWDLO SURFHVV oRZ LV

LQFOXGHG LQ WKH DSSHQGL[�

��� *URZWK

)LJXUH ��� VKRZV WKH HSLWD[LDO OD\HU VWUXFWXUH IRU D W\SLFDO WUDQVIHUUHG�

VXEVWUDWH +%7>��@� 7KH ,Q*D$V�,Q$O$V PDWHULDO ZDV FKRVHQ� ,Q3�EDVHG

+%7V KDYH VHYHUDO DGYDQWDJHV RYHU WKH *D$V�EDVHG +%7V LQFOXGLQJ KLJKHU

HOHFWURQ PRELOLW\� KLJKHU SHDN HOHFWURQ YHORFLWLHV DQG VDWXUDWHG HOHFWURQ

YHORFLWLHV� WKUHH RUGHUV RI PDJQLWXGH ORZHU VXUIDFH UHFRPELQDWLRQ YHORFLW\�

ODUJHU WKHUPDO FRQGXFWLYLW\ DQG ORZHU EDVH�HPLWWHU WXUQ�RQ YROWDJH� &RP�

ELQHG ZLWK WKH VFDODELOLW\ RI WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� WKH

,Q*D$V�,Q$O$V +%7 LV LGHDO IRU YHU\ KLJK VSHHG DQG ORZ�SRZHU FLUFXLW

DSSOLFDWLRQV� 7KH +%7 HSLWD[LDO OD\HU VWUXFWXUH �nJXUH ���� LV JURZQ E\

PROHFXODU EHDP HSLWD[\� ODWWLFH PDWFKHG WR D )H�GRSHG VHPL�LQVXODWLQJ ,Q3

VXEVWUDWH �E\ '� 0HQVD��

7KH ,Q*D$V EDVH XVHG LQ WKLV ZRUN LV �������

y

$ WKLFN� DQG LV %H�GRSHG

DW � [ ��

��
�FP

�
� 7R UHGXFH WKH EDVH WUDQVLW WLPH� WKH EDVH KDV N7��N7

��
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)LJXUH ���� �D� 0%( OD\HU VWUXFWXUH DQG �E� %DQG GLDJUDP XQGHU IRUZDUG

ELDV�

��



EDQGJDS JUDGLQJ� %\ LQFUHDVLQJ WKH *D FHOO WHPSHUDWXUH SURJUHVVLYHO\ GXU�

LQJ JURZWK RI WKH EDVH OD\HU� WKH *D�,Q UDWLR LV JUDGXDOO\ LQFUHDVHG� LQWUR�

GXFLQJ ����� PH9 EDQGJDS JUDGLHQW DFURVV WKH EDVH� 0RUH EDQGJDS JUDGLQJ

ZRXOG LPSURYH WKH EDVH WUDQVLW WLPH� EXW WRR PXFK JUDGLQJ FDQ FDXVH H[�

FHVVLYH VWUDLQ DQG JURZWK GHIHFWV LQ WKH VHPLFRQGXFWRU OD\HUV GXH WR ODWWLFH

PLVPDWFK� $OVR� RQ ,Q*D$V OD\HU ZLWK WRR KLJK D *D FRQWHQW PD\ DFW PRUH

OLNH *D$V ZLWK LWV KLJKHU VXUIDFH UHFRPELQDWLRQ YHORFLW\� GHJUDGLQJ WKH FXU�

UHQW JDLQ RI WKH GHHS VXEPLFURQ GHYLFH� $ WKLQ EDVH DOVR LPSURYHV WKH EDVH

WUDQVLW WLPH� EXW DW WKH FRVW RI LQFUHDVHG EDVH VKHHW UHVLVWDQFH� $OVR D ORZ

DQG XQLIRUP EDVH UHVLVWDQFH QHFHVVLWDWHV D PRUH SUHFLVH DQG XQLIRUP HPLW�

WHU�EDVH HWFK� 9HU\ WKLQ EDVH OD\HUV PD\ EH FRPSOHWHO\ UHPRYHG GXULQJ WKH

HPLWWHU�EDVH HWFK� )XUWKHU� RXW�GLmXVLRQ RI WKH %H GRSDQW IURP WKH KHDYLO\

GRSHG EDVH OD\HU� UHVXOWV LQ D ORZHU ERXQG RQ WKH EDVH WKLFNQHVV� )RU WKHVH

UHDVRQV� WKLFNQHVV EHORZ ���

y

$ ZHUH QRW DWWHPSWHG�

7KH ,Q*D$V HPLWWHU FRQWDFW FDS LV 1

�
GRSHG ZLWK 6L DW � [ ��

��
�FP

�
�

DQG LV ����

y

$ WKLFN� 7KH ,Q$O$V HPLWWHU LV ����

y

$ WKLFN� 7KH nUVW ���

y

$ LV GRSHG ZLWK 6L DW � [ ��

��
�FP

�
DQG WKH UHPDLQGHU LV 6L�GRSHG DW � [

��

��
�FP

�
� 7KH ,Q$O$V HPLWWHU LV JUDGHG LQ ���

y

$ WR WKH ,Q*D$V EDVH� DQG

LQ ��

y

$ WR WKH ,Q*D$V HPLWWHU FDS�

7KH ,Q*D$V FROOHFWRU LV ����

y

$ WKLFN� DQG LV 6L�GRSHG DW � [ ��

��
�FP

�
�

$ FROOHFWRU 1

�
SXOVH�GRSHG OD\HU LV SODFHG ���

y

$ IURP WKH EDVH WR GHOD\ WKH

RQVHW RI WKH EDVH SXVK�RXW >��@ DW KLJKHU FROOHFWRU FXUUHQW GHQVLWLHV� 'HYLFHV

IRU WKLV ZRUN XVH 6FKRWWN\ FROOHFWRU FRQWDFWV� 7KH 6FKRWWN\�FROOHFWRU GHYLFH

KDV D ]HUR FROOHFWRU VHULHV UHVLVWDQFH� 7KH ��� 9 EDUULHU SUHVHQW LQ WKH

6FKRWWN\�FROOHFWRU GHYLFH LQFUHDVHV WKH 9

FH
UHTXLUHG WR VXSSUHVV EDVH SXVK�

RXW DW KLJK FROOHFWRU FXUUHQW GHQVLWLHV� 7KH 6FKRWWN\�FROOHFWRU GHYLFHV DUH

XVHG IRU WKH HPLWWHU�FRXSOHG�ORJLF �(&/�� ZKHUH WKH RSHUDWLQJ 9

FH
LV KLJK�

7KLQQHU FROOHFWRUV ZLOO LPSURYH WKH FROOHFWRU WUDQVLW WLPH DQG WKH .LUN HmHFW

WKUHVKROG� %XW WKLQ FROOHFWRUV LQFUHDVH WKH EDVH�FROOHFWRU FDSDFLWDQFH� KHQFH

GHJUDGH I

PD[
� %UHDNGRZQ YROWDJH LV ZRUVH LQ WKLQ FROOHFWRUV EHFDXVH RI WKH

LQFUHDVHG HOHFWULF nHOG�

7KH EDQG GLDJUDP DVVRFLDWHG ZLWK WKH OD\HU VWUXFWXUH RI nJXUH ���D

XQGHU IRUZDUG ELDV LV VKRZQ LQ nJXUH ���E� 7KH ELDVLQJ FRQGLWLRQV DUH�

HPLWWHU�EDVH YROWDJH 9

EH
 ��� 9� HPLWWHU�FROOHFWRU YROWDJH 9

FH
 ��� 9�

DQG DQ HPLWWHU FXUUHQW GHQVLW\ RI � [ ��

�
$�FP

�
� &ROOHFWRU FXUUHQW GHQVLW\

LV DVVXPHG WR EH WKH VDPH DV WKH HPLWWHU FXUUHQW GHQVLW\� ZKLFK LV WKH FDVH

IRU WKH QDUURZ FROOHFWRU GHYLFH� 7KH SXOVH�GRSHG OD\HU FDXVHV VLJQLnFDQWO\

��



EDQG�EHQGLQJ LQ WKH FROOHFWRU� DV VKRZQ LQ WKH EDQG GLDJUDP� UHVXOWLQJ LQ

LQFUHDVHG FXUUHQW GHQVLW\ DW WKH RQVHW RI WKH .LUN HmHFW�

��� )DEULFDWLRQ

7KH WUDQVIHUUHG�VXEVWUDWH +%7 IDEULFDWLRQ SURFHVV DUH VKRZQ LQ nJXUHV ����

DQG ��� VHTXHQWLDOO\� )LUVW� WKH 7L�3W�$X�6L �z� xP� HPLWWHU FRQWDFWV DUH

GHnQHG E\ HOHFWURQ�EHDP RU RSWLFDO SURMHFWLRQ OLWKRJUDSK\ DW VXEPLFURQ

OLQHZLGWKV� 7KH HPLWWHU PHVD IRUPDWLRQ LV GRQH E\ UHDFWLYH LRQ HWFKLQJ

ZLWK VXEVHTXHQW VHOHFWLYH �DFHWLF�+%U�+&O� DQG QRQVHOHFWLYH FLWULF EDVHG

ZHW HWFKHV� z ���� y$ VHOI�DOLJQHG 7L�3W�$X EDVH PHWDO LV WKHQ GHSRVLWHG

DQG VLQWHUHG DW ���

p

& IRU D PLQXWH� $FWLYH EDVH PHVD IRUPDWLRQ LV GRQH E\ D

&O��$U 5,( GU\ HWFK ZLWK SKRWRUHVLVW PDVN� 1H[W� WKH GHYLFH LV SDVVLYDWHG

DQG SODQDUL]HG ZLWK SRO\LPLGH LQ DQ 2� 5,( GU\ HWFK ZLWK SKRWRUHVLVW DV

D PDVN� $IWHU SODQDUL]DWLRQ� SRO\LPLGH LV UHoRZHG DW ���

p

& IRU �� PLQXWHV

WR URXQG LWV HGJHV IRU VXEVHTXHQW PHWDO VWHS FRYHUDJH� 7KLQ nOP 1L&U ����

y

$� LV HYDSRUDWHG WR IRUP UHVLVWRUV ZLWK �� l�( VKHHW UHVLVWLYLW\� 7KHQ

WKH nUVW OHYHO RI LQWHUFRQQHFW PHWDO 0� �z� xP� LV HYDSRUDWHG DW DQ DQJOH

ZLWK ZDIHU URWDWLRQ WR JHW HQRXJK VWHS FRYHUDJH DW WKH PHVD DQG SRO\LPLGH

HGJHV�nJXUH ���D�E��

6L1 GLHOHFWULF LV WKHQ GHSRVLWHG RYHU WKH HQWLUH ZDIHU E\ WKH 3(&9' DW

���

p

& WR IRUP DQ LQVXODWLQJ OD\HU DQG WKH GLHOHFWULF IRU WKH 0,0 FDSDFLWRUV�

7KH 6L1 LV SDWWHUQHG E\ WKH 6)��2��$U GU\ 5,( HWFK ZLWK SKRWRUHVLVW PDVN�

7KHQ WKH VHFRQG OHYHO RI WKH LQWHUFRQQHFWLRQ PHWDO 0� LV HYDSRUDWHG DW WKH

VDPH PDQQHU DV WKH 0�� $W WKLV SRLQW� DOO SDVVLYH HOHPHQWV OLNH UHVLVWRUV

DQG FDSDFLWRUV DUH IRUPHG�

7KH VXEVWUDWH WUDQVIHU SURFHVV VWDUWV ZLWK z� xP %HQ]RF\FOREXWHQH

�%&%� q
U
 ���� GHSRVLWLRQ� 7KHUPDO YLDV RQ WKH HPLWWHUV DQG UHVLVWRUV

DQG JURXQG YLDV DUH GRQH E\ 6)��2� GU\ 5,( HWFK XVLQJ ���
y

$ 1L DV WKH

HWFKLQJ PDVN� 7KHQ WKH YLDV DUH nOOHG ZLWK WKLFN $X E\ HOHWURSODWLQJ� 7KLV

HOHFWURSODWHG $X DOVR IRUPV JURXQG SODQHV �nJXUH ���F�� 1H[W� WKH ZDIHU

LV ERQGHG WR D *D$V WUDQVIHU�VXEVWUDWH XVLQJ ,QGLXP VROGHU� DQG WKH ,Q3

KRVW VXEVWUDWH LV UHPRYHG LQ +&O� z ����
y

$ 7L�3W�$X 6FKRWWN\ FROOHFWRU

PHWDO LV WKHQ GHSRVLWHG� 7KLV PHWDO FRXOG EH XVHG DV WKH WKLUG OHYHO RI

LQWHUFRQQHFW PHWDO� 0�� $Q LVRWURSLF FROOHFWRU UHFHVV HWFK WR ���� xP GHSWK

IRUPV FROOHFWRU�EDVH MXQFWLRQV ZLWK D WDSHUHG SURnOH� UHGXFLQJ FROOHFWRU�EDVH

MXQFWLRQ FDSDFLWDQFH &

FE
ZKLOH PDLQWDLQLQJ ODWLWXGH IRU HPLWWHU�FROOHFWRU

��



)LJXUH ���� )DEULFDWLRQ SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V�

��



)LJXUH ���� )DEULFDWLRQ SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V�

PLVDOLJQPHQW� 7KLV FRPSOHWHV WKH IDEULFDWLRQ SURFHVV �nJXUH �����

7KH IROORZLQJ VXEVHFWLRQV FRQWDLQ D GHWDLO GHVFULSWLRQ RI VWHSV IRU WKH

GHHS VXEPLFURQ GHYLFH IDEULFDWLRQ ZKLFK GLmHU IURP WKH VWDQGDUG WUDQVIHUUHG�

VXEVWUDWH +%7 SURFHVV>��@� >��@� 7KLV LQFOXGHV WKH SUREOHPV HQFRXQWHUHG LQ

SURFHVV GHYHORSPHQW DQG WKHLU VROXWLRQV�

��� (PLWWHU 'HnQLWLRQ

7KH HPLWWHU FRQWDFW VWUXFWXUH UHTXLUHV D ODUJH �KHLJKW�ZLGWK� DVSHFW UDWLR

VR WKDW LW FDQ EH SODQDUL]HG DQG LQWHUFRQQHFWV WR WKH HPLWWHU IDEULFDWHG� $

ODUJH DVSHFW UDWLR UHTXLUHV D WDOO PHWDO VWUXFWXUH DQG KHQFH� D WDOO SKRWRUHVLVW

SURnOH� (PLWWHUV ZHUH IDEULFDWHG ERWK XVLQJ H�EHDP DQG RSWLFDO SURMHFWLRQ

OLWKRJUDSK\�

7KH HOHFWURQ�EHDP OLWKRJUDSK\ SURFHVV GHYHORSPHQW ZDV GRQH DW -3/ RQ

D -(2/ -%; �',, H�EHDP OLWKRJUDSK\ V\VWHP� 7KH SURFHVV XVHV D ELOD\HU

UHVLVW FRQVLVWLQJ RI 300$���. �z ����

y

$� DQG 300$��� �z ����

y

$��

$IWHU H[SRVXUH� WKH VDPSOH LV GLSSHG LQ RQH WR WKUHH PL[WXUH RI 0,%. DQG

��



,3$ IRU �� V� IROORZHG E\ RQH WR RQH PL[WXUH RI 0,%. DQG ,3$ VSUD\ IRU ��

V� 7KLV GHYHORSPHQW XQGHUFXWV WKH WRS 300$ OD\HU� 7KLV LV WKH GHVLUHG

SKRWRUHVLVW SURnOH IRU WKH PHWDO OLIWRm� $ ��� xP ZLGH� ��� xP WDOO HPLWWHU

6(0 LV VKRZQ LQ nJXUH ���D�

7KH 8&6% RSWLFDO SURMHFWLRQ OLWKRJUDSK\ WRRO LV DOVR FDSDEOH RI GHnQLQJ

VXEPLFURQ ���� xP� GLPHQVLRQ� $ ELOD\HU SKRWRUHVLVW SURFHVV LV GHYHORSHG

�nJXUH ����� 7KH ERWWRP z ����
y

$ 635���� SKRWRUHVLVW LV L�OLQH VHQVLWLYH

DQG KDV YHU\ nQH UHVROXWLRQ� EXW LW JLYHV D SHUIHFWO\ YHUWLFDO VLGH�ZDOO� ZKLFK

LV QRW GHVLUHG IRU WKH HPLWWHU PHWDO OLIW�Rm� $ ����

y

$ FRQWUDVW HQKDQFHPHQW

PDWHULDO �&(0� LV VSXQ RQ WRS RI WKH 635���� UHVLVW� $IWHU H[SRVXUH� D SRVW

H[SRVXUH EDNH ZLOO KDUGHQ WKH LQWHUIDFH EHWZHHQ WKH QRQH[SRVHG &(0 DQG

635���� UHVLVW �nJXUH ���D�� WKHQ WKH ZDWHU VROXEOH &(0 LV UHPRYHG E\ ',

ZDWHU ULQVH� $IWHU GHYHORSPHQW� WKH RYHUKDQJLQJ SURnOH RI WKH SKRWRUHVLVW

ZKLFK LV GHVLUHG IRU WKH PHWDO OLIWRm LV WKXV REWDLQHG �nJXUH ���E�� :LWK

WKLV SURFHVV� PLQLPXP IHDWXUH VL]H RI ��� xP ZLGH � xP WDOO HPLWWHU OLQHV

�nJXUH ���E�LV REWDLQHG� ZKLFK LV EH\RQG WKH OLWKRJUDSK\ WRRO VSHFLnFDWLRQ

���� xP�� 7KH WRS RSHQLQJ RI WKH 635���� UHVLVW LV QRW RQO\ DmHFWHG E\ WKH

H[SRVXUH WLPH� EXW LV DOVR VHQVLWLYH WR WKH SRVW H[SRVXUH EDNH WLPH DQG KRW

SODWH WHPSHUDWXUH� ��� xP OLQHV FDQ EH REWDLQHG FRQVLVWHQWO\ IURP UXQ WR

UXQ�

��� (PLWWHU %DVH (WFK

7R REWDLQ KLJK EDQGZLGWK ZLWK WUDQVIHUUHG�VXEVWUDWH +%7V� HPLWWHU GLPHQ�

VLRQV PXVW EH VFDOHG� 7R IDEULFDWH z ��� xP GHYLFH DQG WR DFKLHYH UHDVRQ�

DEOH VFDOH RI LQWHJUDWLRQ RI LQWHJUDWHG FLUFXLWV LW LV QHFHVVDU\ WR GHYHORS D

GLPHQVLRQDOO\ ZHOO�FRQWUROOHG� KLJK \LHOG� GU\ HWFK� VHOI�DOLJQHG SURFHVVLQJ

WHFKQRORJ\ LQVWHDG RI WKH ORZ�UHVROXWLRQ ZHW�HWFKLQJ WHFKQLTXHV�

0XFK RI WKH ,,,�9 +%7 LQGXVWU\ VWLOO XVHV ZHW�HWFKLQJ WHFKQLTXHV WR IRUP

WKH HPLWWHU�EDVH MXQFWLRQ� 7KHUH DUH WZR SUREOHPV� )LUVW� WKH HWFK PD\ QRW

VWRS H[DFWO\ RQ WKH EDVH� FRQVHTXHQWO\� WKH RYHU HWFKHG EDVH ZLOO LQFUHDVH WKH

EDVH VKHHW UHVLVWDQFH� KHQFH� LQFUHDVH U

EE
� 6HFRQG� VLQFH ZHW HWFKLQJ WHQGV

WR EH LVRWURSLF� WKH ODUJH HWFK XQGHUFXWWLQJ RI WKH PDVN PDNHV LW XQVXLWDEOH

IRU GHHS VXEPLFURQ HPLWWHU�EDVH MXQFWLRQ IRUPDWLRQ� 9DULDELOLW\ LQ WKH HWFK

PDNHV LW XQVXLWDEOH IRU WKH LQWHJUDWHG FLUFXLW SURFHVV�

'U\ HWFKLQJ KDV PRUH DQLVRWURSLF SDWWHUQ WUDQVIHU DQG EHWWHU GLPHQ�

VLRQDO FRQWURO� $ FRPELQHG RI GU\ DQG ZHW HWFK HPLWWHU PHVD SURFHVV LV

��



�D�

�E�

)LJXUH ���� �D� ��� xP HPLWWHU FRQWDFW GHnQHG E\ HOHFWURQ�EHDP OLWKRJUD�

SK\� DQG �E� ��� xP HPLWWHU FRQWDFW GHnQHG E\ RSWLFDO SURMHFWLRQ OLWKRJUD�

SK\�

��



�D�

�E�

)LJXUH ���� �D� 2SWLFDO SURMHFWLRQ OLIW�Rm SURFHVV� DQG �E� 6(0 RI WKH OLIW�Rm

SKRWRUHVLVW SURnOH�

��



)LJXUH ���� (PLWWHU PHVD SURFHVV IRU WKH WUDQVIHUUHG�VXEVWUDWH +%7V�

��



GHYHORSHG �nJXUH ����� � xP WKLFN 7L�3W�$X�6L LV OLIWHG Rm GXULQJ WKH GHI�

LQLWLRQ RI WKH HPLWWHU FRQWDFW� ���

y

$ 6L LV XVHG DV PDVNLQJ PDWHULDO GXH

WR LWV JRRG HGJH UHVROXWLRQ DQG KLJK GXUDELOLW\ WKURXJK WKH GU\ HWFK SUR�

FHVV >��@� 7KH 6L SURWHFWV WKH HPLWWHU FRQWDFW PHWDO IURP VSXWWHULQJ GXULQJ

WKH KLJK VHOI�ELDV GU\ HWFKLQJ RI WKH HPLWWHU� $ FRPELQDWLRQ RI &+��+��$U

JDVVHV LV XVHG WR GU\ HWFK WKURXJK WKH ����

y

$ ,Q*D$V FDS OD\HU DQG SDUWLDOO\

WKURXJK WKH ,Q$O$V HPLWWHU� ,Q VLWX HQGSRLQW GHWHUPLQDWLRQ LV QHFHVVDU\ IRU

HWFK GHSWK FRQWURO� /DVHU UHoHFWRPHWU\ LV XVHG KHUH IRU PRQLWRULQJ SURJUHVV

WKURXJKRXW WKH HWFK� 7KH UHoHFWHG OLJKW LQWHQVLW\ SURnOH LV DQ XQLTXH VLJ�

QDWXUH GHSHQGHQW RQ WKH OD\HU VWUXFWXUH RI WKH HWFKLQJ PDWHULDO>��@� 7KH

GU\ HWFKLQJ HQG�SRLQW LV UHSURGXFLEOH IURP UXQ WR UXQ GXH WR WKLV WHFKQLTXH�

$IWHU WKH GU\ HWFKLQJ� WKH UHPDLQLQJ 6L RQ WKH HPLWWHU FRQWDFW LV UHPRYHG

E\ &)� SODVPD�

7KH ,Q$O$V HPLWWHU LV WKHQ HWFKHG WKURXJK E\ D ZHW FKHPLFDO HWFK

�DFHWLF�+%U�+&O� ZLWK D ODUJH VHOHFWLYLW\ ZLWK UHVSHFW WR WKH S

�
,Q*D$V

EDVH� $ VOLJKW XQGHUFXW RI ,Q$O$V HPLWWHU� XQGHU WKH ,Q*D$V FDS LV RE�

WDLQHG WR DOORZ IRU WKH EUHDN LQ WKH VHOI DOLJQHG EDVH PHWDO OLIW�Rm� 7KH

HWFK LV WLPHG GHSHQGLQJ XSRQ WKH DPRXQW RI WKH XQGHUFXW GHVLUHG� 'HHS

XQGHUFXWV LQFUHDVH WKH HPLWWHU�EDVH JDS UHVLVWDQFH� GHFUHDVLQJ I

PD[
� DQG DUH

XQGHVLUDEOH� 7KH XQGHUFXW IRU WKH ! � xP GHYLFH GLPHQVLRQ LV OHVV WKDQ ���

xP� DV VKRZQ LQ 6(0PLFURJUDSK LQ nJXUH ���� 6LQFH WKLV HWFK LV VHOHFWLYH RQ

WKH EDVLV RI $O YHUVXV *D FRQWHQW RI WKH PDWHULDO� LW VWRSV DEUXSWO\ DW VRPH

SRLQW LQ WKH JUDGHG HPLWWHU�EDVH MXQFWLRQ ZKHUH WKH *D FRQWHQW EHFRPHV

VXpFLHQWO\ KLJK� %HFDXVH WKH z ����
y

$ ,Q$O$V HPLWWHU LV SDUWLDOO\ HWFKHG

GXULQJ WKH 5,( HWFK� WKH YHUWLFDO GLVWDQFH HWFKHG E\ WKH VHOHFWLYH ZHW HWFK

LV OHVV WKDQ WKH GHVLUHG ODWHUDO XQGHUFXW� WKH RYHU�HWFKLQJ WKHUHIRUH RFFXUV

LQ WKH YHUWLFDO GLUHFWLRQ� 7KLV RYHU�HWFKLQJ ZLOO UHPRYH WKH QRQXQLIRUPLW\

FDXVHG E\ WKH HGJH RI WKH ZDIHU HWFKLQJ IDVWHU WKDQ WKH FHQWHU GXULQJ WKH

GU\ HWFK� $Q XQLIRUP VXUIDFH YHU\ FORVH WR WKH S

�
,Q*D$V EDVH LV WKXV

H[SRVHG� 1H[W� D VKRUW� WLPHG� VORZ HWFKLQJ UDWH DQG QRQ VHOHFWLYH FLWULF

EDVHG ZHW HWFK LV SHUIRUPHG WR UHDFK WKH EDVH�

7KH ZHW FKHPLFDO HWFKLQJ LQYROYHV R[LGDWLRQ RU UHGXFWLRQ RI WKH VHPL�

FRQGXFWRU VXUIDFH DQG UHPRYDO RI D VROXEOH UHDFWLRQ SURGXFW� 7KH HWFKLQJ

UDWH PD\ WKHUHIRUH EH OLPLWHG E\ WKH GLmXVLRQ RI WKH DFWLYH HWFKDQW HOHPHQWV

WR WKH VXUIDFH RU E\ WKH GLmXVLQJ DZD\ RI WKH VROXEOH SURGXFW� 7KH HWFK UDWH

RI WKH GLmXVLRQ�FRQWUROOHG HWFKHV LV VHQVLWLYH WR WKH DJLWDWLRQ RI WKH ZDIHU RU

HWFKLQJ VROXWLRQ� EXW LQVHQVLWLYH WR WKH HWFKLQJ VROXWLRQ WHPSHUDWXUH� 7KH

��
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)LJXUH ���� (PLWWHU PHVD SURnOH RI �D� HPLWWHU VWULSH SHUSHQGLFXODU WR PDMRU

oDW� DQG �E� HPLWWHU VWULSH SDUDOOHO WR WKH PDMRU oDW�

��



RWKHU W\SH RI HWFK LV WKH UHDFWLRQ�OLPLWHG HWFK LQ ZKLFK WKH FKHPLFDO UHDFWLRQ

DW WKH VHPLFRQGXFWRU VXUIDFH LV WKH UDWH�OLPLWLQJ VWHS� )RU ,,,�9 PDWHULDO

V\VWHPV WKDW FRQVLVW RI DW OHDVW WZR GLmHUHQW VXEODWWLFHV� WKH UHDFWLRQ�OLPLWHG

HWFK XVXDOO\ HWFKHV WKH GLmHUHQW RULHQWDWLRQV DW GLmHUHQW HWFKLQJ UDWHV� KHQFH

WKH HWFK LV DQLVRWURSLF �nJXUH ����� $V VKRZQ LQ nJXUH ���� WKH HWFK UDWH

LV KLJKHU IRU WKH ��

x

��� FU\VWDO GLUHFWLRQV WKDQ IRU ��

x

�

x

�� GLUHFWLRQ� %HFDXVH

RI WKLV� WKH HPLWWHU LV ZULWWHQ SHUSHQGLFXODU WR WKH PDMRU oDW RI WKH ZDIHU�

ZKLFK DYRLGV WKH ODFN RI XQGHUFXW LQ WKH ��

x

�

x

�� GLUHFWLRQ� 7KLV PDNHV WKH

VHOI�DOLJQHG VWUXFWXUH SRVVLEOH ZLWK PLQLPXP RYHU HWFKLQJ� )RU GHHS VXEPL�

FURQ VPDOO�DVSHFW UDWLR �RU VTXDUH� HPLWWHUV� WKH KH[DJRQDO HPLWWHU VKDSH LV

SUHIHUHG IRU HDVH RI PHWDO OLIWRm >��@� 5HDFWLRQ�OLPLWHG HWFKHV DUH JHQHUDOO\

LQVHQVLWLYH WR DJLWDWLRQ� EXW DUH KLJKO\ VHQVLWLYH WR WKH VROXWLRQ WHPSHUD�

WXUH� )LJXUH ��� VKRZV WKH VHOHFWLYH ZHW HWFKLQJ UDWH YHUVXV WHPSHUDWXUH RI

WKH VROXWLRQ� 'HSHQGLQJ RQ WKH DSSOLFDWLRQV� WKH VROXWLRQ PD\ HLWKHU KHDWHG

RU FRROHG WR REWDLQ FRQWUROOHG HWFK UDWHV� )RU GHHS VXEPLFURQ HPLWWHUV� WKH

VROXWLRQ LV FRROHG WR ��

p

& WR REWDLQ KLJKO\ UHSURGXFLEOH � ���� xP XQGHUFXW

�nJXUH �����
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)LJXUH ���� (WFK UDWH RI WKH VHOHFWLYH ZHW HWFK YHUVXV WHPSHUDWXUH�

,Q VXPPDU\� WKH FRPELQHG UHDFWLYH�LRQ DQG ZHW FKHPLFDO HWFKHV XVHG

WR IRUP WKH HPLWWHU PHVD KDV VHYHUDO DGYDQWDJHV RYHU FRPSOHWH ZHW HWFK

SURFHVV� 7KH GU\ HWFK SURYLGHV D YHUWLFDO VLGH�ZDOO� DQG WKH IROORZ�XS ZHW�

HWFKHV UHPRYH GDPDJH DQG QRQXQLIRUPLW\ LQ WKH VHPLFRQGXFWRU OHIW IURP WKH

��



GU\ HWFK SURFHVV� 7KH VHOHFWLYH ZHW HWFK VWRSV DFFXUDWHO\ FORVH WR WKH WKLQ

,Q*D$V EDVH� ZKLFK KHOSV DYRLG RYHU�HWFKLQJ LQWR WKH EDVH� $ FRQWUROOHG

XQGHUFXW RI WKH HPLWWHU PHVD LV SRVVLEOH� )LJXUH ��� VKRZV WKH 6(0 RI D

��� xP HPLWWHU�EDVH MXQFWLRQ�

)LJXUH ���� 6(0 RI ��� xP HPLWWHU�EDVH MXQFWLRQ�

:H KDYH REVHUYHG WKDW GHHS VXEPLFURQ HPLWWHUV RIWHQ KDYH DQRPDORXVO\

KLJK HPLWWHU UHVLVWDQFH� 7KH +&O LQ WKH VHOHFWLYH ZHW HWFKDQW LV VXVSHFWHG WR

DWWDFN WKH HPLWWHU FRQWDFW PHWDO 7L OD\HU� WKHUHIRUH LQFUHDVLQJ WKH H[WULQVLF

HPLWWHU UHVLVWDQFH U

H[
� $V WKH HPLWWHU LV VFDOHG WR GHHS VXEPLFURQ GLPHQ�

VLRQ� WKLV SUREOHP ZLOO EH ZRUVH� +HUH� D QHZ HPLWWHU�PHVD HWFK SURFHVV LV

SURSRVHG �nJXUH ����� � LQ ZKLFK WKH HPLWWHU FRQWDFW PHWDO LV SURWHFWHG E\ D

6L1 VSDFHU� $IWHU WKH GU\ HWFK RI WKH HPLWWHU E\ WKH VDPH ZD\ DV GHVFULEHG

DERYH� D WKLQ OD\HU RI 6L�1� LV GHSRVLWHG RQ WKH ZKROH ZDIHU� 7KHQ� D ORZ

SUHVVXUH DQG KLJK ELDV YROWDJH GU\ HWFK FDQ HWFK EDFN WR OHDYH D XQLIRUP

VLGHZDOO RI 6L1� 7KHQ D OLJKW VHOHFWLYH ZHW HWFK LV SHUIRUPHG IRU WKH VDPH

SXUSRVH DV GLVFXVVHG LQ WKH DERYH SDUDJUDSK� 7KH VHOI�DOLJQHG EDVH FRQWDFW

FDQ WKHQ EH HYDSRUDWHG� 7KLV SURFHVV PD\ DOVR SURYLGH EHWWHU GLPHQVLRQ

FRQWURO IRU WKH GHHS VXEPLFURQ HPLWWHU PHVDV�

��� %RQGLQJ

7KH ZDIHU ERQGLQJ VWHSV LQYROYHV WUDQVIHUULQJ WKH SURFHVVHG OD\HUV IURP WKH

,Q3 KRVW VXEVWUDWH WR D *D$V FDUULHU ZDIHU� &ROOHFWRU GHnQLWLRQ LV GRQH

��



)LJXUH ����� ,PSURYHG HPLWWHU PHVD HWFK IRU GHHS VXEPLFURQ GLPHQVLRQ�

��



DIWHU WKH VXEVWUDWH WUDQVIHU� 7KHUHIRUH� WKLV UHTXLUHV WKH WUDQVIHUUHG ZDIHU

EH VPRRWK� DQG XQVKUXQN� 7KH WUDQVIHUUHG ZDIHU PXVW WKH FROOHFWRU GHI�

LQLWLRQ SURFHVV� $IWHU H[SHULPHQWLQJ ZLWK D YDULHW\ RI ERQGLQJ PDWHULDOV�

D ,Q���$J���3E��� VROGHU �PHOWLQJ SRLQW z ���
p

&� ZDV FKRVHQ� 7KLV VWHS LV

SHUIRUPHG LQ D oLS�FKLS ERQGHU DW ���

p

& DQG XQGHU OHVV WKDQ ���� JP SUHV�

VXUH LQ RUGHU WR HQVXUH VROGHU WKLFNQHVV XQLIRUPLW\� 7KH *D$V FDUULHU ZDIHU

LV VSXWWHUHG ZLWK D WKLQ OD\HU RI 7L�$X WR LPSURYH WKH DGKHVLRQ DQG ZHWWD�

ELOLW\ RI WKH VROGHU� )RU WKH ZDIHUV ZKHUH WKH FROOHFWRUV DUH WR EH GHnQHG E\

WKH HEHDP OLWKRJUDSK\� D KLJKHU PHOWLQJ SRLQW �z ���
p

&� VROGHU �,Q���3E����

LV XVHG� 7KLV LV EHFDXVH WKH ZDIHU KDV WR VXUYLYH D ���

p

& UHVLVW EDNH GXULQJ

WKH FROOHFWRU GHnQLWLRQ� 6LQFH WKLV VROGHU KDV OHVV LQGLXP FRQWHQW� LWV ZHW�

WDELOLW\ LV SRRU� 8OWLPDWHO\� WKH FRSSHU VXEVWUDWH SURFHVV GHYHORSHG E\ -�

*XWKULH ZLOO VROYH WKHVH SUREOHPV�

��� &ROOHFWRU 'HnQLWLRQ

$IWHU VXEVWUDWH UHPRYDO� FROOHFWRUV DUH GHnQHG E\ H�EHDP OLWKRJUDSK\� 7KH

SURFHVV GHYHORSHG DW -3/ FUHDWHV WKH DLUEULGJHG VXEPLFURQ 6FKRWWN\�FROOHFWRU

LQ D VLQJOH OLWKRJUDSK\ DQG PHWDOL]DWLRQ VWHS� 7KH UHDVRQ IRU WKH DLUEULGJH

FROOHFWRU LV WKDW WKH EDVH PHVD LVRODWLRQ HWFK LV HWFKHG LQWR WKH ,Q$O$V

EXmHU OD\HU� KHQFH� WKHUH LV D VWHS RI z ����
y

$ EHWZHHQ WKH ,Q*D$V VHPL�

FRQGXFWRU DQG FROOHFWRU FRQWDFW SDGV� 7KH DLUEULGJH FROOHFWRU FDQ SUHYHQW

D EUHDN LQ WKH FROOHFWRU PHWDO DW WKH VWHS� DQG FDQ DOVR UHGXFH WKH H[WULQVLF

FROOHFWRU�EDVH FDSDFLWDQFH� 7KH SURFHVV XVHV D WULOD\HU UHVLVW FRQVLVWLQJ RI

300$�&2300$�300$ VLPLODU WR D VWDQGDUG 7�JDWH H�EHDP OLWKRJUD�

SK\ SURFHVV� 0XOWLSOH VFDQV DUH GRQH DW GLmHUHQW HOHFWURQ GRVHV WR H[SRVH

WKH IRRWSULQW DQG WKH VLGH�EHDPV RI WKH 7�JDWH VHSDUDWHO\� 7KH DLUEULGJHV

DUH IRUPHG E\ OLPLWLQJ WKH DUHDV ZKHUH WKH IRRWSULQW SHQHWUDWHV WKH ERWWRP

UHVLVW OD\HU� 7KH FROOHFWRU WKHQ FRQWDFWV WKH VHPLFRQGXFWRU RQO\ DW SODFHV

ZKHUH DOO WKH WKUHH OD\HUV RI UHVLVW ZHUH GHYHORSHG DZD\� WKH UHPDLQGHU RI

WKH VWUXFWXUH EHFRPLQJ DQ DLUEULGJH� )LJXUH ���� VKRZV WKH 6(0 RI WKH

FROOHFWRU nQJHU DQG WKH FROOHFWRU DLUEULGJH�

��
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)LJXUH ����� 6(0 RI �D� ��� xP FROOHFWRU VWULSH� DQG �E� DLUEULGJHG FROOHFWRU�

��



��� &ROOHFWRU $OLJQPHQW

(PLWWHU�FROOHFWRU DOLJQPHQW LV FULWLFDO� +%7V ZLWK PLVDOLJQHG FROOHFWRUV

KDYH SRRU '& DQG 5) FKDUDFWHULVWLFV� $IWHU VXEVWUDWH WUDQVIHU� D � [ �

PP

�
FHOO ZLOO VKULQN � xP LQ ERWK YHUWLFDO DQG ODWHUDO GLUHFWLRQV GXH WR

DFFXPXODWHG VWUHVV IURP WKH VWDFNHG XS OD\HUV RI %&%� HOHFWURSODWHG $X

DQG VROGHU� 7KH OLWKRJUDSK\ WRRO DOLJQPHQW WROHUDQFH LV DOVR D OLPLWLQJ

IDFWRU RI WKH DFFXUDWH HPLWWHU�FROOHFWRU DOLJQPHQW� 7KHUHIRUH� WR REWDLQ

ZRUNLQJ GHYLFHV DQG FLUFXLWV� D VWDJJHUHG DOLJQPHQW RI FROOHFWRU WR HPLWWHU

LV XVHG � FROOHFWRU DUH GHOLEHUDWHO\ DQG VXFFHVVLYHO\ PLVDOLJQHG RQ WKH PDVN

IURP WKH HPLWWHU LQ VWHSV� ZKLFK GHSHQGV RQ WKH DOLJQPHQW WROHUDQFH RI WKH

RSWLFDO OLWKRJUDSK\ WRRO XVHG� )RU WKH RSWLFDO FRQWDFW OLWKRJUDSK\� WKH VWHS

RI ��� xP DQG D PD[LPXP RI ��� xP RQ HLWKHU VLGH DUH XVHG GXH WR WKH ���

xP DOLJQPHQW WROHUDQFH� )RU WKH RSWLFDO SURMHFWLRQ OLWKRJUDSK\� D VWHS RI

��� xP DQG D PD[LPXP RI ��� xP RQ HLWKHU VLGH DUH XVHG GXH WR WKH ���

xP DOLJQPHQW WROHUDQFH� 7KLV HQVXUHV WKDW DW OHDVW RQH +%7 LQ WKH DUUD\

RI HDFK FHOO KDV HPLWWHU DQG FROOHFWRU ZHOO DOLJQHG WR HDFK RWKHU� 7KH RWKHU

UHSHWLWLRQV RI WKH VDPH GHYLFH RU FLUFXLW ZLOO EH PLVDOLJQHG DQG ZLOO WKXV

KDYH SRRU FKDUDFWHULVWLFV� $V D UHVXOW� WKH \LHOG RI WKH ZKROH ZDIHU LV QRW

YHU\ KLJK� %\ XVLQJ WKH RSWLFDO SURMHFWLRQ OLWKRJUDSK\� WKH UHDO FHOO VL]H RQ

WKH FDUULHU ZDIHU FDQ EH PHDVXUHG DQG LQSXW WR WKH FRPSXWHU VHWXS� KHQFH

WKH HmHFW RI ZDIHU VKULQNDJH RQO\ LPSDFWV RQH FHOO� 7KHUHIRUH� WKH \LHOG LV

PXFK KLJKHU IRU WKH VWHSSHU WKDQ WKH FRQWDFW OLWKRJUDSK\� )RU WKH HOHFWURQ

EHDP OLWKRJUDSK\ ���� xP DOLJQPHQW WROHUDQFH�� ORFDO DOLJQPHQW PDUNV DUH

DGGHG WR HDFK LQGLYLGXDO WUDQVLVWRU� 7KLV LPSURYHV WKH HPLWWHU�FROOHFWRU

DOLJQPHQW� EXW LV QRW VXLWDEOH IRU LQWHJUDWHG FLUFXLW DSSOLFDWLRQV�

7R REWDLQ KLJKHU VFDOHV RI LQWHJUDWLRQ� WKH HPLWWHU�FROOHFWRU DOLJQPHQW

SUREOHPV KDYH WR EH DGGUHVVHG� )LUVW� ZH VKRXOG WU\ WR UHGXFH WKH ZDIHU

VKULQNDJH� 7KLV ZDIHU VKULQNDJH LV VXVSHFWHG WR EH FDXVHG E\ WKH %&% VWUHVV

EXLOW XS GXULQJ FXULQJ� $ ORZ�VWUHVV FXULQJ SURnOH PD\ UHVXOW LQ OHVV VWUHVV�

KHQFH OHVV ZDIHU VKULQNDJH� 6HFRQGO\� D ORZ VWUHVV FRSSHU�SODWHG VXEVWUDWH

PD\ DOVR LPSURYH WKH ZDIHU VKULQNDJH� 7KLUG� GHYLFHV ZLWK VKRUW VWULSHV DUH

SUHIHUHG RYHU WKH ORQJ GHYLFHV LQ WKH OD\RXW EHFDXVH WKH HmHFW RI WKH (�&

PLVDOLJQPHQW GXH WR ZDIHU URWDWLRQ LV OHVV VHYHUH IRU WKH VKRUWHU GHYLFH DV

VKRZQ LQ nJXUH ����� 7KH LPSURYHG OLWKRJUDSK\ WRRO DOLJQPHQW WROHUDQFH

GHnQLWHO\ KHOSV�

7KH WUDQVIHUUHG�VXEVWUDWH +%7 ,& IDEULFDWLRQ SURFHVV KDV EHHQ GHYHO�

��



)LJXUH ����� &RPSDULVRQ RI WKH PLVDOLJQPHQW GXH WR ZDIHU URWDWLRQ IRU D

VKRUW DQG ORQJ GHYLFHV�

RSHG� ,Q QH[W IHZ FKDSWHUV� WKH UHVXOWV RI WKH WUDQVIHUUHG�VXEVWUDWH +%7

WHFKQRORJ\ ZLOO EH VKRZQ DQG GLVFXVVHG�

��



��



&KDSWHU �

7KURXJK�5HoHFW�/LQH RQ�ZDIHU
&DOLEUDWLRQ

��� ,QWURGXFWLRQ

,Q D PLFURZDYH ZDIHU SURELQJ V\VWHP� WKH ZDIHU SUREHV XWLOL]H RSHQ DLU

n[WXUHV ZKLFK UHVXOW LQ OHDNDJH DQG FRXSOLQJ HUURUV WKDW DUH QRW PRGHOHG

RU DFFRXQWHG IRU LQ WKH ���WHUP HUURU PRGHOV� &RQVHTXHQWO\� ZKHQ LVRODWLRQ

PHDVXUHPHQWV �6��� DUH SHUIRUPHG� HUURUV LQ 6�� DUH XQDYRLGDEOH� ,I DFFXUDWH

PLFURZDYH PHDVXUHPHQWV DUH WR EH H[SHFWHG� LW LV QHFHVVDU\ WR PLQLPL]H

WKHVH OHDNDJH DQG FRXSOLQJ HUURUV�

7UDQVIHUUHG�VXEVWUDWH KHWHURMXQFWLRQ ELSRODU WUDQVLVWRUV KDYH YHU\ VPDOO

EDVH FROOHFWRU FDSDFLWDQFH &

FE
>��@� >��@� :KHQ 5) JDLQV DUH PHDVXUHG XQGHU

FRPPRQ�HPLWWHU FRQnJXUDWLRQ� WKLV VPDOO &

FE
FRUUHVSRQGV WR WKH VPDOO 6���

$ PDMRU SUREOHP HQFRXQWHUHG ZKHQ PDNLQJ DFFXUDWH 5) SRZHU JDLQ PHD�

VXUHPHQWV RI WUDQVIHUUHG�VXEVWUDWH +%7V LV WKH QHHG WR PLQLPL]H WKH HmHFWV

RI PLFURZDYH SUREH�SUREH FRXSOLQJ RQ 6�� PHDVXUHPHQWV� 7KLV LV D SDUWLFX�

ODUO\ VHULRXV SUREOHP IRU :�EDQG ������� *+]� PHDVXUHPHQWV �nJXUH �����

,Q RUGHU WR PLQLPL]H SUREH�SUREH FRXSOLQJ� WKH +%7V KDYH WR EH VHSDUDWHG

IURP WKH SUREH SDGV E\ VRPH OHQJWK RI RQ�ZDIHU WUDQVPLVVLRQ OLQHV� 7KHQ�

ORVVHV RI WKHVH OLQHV KDYH WR EH GH�HPEHGGHG LQ GHWHUPLQLQJ WKH DFFXUDWH 5)

JDLQ RI WKH GHYLFHV� 2Q ZDIHU FDOLEUDWLRQ VWDQGDUGV DUH XVHG WR GH�HPEHG

WKH WUDQVLVWRU 6�SDUDPHWHUV� 7KH VWDQGDUG 7+528*+�5()/(&7�/,1(

�75/� WHFKQLTXH >��@ LV XVHG� ZLWK PLFURVWULS WKURXJK OLQH� H[WHQGHG OLQHV

IRU ����� *+] DQG ������ *+] FDOLEUDWLRQ� DQG RmVHW VKRUWV DQG RSHQV IRU

��



WKH UHoHFW VWDQGDUGV DQG IRU YHULnFDWLRQ�
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)LJXUH ���� &RUUXSWHG JDLQ SORWV IRU ���� DQG ������ *+] PHDVXUHPHQWV�

��� /LQH�5HoHFW�/LQH &DOLEUDWLRQ 7KHRU\

$W PLFURZDYH IUHTXHQFLHV� V\VWHP HmHFWV VXFK DV OHDNDJH� WHVW SRUW PLV�

PDWFK� SKDVH VKLIW LQ FDEOHV DQG UHoHFWLRQV IURP FDEOHV ZLOO DmHFW WKH PHD�

VXUHG GDWD� 7KHVH DPSOLWXGH�SKDVH FRQWULEXWLRQV RI FDEOLQJ�HWF�� EHWZHHQ

WKH LQVWUXPHQW DQG WKH GHYLFH XQGHU WHVW DUH UHSHDWDEOH DQG FDQ EH PHD�

VXUHG E\ WKH QHWZRUN DQDO\]HU� 7KLV SURFHVV LV FDOOHG? FDOLEUDWLRQ �� 7KH

FDOLEUDWLRQ LV GRQH XVLQJ VWDQGDUG GHYLFHV ZLWK NQRZQ FKDUDFWHULVWLFV� 7KH

V\VWHP HmHFWV DUH GHWHUPLQHG DV WKH GLmHUHQFH EHWZHHQ WKH PHDVXUHG DQG

NQRZQ UHVSRQVHV RI WKH VWDQGDUGV� 2QFH FKDUDFWHUL]HG� WKHVH HUURUV FDQ EH

PDWKHPDWLFDOO\ UHODWHG E\ VROYLQJ D VLJQDO oRZ JUDSK� 7KH ���WHUP HUURU

PRGHO� VKRZQ LQ nJXUH ���� LQFOXGHV DOO WKH VLJQLnFDQW V\VWHP HUURUV IRU WKH

��SRUW FDVH�

7KURXJK�UHoHFW�OLQH LV DQ DSSURDFK WR WKH ��SRUW FDOLEUDWLRQ WKDW UHOLHV

RQ WUDQVPLVVLRQ OLQHV� 5DWKHU WKDQ D VHW RI GLVFUHWH LPSHGDQFH VWDQGDUGV�

WKHVH DUH WKH VLPSOHVW HOHPHQWV WR UHDOL]H RQ ZDIHU� HVSHFLDOO\ IRU YHU\ KLJK

IUHTXHQF\ �!��� *+]� PHDVXUHPHQWV� 75/ VWDQGV IRU WKH WKUHH EDVLF VWHSV

��



)LJXUH ���� 7ZR�SRUW ���WHUP HUURU PRGHO

��



LQ WKH FDOLEUDWLRQ SURFHVV� 7+528*+ LV WR FRQQHFW SRUW � DQG SRUW �

GLUHFWO\ RU ZLWK D VKRUW OHQJWK RI WUDQVPLVVLRQ OLQH� 5()/(&7 LV WR FRQQHFW

LGHQWLFDO RQH�SRUW KLJK UHoHFWLRQ FRHpFLHQW GHYLFHV WR HDFK SRUW� /,1( LV

WR LQVHUW D VKRUW OHQJWK RI WUDQVPLVVLRQ OLQH EHWZHHQ SRUW � DQG � �GLmHUHQW

OLQH OHQJWKV DUH UHTXLUHG IRU WKH 7+528*+ DQG WKH /,1(�� $ WRWDO RI ��

PHDVXUHPHQWV DUH UHTXLUHG WR TXDQWLI\ WKH WZHOYH XQNQRZQV�

)LJXUH ��� VKRZV WKH EORFN GLDJUDP IRU D VLPSOLnHG ��SRUW PHDVXUHPHQW

V\VWHP� (LJKW RI WKH HUURU WHUPV DUH UHSUHVHQWHG E\ WKH WZR ��SRUW HUURU

QHWZRUNV LQ WKH nJXUH� 7KHVH HUURUV DUH FKDUDFWHUL]HG XVLQJ WKH EDVLF 75/

FDOLEUDWLRQ DQG DUH VKRZQ LQ nJXUH ���D� 7R VROYH IRU WKHVH HLJKW XQNQRZQ

HUURU WHUPV� HLJKW OLQHDUO\ LQGHSHQGHQW HTXDWLRQV DUH UHTXLUHG�

)LJXUH ���� %ORFN GLDJUDP IRU D WZR�SRUW HUURU�FRUUHFWHG PHDVXUHPHQW V\V�

WHP�

7KH EDVLF 75/ FDOLEUDWLRQ SURFHVV LV VKRZQ LQ nJXUH ���E� ,Q WKH

7+528*+ VWHS� WKH WHVW SRUWV DUH FRQQHFWHG ZLWK D VKRUW WUDQVPLVVLRQ

OLQH DQG WKHQ WUDQVPLVVLRQ IUHTXHQF\ UHVSRQVH DQG SRUW PDWFK DUH PHDVXUHG

LQ ERWK GLUHFWLRQV �IRXU PHDVXUHPHQWV�� )RU WKH 5()/(&7 VWHS� WKH VDPH

KLJKO\ UHoHFWLYH GHYLFH �W\SLFDOO\ D VKRUW RU RSHQ FLUFXLWV� LV FRQQHFWHG WR

HDFK WHVW SRUW DQG LWV UHoHFWLRQ FRHpFLHQW LV PHDVXUHG �WZR PHDVXUHPHQWV��

,Q WKH /,1( VWHS� D GLmHUHQW OHQJWK RI WUDQVPLVVLRQ OLQH LV LQVHUWHG DQG

DJDLQ IUHTXHQF\ UHVSRQVH DQG SRUW PDWFK DUH PHDVXUHG LQ HDFK GLUHFWLRQ

�IRXU PHDVXUHPHQWV��

��
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)LJXUH ���� �D� ��WHUP 75/ HUURU PRGHO� �E�75/ SURFHGXUH�

��



:H KDYH REWDLQHG WHQ HTXDWLRQV IURP WKH �� PHDVXUHPHQWV� %XW WKH

75/ HUURU PRGHO VKRZQ LQ nJXUH ���D� KDV RQO\ HLJKW XQNQRZQV� +HQFH�

WZR FRQVWDQWV GHnQLQJ WKH FDOLEUDWLRQ GHYLFHV FDQ DOVR EH REWDLQHG IURP

WKH PHDVXUHPHQWV� ,Q WKH 75/ VROXWLRQ� WKH FRPSOH[ UHoHFWLRQ FRHpFLHQW

RI WKH 5()/(&7 VWDQGDUG DQG WKH SURSDJDWLRQ FRQVWDQW RI WKH /,1( DUH

GHWHUPLQHG� 7KLV LV VLJQLnFDQW EHFDXVH QRZ WKHVH FKDUDFWHULVWLFV QHHG QRW

WR EH VSHFLnHG GXULQJ WKH FDOLEUDWLRQ� 7KH FDOLEUDWLRQ DFFXUDF\ LV QRW FRP�

SURPLVHG HYHQ WKRXJK WKHVH FKDUDFWHULVWLFV DUH XQNQRZQ�

8S WR QRZ WKH VROXWLRQ IRU WKH HUURU PRGHO DVVXPHV D SHUIHFWO\ EDODQFHG

WHVW V\VWHP� 7KH q�� DQG q�� WHUPV UHSUHVHQW ERWK VRXUFH DQG ORDG PDWFK�

+RZHYHU� LQ DQ\ VZLWFKLQJ WHVW VHW� WKHVH WHUPV DUH QRW HTXDO� 7KH 5)

VZLWFK� VKRZQ LQ nJXUH ���� SUHVHQWV D GLmHUHQW WHUPLQDWLQJ LPSHGDQFH DV

LWV SRVLWLRQ LV FKDQJHG EHWZHHQ SRUW � DQG SRUW �� %\ PHDVXULQJ WKH UDWLR RI

WKH LQFLGHQW VLJQDOV �D� DQG D�� GXULQJ WKH 7+528*+ DQG /,1( VWHSV� WKH

LPSHGDQFH RI WKH VZLWFK FDQ EH PHDVXUHG� DQG FDQ EH XVHG WR PRGLI\ q��

DQG q��� q�� LV PRGLnHG WR SURGXFH IRUZDUG VRXUFH PDWFK �(VI
� DQG UHYHUVH

ORDG PDWFK �(

OU
�� q�� LV PRGLnHG WR SURGXFH UHYHUVH VRXUFH PDWFK �(VU

� DQG

IRUZDUG ORDG PDWFK �(

OI
�� 7KLV SURYLGHV WKH DGGLWLRQDO FRUUHFWLRQV IRU WKLV

XQEDODQFHG WHVW VHW�

1RZ� DOO WKH WZHOYH WHUPV RI WKH ��SRUW HUURU PRGHO DUH GHWHUPLQHG� $OVR�

WKH UHoHFWLRQ FRHpFLHQW RI WKH 5()/(&7 VWDQGDUG DQG WKH WUDQVPLVVLRQ

UHVSRQVH RI WKH /,1( FDQ EH PHDVXUHG GLUHFWO\�

��� /5/ LPSOHPHQWDWLRQ

7R LPSOHPHQW WKH 75/ FDOLEUDWLRQ PHWKRG� ZH KDYH WR VHOHFW DQG EXLOG D

VHW RI DSSURSULDWH VWDQGDUGV WKDW PHHW WKH EDVLF UHTXLUHPHQWV RI WKH 75/

WHFKQLTXH� 7DEOH ��� OLVWV WKH GHWDLO UHTXLUHPHQWV RI WKH 75/ FDOLEUDWLRQ

VWDQGDUGV�

7KH +%7 GHYLFHV DUH FKDUDFWHUL]HG E\ +3���� RQ�ZDIHU QHWZRUN DQDO\�

VLV IURP � WR �� *+] DQG IURP �� WR ��� *+] XVLQJ �**% ,QF�� ZDYHJXLGH�

FRXSOHG PLFURZDYH ZDIHU SUREHV� *LYHQ WKH SK\VLFDO OLQH OHQJWK� OLQH PHWDO

WKLFNQHVV� DQG WKH UHODWLYH SHUPLWWLYLW\ DQG WKLFNQHVV RI WKH GLHOHFWULF VXE�

VWUDWH� ZH FDQ PRGHO RQ�ZDIHU PLFURVWULS OLQH E\ XVLQJ FRPPHUFLDO VLPX�

ODWRUV VXFK DV /LQH&DOF� 2Q D �xP %&% �q
U
 ���� VXEVWUDWH� WKH FKDU�

DFWHULVWLF LPSHGDQFH =� RI D ���� xP ZLGH� ��� xP WKLFN $X OLQH LV �� l

DQG WKH SURSDJDWLRQ YHORFLW\ RI WKH OLQH LV ���� d ��
�
P�V� %HFDXVH RI WKH

��



6WDQGDUG 5HTXLUHPHQWV

5HoHFWLRQ &RHpFLHQW b PDJQLWXGH QHHG QRW EH NQRZQ�

5HoHFW 3KDVH RI b PXVW EH NQRZQ ZLWKLQ h ��� ZDYHOHQJWK�

0XVW EH WKH VDPH b RQ ERWK SRUWV�

=HUR 6�� DQG 6�� DUH GHnQHG HTXDO WR � DW � GHJUHHV

/HQJWK 7URXJK �W\SLFDOO\ XVHG WR VHW WKH UHIHUHQFH SODQH��

6�� DQG 6�� DUH GHnQHG HTXDO WR ]HUR�

1RQ�=HUR &KDUDFWHULVWLF LPSHGDQFH =� RI WKH 7KURXJK DQG /LQH

/HQJWK 7KURXJK PXVW EH WKH VDPH�

$WWHQXDWLRQ RI WKH 7KURXJK QHHG QRW EH NQRZQ�

=� RI WKH /LQH HVWDEOLVKHV WKH UHIHUHQFH LPSHGDQFH

DIWHU HUURU FRUUHFWLRQ LV DSSOLHG�

,QVHUWLRQ SKDVH RI WKH /LQH PXVW QHYHU EH WKH VDPH DV

WKDW RI WKH 7KURXJK�]HUR RU QRQ�]HUR OHQJWK��

2SWLPDO /LQH OHQJWK LV ��� ZDYHOHQJWK RU �� GHJUHH

UHODWLYH WR WKH 7KURXJK DW FHQWHU IUHTXHQF\�

/LQH 8VDEOH EDQGZLGWK RI D VLQJOH 7KURXJK�/LQH SDLU LV ���

�IUHTXHQF\ VSDQ�VWDUW IUHTXHQF\��

0XOWLSOH 7KURXJK�/LQH SDLUV �=� DVVXPHG LGHQWLFDO�

FDQ EH XVHG WR H[WHQG EDQGZLGWK WR WKH H[WHQW

WUDQVPLVVLRQ OLQHV DUH UHDOL]DEOH�

$WWHQXDWLRQ RI WKH /LQH QHHG QRW EH .QRZQ�

,QVHUWLRQ SKDVH RU HOHFWULFDO OHQJWK QHHG RQO\ EH

VSHFLnHG ZLWKLQ ��� ZDYHOHQJWK�

7DEOH ���� 5HTXLUHPHQWV IRU 75/ FDOLEUDWLRQ VWDQGDUGV�

��



SUREH�SUREH FRXSOLQJ ZH PHQWLRQHG EHIRUH� WKH +%7V DUH VHSDUDWHG IURP

WKH SURELQJ SDGV E\ D ����xP�OHQJWK� �����xP�ZLGWK� RQ�ZDIHU PLFURVWULS

OLQHV� $ ��� xP ORQJ ���� xP ZLGH PLFURVWULS OLQH FRQQHFWLQJ WKH LQSXW

DQG RXWSXW SUREH SDGV VHUYHV DV D QRQ�]HUR WKURXJK OLQH� 7KH GHOD\ RI WKH

7KURXJK OLQH LV VSHFLnHG DV ]HUR� VR WKH UHIHUHQFH SODQH ZLOO EH HVWDEOLVKHG

LQ WKH PLGGOH RI WKH 7KURXJK /LQH� KHQFH WKH GHYLFH XQGHU WHVW LQWHUIDFH�

7KH PRVW VLPSOH 5HoHFW VWDQGDUG ZRXOG EH DQ RSHQ FLUFXLW� 7KLV LV GRQH

E\ VHSDUDWLQJ SUREH SDGV WKH VDPH DPRXQW DV WKH UHDO GHYLFH� DQG FRQQHFW

D ���� xP ZLGH ��� xP ORQJ PLFURVWULS OLQH WR HDFK SUREH SRUW� $ VKRUW

FLUFXLW FRXOG DOVR EH XVHG� DQG FRXOG EH PDGH YHU\ VLPLODU VWUXFWXUH WR WKH

RSHQV H[FHSW EHLQJ JURXQG DW WKH HQGV RI ERWK WUDQVPLVVLRQ OLQHV�

7KH /LQH VWDQGDUG UHTXLUHV WKH VDPH FKDUDFWHULVWLF LPSHGDQFH DV WKH

7KURXJK EXW D GLmHUHQW OHQJWK� 6R WKH /,1( VWDQGDUG LV DOVR ���� xP

ZLGH� 7KH LQVHUWLRQ SKDVH GLmHUHQFH EHWZHHQ WKH 7KURXJK DQG /,1( PXVW

EH EHWZHHQ ��� DQG ��� GHJUHHV� h Q d ��� GHJUHHV� 0HDVXUHPHQW XQFHU�

WDLQW\ ZLOO LQFUHDVH VLJQLnFDQWO\ ZKHQ LQVHUWLRQ SKDVH LV QHDU � RU DQ LQWHJHU

PXOWLSOH RI ��� GHJUHHV� 7KH RSWLPDO /,1( OHQJWK LV ��� ZDYHOHQJWK RU ��

GHJUHH UHODWLYH WR WKH 7KURXJK LQ WKH PLGGOH RI GHVLUHG IUHTXHQF\ VSDQ�

+RZHYHU� WKH LQVHUWLRQ SKDVH RI WKH ��� ZDYHOHQJWK /,1( ZLOO YDU\ ZLWK

IUHTXHQF\� )RU ������ *+] PHDVXUHPHQW� FHQWHU IUHTXHQF\ LV FKRVHQ WR EH

WKH JHRPHWULF PHDQ IUHTXHQF\�

I  

T
I
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d I
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7KH WRWDO OHQJWK RI WKH /,1( IRU ������ *+] FDOLEUDWLRQ LV JLYHQ E\

��� xP � ��� xP  ���� xP� 7R GHWHUPLQH ZKHWKHU WKLV /,1( PHHWV

WKH FRQGLWLRQV RI DFFHSWDEOH LQVHUWLRQ SKDVH IRU WKH ZKROH GHVLUHG IUHTXHQF\

UDQJH ��� *+] WR ��� *+]�� WKH IROORZLQJ H[SUHVVLRQ FDQ EH XVHG�

3KDVH�GHJUHHV�  

���d I d O

Y

�����

$W �� *+] 3KDVH  �� GHJUHHV

$W ��� *+] 3KDVH  ��� GHJUHHV

��



7KH /,1( GRHV PHHW WKH UHFRPPHQGHG LQVHUWLRQ SKDVH UHTXLUHPHQWV ���

DQG ��� GHJUHHV�� 8VLQJ HTXDWLRQ ���� ��� DQG ���� WKH VDPH FDOFXODWLRQ FDQ

EH GRQH IRU WKH ����� *+] EDQG DQG ����� *+] EDQG� 7KH FHQWHU IUHTXHQF\

IRU WKRVH EDQGV DUH �� DQG �� *+]� WKH LQVHUWLRQ OLQH OHQJWK LV ���� DQG

���� xP� VHH WDEOH ����

FHQWHU LQVHUWLRQ 3KDVH 3KDVH

EDQG IUHTXHQF\ OHQJWK DW I
VWDUW

I
VWRS

�*+]� �*+]� �xP� �GHJUHHV� �GHJUHHV�

����� �� ���� �� ���

����� �� ���� �� ���

������ �� ��� �� ���

7DEOH ���� PXOWLSOH OLQHV IRU /,1( VWDQGDUG IRU GLmHUHQW IUHTXHQF\ VSDQ�

)LJXUH ��� VKRZV WKH VFKHPDWLF OD\RXW RI WKH /5/ RQ�ZDIHU FDOLEUDWLRQ

VWDQGDUGV�

��� &DOLEUDWLRQ 9HULnFDWLRQ

1RZ WKDW ZH KDYH WKH DSSURSULDWH VWDQGDUGV� WKH\ PXVW EH GHnQHG PDWKH�

PDWLFDOO\ DQG HQWHUHG LQWR WKH FDOLEUDWLRQ NLW UHJLVWHUV RI WKH +3�����

2QFH WKH FDOLEUDWLRQ VWDQGDUGV KDV EHHQ GHnQHG LQ WKH +3���� FDO NLW�

WKH FDOLEUDWLRQ FDQ EH SHUIRUPHG� $IWHU WKH HUURU FRUUHFWLRQ LV DSSOLHG� ZH

QHHG WR FKHFN WKH FDOLEUDWLRQ SHUIRUPDQFH� L�H�� YHULI\ WKH FDOLEUDWLRQ� 7KH

SUREHV DUH ODQGHG RQ WKH /LQH WKDW ZH XVHG DV D FDO VWDQGDUG� 6�� DQG 6��

VKRXOG EH OHVV WKDQ ��� G% RYHU WKH IXOO IUHTXHQF\ VSDQ� )LJXUH ��� VKRZV WKH

RSHQ� VKRUW DQG WKURXJK PHDVXUHPHQWV LQ 6PLWK FKDUW IURP �� WR ��� *+]�

)LJXUH ���D VKRZV WKH 6�� DQG 6�� RI DQ RmVHW RSHQ FLUFXLW� DQG nJXUH ���E

VKRZV WKH 6�� DQG 6�� RI DQ RmVHW VKRUW FLUFXLW� $QRWKHU ZD\ IRU YHULI\LQJ

WKH FDOLEUDWLRQ LV WR PHDVXUH WKH UHoHFWLRQ IURP D ORQJ RSHQ FLUFXLWHG OLQH�

7KH ����� *+] �����xP� OLQH FDQ EH XVHG� 7KH SKDVH VKRXOG EH OLQHDU

ZLWK IUHTXHQF\ ZLWK QR YLVLEOH ULSSOH RU JOLWFKHV� 7KH PDJQLWXGH VKRXOG

EH PRQRWRQLFDOO\ GHFUHDVLQJ ZLWK IUHTXHQF\ GXH WR OLQH ORVVHV� 7KLV VKRXOG

EH WUXH RYHU WKH IXOO IUHTXHQF\ VSDQ� )LJXUH ��� VKRZV WKH PDJQLWXGH DQG

��



)LJXUH ���� /D\RXW RI WKH RQ�ZDIHU FDOLEUDWLRQ VWDQGDUGV�

��



SKDVH RI SRUW � DQG SRUW � RI WKH RSHQ OLQH IRU ������ *+] EDQG� 1RZ WKH

+3���� LV VHWXS WR PDNH 5) PHDVXUHPHQW RI WKH RmVHW '87�

)LJXUH ���� VKRZV WKH H[DPSOH PHDVXUHPHQW RI D WUDQVIHUUHG�VXEVWUDWH

+%7 XVLQJ WKH RQ�ZDIHU /5/ FDOLEUDWLRQ�
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)LJXUH ���� 6��� 6�� RI WKH RSHQ� VKRUW� DQG WKURXJK RQ VPLWK FKDUW DIWHU

DSSO\ FDOLEUDWLRQ�
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)LJXUH ����� ([DPSOH PHDVXUHPHQW RI D WUDQVIHUUHG�VXEVWUDWH +%7 XVLQJ

WKH /5/ RQ�ZDIHU FDOLEUDWLRQ VWDQGDUGV�
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&KDSWHU �

5HVXOWV

$ YDULHW\ RI GHYLFHV ZHUH IDEULFDWHG LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFK�

QRORJ\ ZLWK GLmHUHQW HPLWWHU DQG FROOHFWRU ZLGWKV DQG OHQJWKV� )RU SURFHVV

GHYHORSPHQW DQG SURFHVV FRQWURO� WHVW VWUXFWXUHV OLNH 7/0 SDWWHUQV ZHUH

DOVR IDEULFDWHG DQG PHDVXUHG� %RWK '& DQG 5) PHDVXUHPHQWV ZHUH GRQH

DQG GHYLFH SDUDPHWHUV H[WUDFWHG EDVHG RQ WKHVH PHDVXUHPHQWV�

��� %DVH 5HVLVWDQFH

7/0 WHVW SDWWHUQV ZHUH XVHG WR GHWHUPLQH WKH EDVH OD\HU VKHHW DQG FRQWDFW

UHVLVWLYLW\� %DVHG RQ WKLV PHDVXUHG GDWD� WKH EDVH UHVLVWDQFH U
EE
RI D +%7

ZDV HVWLPDWHG� 7ZR NLQGV RI 7/0 VWUXFWXUHV ZHUH XVHG� DQG DUH VKRZQ LQ

nJXUH ����

7KH PHDVXUHG UHVLVWDQFH RI WKH QRUPDO EDVH 7/0 VWUXFWXUH FRQVLVWV RI

FRQWDFW UHVLVWDQFH EHWZHHQ EDVH FRQWDFW DQG VHPLFRQGXFWRU DQG VKHHW UHVLV�

WDQFH IURP WKH HWFKHG EDVH OD\HU� &RQWDFW UHVLVWDQFH GHSHQGV RQ WKH GRSLQJ

LQ WKH EDVH� WKH PHWDO XVHG IRU FRQWDFW� DQG WKH SURFHVVLQJ FRQGLWLRQV� DQG

VR LW YDULHV IURP UXQ WR UXQ� 6KHHW UHVLVWDQFH GHSHQGV PDLQO\ RQ WKH EDVH

GRSLQJ� DQG WKLFNQHVV RI WKH HWFKHG EDVH OD\HU ZKLFK LQ WXUQ GHSHQGV RQ WKH

HPLWWHU PHVD HWFK� $V D FRQVHTXHQFH� WKH EDVH VKHHW UHVLVWDQFH DOVR YDULHV

IURP UXQ WR UXQ�

$ PRGLnHG 7/0 VWUXFWXUH �nJXUH ���E� LV XVHG WR GHWHUPLQH WKH H[WHQW

WR ZKLFK WKH EDVH UHJLRQ LV HWFKHG GXULQJ WKH HPLWWHU PHVD HWFK� 7KH

PRGLnHG 7/0V KDYH WKH HPLWWHU DQG WKH WRWDO EDVH OD\HU LQ WKH VSDFLQJV WKDW

VHSDUDWH WKH 7/0 FRQWDFW SDGV� 7KHUHIRUH� WKH PHDVXUHG VKHHW UHVLVWDQFH LQ

��



�D�

�E�

�F�

)LJXUH ���� �D� QRUPDO EDVH 7/0 �E� PRGLnHG EDVH 7/0 ZLWK HPLWWHUV

�F�VRPH GHnQLWLRQV �

��



WKHVH 7/0V VKRXOG GHSHQG RQ WKH DV�JURZQ EDVH WKLFNQHVV DQG GRSLQJ� 7KH

PHDVXUHG UHVLVWDQFH FRQVLVWV RI FRQWDFW UHVLVWDQFH �VDPH DV QRUPDO 7/0V��

JDS VKHHW UHVLVWDQFH DQG DV�JURZQ EDVH VKHHW UHVLVWDQFH XQGHU WKH HPLWWHU�

7KH WHUPLQDO UHVLVWDQFH IRU WKH QRUPDO 7/0V LV JLYHQ E\�

5QRUPDO  �

S
|EF|EV /� |EV: /� �����

ZKHUH |EF LV WKH VSHFLnF FRQWDFW UHVLVWDQFH SHU XQLW DUHD RI WKH PHWDO�

VHPLFRQGXFWRU LQWHUIDFH �XQLWV RI l�FP
�
�� |EV LV WKH EDVH VKHHW UHVLVWLYLW\

�XQLWV RI l�(� : LV WKH JDS ZLGWK DQG / LV WKH OHQJWK RI WKH JDS� %\

SORWWLQJ PHDVXUHG UHVLVWDQFH YHUVXV JDS ZLGWK� |

EF

DQG |

EV

FDQ EH REWDLQHG�

7KH WHUPLQDO UHVLVWDQFH IRU WKH PRGLnHG 7/0V LV JLYHQ E\�

5

SLQFKHG

 �

S

|

EF

|

EV

 /� �|

EV

:

JDS

 /� |

EV�H

:

H

 /� �����

ZKHUH:

JDS

LV WKH VHSDUDWLRQ EHWZHHQ WKH HPLWWHU PHVD DQG WKH EDVH FRQWDFW�

:

H

LV WKH ZLGWK RI WKH HPLWWHU PHVD DQG WKH |

EV�H

LV WKH VKHHW UHVLVWLYLW\ RI

WKH XQ�HWFKHG EDVH OD\HU XQGHU WKH HPLWWHU� $QG :  :

H

� �:

JDS

� :

JDS

GRHV QRW FKDQJH ZLWK WKH HPLWWHU ZLGWK :� KHQFH� E\ SORWWLQJ WKH PHDVXUHG

UHVLVWDQFH YHUVXV HPLWWHU ZLGWK :� |

EV�H

FDQ EH GHWHUPLQHG� 7KH UDWLR RI

WKH |

EV

�|

EV�H

JLYHV WKH H[WHQW WR ZKLFK WKH EDVH OD\HU KDV EHHQ HWFKHG�

)LJXUH ��� VKRZV WKH PHDVXUHG QRUPDO DQG SLQFKHG 7/0 GDWD IURP D

ZDIHU ZLWK D ���

y

$ EDVH� :LWK HT� � ����� � ����� LW LV IRXQG WKDW |

EV

 ���

l�(� |
EV�H

 ��� l�(� |
EF

 ��� [ ��

b�
l�FP

�
� DQG :

JDS

 ���� xP� )URP

|

EV�H

�|

EV

� WKH HWFKHG EDVH WKLFNQHVV LV HVWLPDWHG WR EH ���

y

$ [ �������  

���

y

$� +HQFH� WKH EDVH KDV EHHQ RYHU HWFKHG E\ ��

y

$� ZKLFK LV DERXW WKH

VDPH DV PHDVXUHG E\ %� $JDUZDO IRU D ���

y

$ WKLFN EDVH >��@�

��� '& PHDVXUHPHQWV

'& FKDUDFWHUL]DWLRQ LQFOXGHV '& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV DQG *XP�

PHO SORWV� 7KHVH ZHUH PHDVXUHG E\ D VHPLFRQGXFWRU SDUDPHWHU DQDO\]HU

XVLQJ PLFURZDYH SUREHV DQG ELDV�7 WR SUHYHQW PLFURZDYH GHYLFH RVFLOODWLQJ

GXULQJ '& PHDVXUHPHQWV� 5HVXOWV IURP IRXU GLmHUHQW ZDIHUV $� %� &� '

DQG ( DUH SUHVHQWHG KHUH� 7KH PDWHULDOV DQG SURFHVVHV XVHG LQ WKHVH nYH

UXQV DUH QRW LGHQWLFDO� 7KH LPSRUWDQW GLmHUHQFHV RI WKH OD\HU VWUXFWXUH DQG

SURFHVV EHWZHHQ WKHVH IRXU UXQV DUH VKRZQ LQ WDEOH ����

��
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)LJXUH ���� 1RUPDO DQG SLQFKHG 7/0 PHDVXUHPHQWV DFURVV D TXDUWHU RI D

��LQFK ZDIHU ZLWK ���

y

$ WKLFN EDVH GRSHG DW � [ ��

��
�FP

�
�

EDVH EDVH HPLWWHU VHOHFWLYH�HWFK HPLWWHU

WKLFNQHVV JUDGLQJ GHnQLWLRQ XQGHUFXW OHQJWK

�

y

$� �PH9� �xP� �xP�

$ ��� �� FRQWDFW ���� ��

% ��� �� H�EHDP ���� ��

& ��� �� H�EHDP ���� �

' ��� �� VWHSSHU ���� ��

( ��� �� H�EHDP ���� �

7DEOH ���� /D\HU VWUXFWXUH DQG SURFHVV SDUDPHWHUV IRU IRXU GLmHUHQW UXQV�

��



7KH *XPPHO SORW RI D W\SLFDO WUDQVIHUUHG�VXEVWUDWH +%7 LV VKRZQ LQ
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)LJXUH ���� *XPPHO SORWV RI WUDQVIHUUHG�VXEVWUDWH +%7V ZLWK ��� [ �� xP

�

HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV�

)RU D WUDQVLVWRU FRPPRQ�HPLWWHU FKDUDFWHULVWLFV� WKH VPDOO VLJQDO FXUUHQW

JDLQ n� WKH VDWXUDWLRQ YROWDJH DW KLJK FXUUHQW GHQVLW\ DQG WKH EUHDNGRZQ

YROWDJH DUH WKH LPSRUWDQW IHDWXUHV� :KDW DmHFWV WKHVH FKDUDFWHULVWLFV ZLOO

EH GLVFXVVHG EHORZ�

'& FXUUHQW JDLQ n LV LQoXHQFHG E\ OHDNDJH DQG WKH HOHFWURQ WUDQVLW

WLPH WKURXJK WKH EDVH� 7KHUHIRUH� IRU GHYLFHV ZLWK WKH VDPH HPLWWHU VWULSH

OHQJWK� VDPH HPLWWHU ZLGWK� VDPH VHSDUDWLRQ EHWZHHQ WKH HPLWWHU PHVD DQG

VDPH EDVH FRQWDFW� WKH EDVH OD\HU WKLFNQHVV� WKH YHORFLW\ DW ZKLFK HOHFWURQV

WUDQYHUVH WKH EDVH DQG WKH HPLWWHU�FROOHFWRU DOLJQPHQW ZLOO GHWHUPLQH WKH

VPDOO VLJQDO '& FXUUHQW JDLQ n� $ WKLQ DQG JUDGHG EDVH ZLOO LPSURYH n�

3UHFLVH HPLWWHU�FROOHFWRU DOLJQPHQW LV DOVR REVHUYHG WR LPSURYH n� 7KH

QDUURZHU WKH HPLWWHU� WKH ORZHU WKH FXUUHQW LV JDLQ n� 5HGXFLQJ WKH HPLWWHU

XQGHUFXW DOVR GHJUDGHV n�

'& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI +%7V IURP ZDIHU $ DUH VKRZQ

LQ nJXUH ���� 2Q WKLV ZDIHU� GHYLFHV ZLWK QRPLQDO FRQWDFW�DOLJQHU�GHnQHG

HPLWWHU GLPHQVLRQV RI � [ �� xP

�
DQG ZLWK QRPLQDO FROOHFWRU GLPHQVLRQV RI

� [ �� xP

�
�QDUURZ FROOHFWRU� DQG � [ �� xP

�
�ZLGH FROOHFWRU� ZHUH IDEUL�

FDWHG� 7KH DFWXDO HPLWWHU�EDVH MXQFWLRQ ZLGWK LV ��� xP� DQG FROOHFWRU�EDVH

��



MXQFWLRQ ZLGWKV DUH ��� DQG ��� xP� 7KH VPDOO VLJQDO FXUUHQW JDLQ DW '&�

n� IRU WKH QDUURZ FROOHFWRU LV ��� DQG IRU WKH ZLGH FROOHFWRU LV ���

'& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI +%7V IURP ZDIHU % DUH VKRZQ

LQ nJXUH ���� 2Q WKLV ZDIHU� GHYLFHV ZLWK QRPLQDO H�EHDP�GHnQHG HPLWWHU

GLPHQVLRQV RI ��� [ �� xP

�
DQG ZLWK QRPLQDO FROOHFWRU GLPHQVLRQV RI ��� [

�� xP

�
�QDUURZ FROOHFWRU� DQG ��� [ �� xP

�
�ZLGH FROOHFWRU� ZHUH IDEULFDWHG�

'HYLFHV ZLWK QRPLQDO HPLWWHU GLPHQVLRQV RI ��� [ �� xP

�
DQG ZLWK QRPLQDO

FROOHFWRU GLPHQVLRQV RI ��� [ �� xP

�
�QDUURZ FROOHFWRU� DQG ��� [ �� xP

�

�ZLGH FROOHFWRU� ZHUH DOVR IDEULFDWHG� 7KH DFWXDO HPLWWHU�EDVH MXQFWLRQ

ZLGWKV DUH ��� xP DQG ��� xP� DQG FROOHFWRU�EDVH MXQFWLRQ ZLGWKV DUH ����

��� DQG ��� xP� 7KH VPDOO VLJQDO FXUUHQW JDLQ DW '&� n� IRU WKH GHYLFH ZLWK

D ��� xP HPLWWHU DQG D ��� xP FROOHFWRU LV ��� IRU WKH GHYLFH ZLWK D ���

xP HPLWWHU DQG D ��� xP FROOHFWRU LV ��� DQG IRU WKH GHYLFH ZLWK D ��� xP

HPLWWHU DQG D ��� xP FROOHFWRU LV ���

'& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI +%7V IURP ZDIHU & DUH VKRZQ

LQ nJXUH ���� 2Q WKLV ZDIHU� GHYLFHV ZLWK QRPLQDO HEHDP�GHnQHG HPLWWHU

GLPHQVLRQV RI ��� [ � xP

�
DQG ZLWK QRPLQDO FROOHFWRU GLPHQVLRQV RI ��� [ ��

xP

�
�QDUURZ FROOHFWRU� DQG ��� [ �� xP

�
�ZLGH FROOHFWRU� ZHUH IDEULFDWHG�

DQG GHYLFHV ZLWK QRPLQDO HPLWWHU GLPHQVLRQV RI ��� [ � xP

�
DQG QRPLQDO

FROOHFWRU GLPHQVLRQV RI ��� [ �� xP

�
�QDUURZ FROOHFWRU� DQG ��� [ �� xP

�

�ZLGH FROOHFWRU� ZHUH DOVR IDEULFDWHG� 7KH DFWXDO HPLWWHU�EDVH MXQFWLRQ

ZLGWK DUH ��� xP DQG ��� xP� DQG FROOHFWRU�EDVH MXQFWLRQ ZLGWKV DUH ����

��� xP DQG ��� xP� 7KH VPDOO VLJQDO FXUUHQW JDLQ DW '&� n� IRU WKH GHYLFH

ZLWK ��� xP HPLWWHU DQG ��� xP FROOHFWRU LV ��� IRU WKH GHYLFH ZLWK ��� xP

HPLWWHU DQG ��� xP FROOHFWRU LV ���

&RPSDULQJ ZDIHUV $ DQG %� WKH IROORZLQJ REVHUYDWLRQV DUH PDGH� ERWK

ZDIHUV KDYH WKH VDPH EDVH WKLFNQHVV DQG JUDGLQJ� GHYLFHV ZLWK ZLGHU HPLWWHU

���� xP RQ $ YV� ��� 	 ��� xP RQ %� KDYH KLJKHU n ��� YV� �� 	 ���� GHYLFHV

ZLWK VDPH HPLWWHU ZLGWK EXW ZLGHU FROOHFWRU �FROOHFWRU RI ��� xP YV� ���

xP IRU D ���xP HPLWWHU� KDYH KLJKHU n ��� YV� ���� 7KLV LV GXH VRPH ZD\

WR WKH FROOHFWRU QRW IXOO\ FRYHULQJ WKH HPLWWHU� &RPSDULQJ ZDIHUV % DQG

&� WKH IROORZLQJ REVHUYDWLRQ DUH PDGH� ERWK ZDIHUV DUH ZULWWHQ E\ H�EHDP

OLWKRJUDSK\ DQG KDYH VLPLODU GHYLFH GLPHQVLRQV� GHYLFHV ZLWK WKH VLPLODU

HPLWWHU�FROOHFWRU GLPHQVLRQV RQ ZDIHU & KDYH VLJQLnFDQWO\ KLJKHU n WKDQ

WKRVH RQ ZDIHU %� WKLV LV EHFDXVH RI WZR UHDVRQV� RQH LV WKDW ZDIHU & KDV

WKLQQHU EDVH ����

y

$ RQ & YV� ���

y

$ RQ %� DQG KLJKHU EDQGJDS JUDGLQJ ���

PH9 IRU & YV� �� PH9 IRU %�� 7KH GHYLFH�E\�GHYLFH DOLJQPHQW GRQH LQ WKH

��
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FDVH RI ZDIHU & DV FRPSDUHG WR D FHOO�E\�FHOO DOLJQPHQW IRU ZDIHU % RmHUV

DGGLWLRQDO LPSURYHPHQW LQ n�

7KH VORSH LQ WKH OLQHDU SDUW RI WKH FRPPRQ�HPLWWHU FKDUDFWHULVWLFV DQG

WKH VDWXUDWLRQ YROWDJH 9

FH�VDW

DUH DOVR LPSRUWDQW GHYLFH '& FKDUDFWHULVWLFV�

7KH\ DUH GHWHUPLQHG E\ nHOG FROODSVH LQ WKH FROOHFWRU GHSOHWLRQ UHJLRQ� DQG

LQoXHQFHG E\ WKH ODWHUDO HOHFWURQ VSUHDGLQJ ZLWKLQ WKH FROOHFWRU� $W D FRO�

OHFWRU FXUUHQW GHQVLW\ -

F

� WKH SRWHQWLDO ��[� LQ WKH FROOHFWRU DW D GLVWDQFH [

IURP WKH EDVH� LV UHODWHG WR WKH FXUUHQW oRZLQJ WKURXJK WKH FROOHFWRU VSDFH

FKDUJH UHJLRQ E\ 3RLVVRQ
V HTXDWLRQ DV

#

�
��[�

#[

�
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 Y

VDW

b T1

G

q

�����

ZKHUH Y

VDW

LV WKH HOHFWURQ YHORFLW\� DQG 1

G

LV WKH FROOHFWRU GRSLQJ� FDOFXODW�

LQJ WKH WRWDO SRWHQWLDO GURS DFURVV WKH FROOHFWRU� WKH IROORZLQJ UHODWLRQ DUH

REWDLQHG�

9

FE

� �  7
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F
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F

 Y

VDW

b T1

G

�q

�����

DQG

c9

FE

 c-

F

7

�

F

�qY

VDW

�����

ZKHUH 7

F

LV WKH FROOHFWRU WKLFNQHVV� DQG � LV WKH HPLWWHU�EDVH MXQFWLRQ EXLOW�

LQ SRWHQWLDO� )URP HT�� ����� LW LV VKRZQ WKDW WKH HOHFWURVWDWLF nHOG LQ WKH

FROOHFWRU LV VFUHHQHG E\ WKH HOHFWURQ VSDFH FKDUJH LQ WKH FROOHFWRU� $W KLJK

FXUUHQW GHQVLW\� QDUURZ�FROOHFWRU GHYLFHV VKRZ VLJQLnFDQWO\ ODUJHU FROOHFWRU�

HPLWWHU VDWXUDWLRQ YROWDJHV �9

FH�VDW

� GXH WR WKLV VFUHHQLQJ HmHFW� ,Q GHYLFHV

ZLWK ZLGHU FROOHFWRUV� WKHUH LV VLJQLnFDQW ODWHUDO VSUHDGLQJ RI WKH HOHFWURQV

DW KLJK FXUUHQW GHQVLWLHV� DQG KHQFH OHDGLQJ WR OHVV VSDFH FKDUJH VFUHHQ�

LQJ LQ WKH FROOHFWRU DQG ORZHU VDWXUDWLRQ YROWDJH 9

FH�VDW

� /DWHUDO FXUUHQW

FRQnQHPHQW LQ QDUURZ�FROOHFWRU GHYLFHV FDXVHV LQFUHDVHG 9

HF�VDW

DQG GH�

FUHDVHG RQ�VHW FXUUHQW GHQVLW\ RI .LUN HmHFWV� UHVXOWLQJ LQ UHGXFHG SHDN

I

~

� (T�� ���� VKRZV WKH FKDQJHV LQ YROWDJH DQG FXUUHQW GHQVLW\ DFURVV WKH

FROOHFWRU VSDFH FKDUJH UHJLRQ DUH OLQHDUO\ UHODWHG� 7KH SURSRUWLRQDOLW\ FRQ�

VWDQW �VSDFH FKDUJH UHVLVWDQFH� 5

VF

 c9

FE

�c,

F

 7

�

F

���q$

H

Y

VDW

� GHWHUPLQHV

WKH VORSH LQ WKH OLQHDU UHJLRQ RI WKH FRPPRQ�HPLWWHU FKDUDFWHULVWLFV� 7D�

EOH ��� VKRZV WKH FDOFXODWHG 5

VF

RI GLmHUHQW GHYLFH VL]HV IRUP ZDIHU $� %

DQG &�

��



ZDIHU HPLWWHU�ZLGWK FROOHFWRU�DUHD FXUUHQW�JDLQ 5

VF

,' �xP� �xP

�
� n �l�

� $ ��� �� �� ��

� $ ��� �� �� ��

� % ��� ���� �� ����

� % ��� ���� �� ����

� % ��� ���� �� ��

� & ��� ��� �� ���

� & ��� ��� �� ���

7DEOH ���� &XUUHQW JDLQ DQG VSDFH�FKDUJH UHVLVWDQFH 5

VF

IRU GLmHUHQW GHYLFH

VL]HV IURP GLmHUHQW ZDIHUV�

5

VF

GHFHDVHV ZLWK ODUJHU ZLGWK FROOHFWRUV EHFDXVH WKH HOHFWURQV FDQ VSUHDG

ODWHUDOO\ LQ WKH FROOHFWRU� UHGXFLQJ WKH FROOHFWRU FXUUHQW GHQVLW\� KHQFH OHDG�

LQJ WR DQ LQFUHDVH LQ WKH HmHFWLYH DUHD RI $

F

WKDW GHWHUPLQHV WKH VSDFH

FKDUJH UHVLVWDQFH�

7KH FROOHFWRU UHFHVV HWFK DOVR DmHFWV WUDQVLVWRU '& FKDUDFWHULVWLFV� :LWK�

RXW FROOHFWRU UHFHVV HWFKLQJ� WKH HOHFWURQV VSUHDG ODWHUDOO\ LQ WKH FROOHFWRU WR

UHJLRQV ZKHUH WKHUH LV QR FROOHFWRU FRQWDFW� :KHQ WKH HOHFWURQV VSUHDG LQWR

UHJLRQV RI ORZHU nHOG �RXWVLGH WKH FROOHFWRU FRQWDFW�� KLJKHU YHUWLFDO nHOG KDV

WR EH DSSOLHG IRU WKH HOHFWURQV WR UHDFK WKH FROOHFWRU FRQWDFW� 7KHUHIRUH� WKH

VDWXUDWLRQ YROWDJH 9

FH�VDW

LQFUHDVHV� $IWHU FROOHFWRU UHFHVV HWFKLQJ� WKH HOHF�

WURQV DUH FRQnQHG WR WKH DUHD XQGHU WKH FROOHFWRU FRQWDFW� 9

FH�VDW

LV UHGXFHG�

DQG FROOHFWRU FXUUHQW GHQVLW\ DW WKH .LUN HmHFW WKUHVKROG GHFUHDVHG�

7KH FRPPRQ�HPLWWHU EUHDNGRZQ YROWDJH %9

&(2

LV z � 9� DQG GHFUHDVHV

DV WKH ELDV FXUUHQW LV LQFUHDVHG� UHDFKLQJ z ��� 9 DW ��� [ ��

�
$�FP

�
�

7KH EUHDNGRZQ YROWDJH LV ORZ GXH WR WKH QDUURZ�EDQGJDS ,Q*D$V FROOHFWRU

PDWHULDO� ,Q3 FROOHFWRUV ZLWK D ,Q*D$V�,Q$O$V OLQHDU JUDGH ZRXOG SURYLGH

PXFK KLJKHU EUHDNGRZQ YROWDJH� 7KLV LV HVVHQWLDO IRU IXUWKHU VFDOLQJ RI WKH

WUDQVIHUUHG�VXEVWUDWH +%7V ERWK YHUWLFDOO\ DQG ODWHUDOO\�

��



��� 5) PHDVXUHPHQWV

7KH GHYLFHV ZHUH FKDUDFWHUL]HG E\ +3���� RQ�ZDIHU QHWZRUN DQDO\VLV IURP �

WR �� *+] DQG ������ *+] XVLQJ �**% ,QF�� ZDYHJXLGH�FRXSOHG PLFURZDYH

ZDIHU SUREHV� 6KRUW FLUFXLW FXUUHQW JDLQ K�� LV GHnQHG DV WKH VPDOO VLJQDO

FXUUHQW JDLQ RI WKH GHYLFH ZLWK WKH RXWSXW VKRUWHG� 7KH XQLODWHUDO JDLQ 8

�0DVRQ
V JDLQ�>��@ LV WKH SRZHU JDLQ ZKHQ D GHYLFH ZLWK D ORVVOHVV UHDFWLYH

IHHGEDFN QHWZRUN FRQQHFWV EHWZHHQ LQSXW DQG RXWSXW GHVLJQHG WR PDNH

6�� IRU WKH RYHUDOO GHYLFH HTXDO WR ]HUR� DQG WKHQ VXEVHTXHQWO\ SURYLGLQJ

LPSHGDQFH PDWFKHV DW WKH GHYLFH LQSXW DQG RXWSXW ZLWK ORVVOHVV QHWZRUNV�

7R WKH H[WHQW WKDW WKH WUDQVLVWRU LV PRGHOHG E\ D K\EULG�{ PRGHO� +�� DQG

8 YDU\ DV ��� G%�GHFDGH� 8 LV LQGHSHQGHQW RI WKH WUDQVLVWRU FRQnJXUDWLRQ

�FRPPRQ�EDVH YV� FRPPRQ�HPLWWHU� DQG LQGHSHQGHQW RI SDG LQGXFWLYH DQG

FDSDFLWLYH SDUDVLWLFV� 7KXV� K�� DQG 8 DUH XVHG WR H[WUDSRODWH WKH VKRUW

FLUFXLW FXUUHQW JDLQ FXWRm IUHTXHQF\ I

~

DQG WKH SRZHU JDLQ FXWRm IUHTXHQF\

I

PD[

�

����� :DIHU $� 2SWLFDO &RQWDFW OLWKRJUDSK\

)LJXUH ��� VKRZV WKH K��� *PD[

DQG 8 IRU GHYLFHV IURP ZDIHU $� 7KLV ZDIHU

KDG D ���

y

$ EDVH ZLWK �� PH9 EDQGJDS JUDGLQJ DQG D ����

y

$ WKLFN FROOHF�

WRU� 7KH GHYLFHV ZHUH FKDUDFWHUL]HG E\ RQ�ZDIHU DQDO\VLV WR �� *+]� 3DG

SDUDVLWLFV RQ WKHVH GHYLFHV� IDEULFDWHG ZLWK WKLFN %&% �
 �� xP�� LV VPDOO

HQRXJK WR EH QHJOHFWHG� %LDVLQJ DW 9

FH

 ��� YROWV DQG ,

F

 �� P$� GH�

YLFHV ZLWK ��� [ �� xP

�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV REWDLQHG ���

G% FXUUHQW JDLQ DQG ���� G% XQLODWHUDO SRZHU JDLQ DW �� *+] �nJXUH ���D��

([WUDSRODWLQJ DW ��� G%�GHFDGH� WKH FXUUHQW JDLQ FXW�Rm IUHTXHQF\ I

~

LV ���

*+] DQG WKH SRZHU JDLQ FXWRm IUHTXHQF\ I

PD[

LV ��� *+]� %LDVLQJ DW 9

FH

 

��� YROWV DQG ,

F

 �� P$� GHYLFHV ZLWK ��� [ �� xP

�
HPLWWHUV DQG ��� [ ��

xP

�
FROOHFWRUV REWDLQHG ���� G% FXUUHQW JDLQ DQG ���� G% XQLODWHUDO SRZHU

JDLQ DW �� *+] �nJXUH ���D�� ([WUDSRODWLQJ DW ��� G%�GHFDGH� WKH FXUUHQW

JDLQ FXW�Rm IUHTXHQF\ I

~

LV ��� *+] DQG WKH SRZHU JDLQ FXWRm IUHTXHQF\

I

PD[

LV ��� *+]� 5) PHDVXUHPHQWV DUH DW WKH OLPLWV RI UHOLDELOLW\ IRU D

�� *+] LQVWUXPHQW� :�EDQG PHDVXUHPHQWV DUH WR GHWHUPLQH GHYLFH I

PD[

DERYH z ��� *+]�

)LJXUH ��� VKRZV WKH YDULDWLRQ RI I

~

DQG I

PD[

ZLWK ELDV� I

~

LV VLPLODU

IRU ERWK WKH GHYLFHV� $W ORZ ELDV FXUUHQWV� I

~

LV GRPLQDWHG E\ WKH HPLWWHU

��
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)LJXUH ���� *DLQV RI �D� ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

+%7� DQG �E� ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU +%7 IURP

ZDIHU $� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG ��� G%�GHF� �06*� JDLQ

VORSHV DUH LQGLFDWHG�
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FKDUJLQJ WLPH �N7�T,

H

�&

MH

� $V WKH ELDV FXUUHQW LQFUHDVHV� I

~

LQFUHDVHV GXH

WR WKH UHGXFHG HPLWWHU FKDUJLQJ WLPH� 7KH OHYHOLQJ Rm RI I

~

DW KLJK FXUUHQWV

LV GXH WR WKH EDVH SXVK RXW �.LUN�HmHFW�� 7KH RQ�VHW FXUUHQW RI .LUN HmHFW LV

ORZHU IRU WKH GHYLFHV ZLWK QDUURZ�FROOHFWRUV WKDQ WKRVH ZLWK ZLGH�FROOHFWRUV�

&KDSWHU � ZLOO VKRZ WKDW WKH LQWULQVLF &

FEL

UHGXFHV ZLWK ELDV FXUUHQW E\

WKH UHODWLRQ

&

FEL

$

H

 

q

7

F

b -

F

#~

F

#9

FE

�����

7KH UHGXFWLRQ RI &

FEL

LV PRUH SURQRXQFHG IRU GHYLFHV ZLWK QDUURZ FROOHFWRUV

WKDQ WKRVH ZLWK ZLGH FROOHFWRUV EHFDXVH RI WKH VPDOOHU FROOHFWRU FXUUHQW

GHQVLW\ LQ WKH ZLGHU FROOHFWRUV GXH WR WKH HOHFWURQ VSUHDGLQJ PRUH LQ WKH

ZLGH FROOHFWRUV� 7KHUHIRUH� I

PD[

LV KLJKHU IRU WKH QDUURZ�FROOHFWRU GHYLFHV�

I

PD[

GHFUHDVHV DW ORZ ELDV FXUUHQW GXH WR WZR UHDVRQV� )LUVW� I

~

LV ORZHU DW

ORZHU ELDV FXUUHQW� 6HFRQG� WKH UHGXFWLRQ RI &

FEL

LV OHVV IRU D ORZHU FROOHFWRU

FXUUHQW� $W YHU\ KLJK FROOHFWRU FXUUHQWV� WKH EDVH SXVKHV RXW� WKXV LQFUHDVLQJ

&

FE

� KHQFH GHFUHDVLQJ I

PD[

� 9DULDWLRQV RI I

~

DQG I

PD[

ZLWK FROOHFWRU�HPLWWHU

YROWDJH 9

FH

IRU FROOHFWRU FXUUHQW ,

F

 �� P$ DUH VKRZQ LQ nJXUH ���E� $W

ORZ FXUUHQWV DQG ORZ 9

FH

� WKH FROOHFWRU�EDVH MXQFWLRQ LV SDUWLDOO\ GHSOHWHG�

&

FE

LV KLJK GXH WR WKH XQGHSOHWHG FROOHFWRUV� KHQFH I

~

DQG I

PD[

DUH ORZ� :LWK

YHU\ KLJK 9

FH

� HOHFWURQV LQ WKH FROOHFWRUV JDLQ HQRXJK HQHUJ\ WR WUDQVIHU WR

WKH VDWHOOLWH YDOOH\� ZKHUH WKH HOHFWURQ YHORFLW\ LV ORZHU� +HQFH I

~

DQG I

PD[

GHFUHDVH ZLWK LQFUHDVLQJ 9

FH

EH\RQG ��� 9�

����� )LUVW *HQHUDWLRQ (�EHDP /LWKRJUDSK\ 'HYLFHV

)LJXUH ��� VKRZV WKH K��� *PD[

DQG 8 IRU GHYLFHV IURP ZDIHU %� 7KLV ZDIHU

KDV DQ LGHQWLFDO OD\HU VWUXFWXUH WR ZDIHU $� 7KH HPLWWHU DQG FROOHFWRU DUH

GHnQHG E\ H�EHDP OLWKRJUDSK\� :�EDQG JDLQ PHDVXUHPHQWV RI ��� [ ��

xP

�
HPLWWHU���� [ �� xP

�
FROOHFWRU GHYLFHV LQGLFDWHG ��� *+] I

PD[

DQG

��� *+] I

~

� $V GLVFXVVHG LQ FKDSWHU �� WR DYRLG PHDVXUHPHQW HUURUV �LQ

6��� KHQFH 8� DULVLQJ IURP PLFURZDYH SUREH�SUREH FRXSOLQJ� WKH +%7V DUH

VHSDUDWHG IURP WKH SUREH SDGV E\ ����xP�OHQJWK RQ�ZDIHU PLFURVWULS OLQHV�

8QIRUWXQDWHO\� RQ�ZDIHU /5/ FDOLEUDWLRQ VWDQGDUGV ZHUH QRW DYDLODEOH� DQG

OLQH ORVVHV FRXOG QRW EH H[WUDFWHG LQ GHWHUPLQLQJ WKH ��� *+] I

PD[

� DQ

HVWLPDWHG FRUUHFWLRQ IRU WKHVH OHDGV WR DQ HVWLPDWHG z ��� *+] I

PD[

� 7KH

UHODWLYHO\ ORZ I

~

FRPSDUHG WR ZDIHU $ UHVXOWV IURP EDVH SXVK RXW DW ORZHU

FXUUHQW GHQVLWLHV� LQ WXUQ FDXVHG E\ WKH HPLWWHU�FROOHFWRU PLVDOLJQPHQW� 7KH

��
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FRPSDUHG WR ZDIHU $ UHVXOWV IURP OLQH ORVV LQ UHIHUHQFH
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f
τ
=152 GHz

f
max

=500 GHz

Mason’s Gain, U

MAG

MSG

K

emitter, 0.4 x 25 µm2

collector, 1.0 x 29 µm2

I
c
 = 13 mA, V

ce
 = 1.15 V

)LJXUH ���� *DLQV RI ��� [ �� xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU +%7

RQ ZDIHU %� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG ��� G%�GHF� �06*�

JDLQ VORSHV DUH LQGLFDWHG�

����� 6HFRQG *HQHUDWLRQ (�EHDP /LWKRJUDSK\ 'HYLFHV

)LJXUH ���� VKRZV WKH K��� *PD[

DQG 8 IRU GHYLFHV IURP ZDIHU &� 7KLV ZDIHU

KDG D ���

y

$ EDVH ZLWK �� PH9 EDQGJDS JUDGLQJ DQG D ����

y

$ WKLFN FROOHFWRU�

7KH HPLWWHUV DUH GHnQHG E\ H�EHDP OLWKRJUDSK\� )XUWKHU� WKH FROOHFWRUV DUH

DOLJQHG WR WKH HPLWWHUV GHYLFH�E\�GHYLFH XVLQJ H�EHDP OLWKRJUDSK\� $JDLQ�

WKH +%7V DUH VHSDUDWHG IURP WKH SUREH SDGV E\ ����xP�OHQJWK RQ�ZDIHU

PLFURVWULS OLQHV KHUH� 2Q ZDIHU /5/ FDOLEUDWLRQ VWDQGDUGV ZHUH XVHG WR GH�

HPEHG WKH WUDQVLVWRU 6�SDUDPHWHUV� %LDVLQJ DW 9

FH

 ��� YROWV DQG ,

F

 ���

P$� GHYLFHV ZLWK ��� xP HPLWWHU DQG ��� xP FROOHFWRU ZLGWKV VKRZHG ��� G%

FXUUHQW JDLQ DQG ���� G% XQLODWHUDO SRZHU JDLQ DW ��� *+]� ([WUDSRODWLQJ

DW ��� G%�GHFDGH� WKH FXUUHQW JDLQ FXW�Rm IUHTXHQF\ I

~

LV ��� *+] DQG WKH

SRZHU JDLQ FXW�Rm IUHTXHQF\ I

PD[

LV D UHFRUG ��� *+]� 7KH FRPPRQ�HPLWWHU

DQG FRPPRQ�EDVH PD[LPXP VWDEOH JDLQV DUH ���� G% DQG ���� G% DW ���

*+]�

7KH I

~

LV KLJKHU WKDQ ZDIHU $ DQG % EHFDXVH RI WKH WKLQQHU� JUDGHG EDVH

DQG EHWWHU HPLWWHU�FROOHFWRU DOLJQPHQW� 7KH I

PD[

LV KLJKHU WKDQ ZDIHU $

��



DV D UHVXOW RI VFDOLQJ RI +%7 MXQFWLRQ ZLGWKV DQG IURP SDUWLDO VFUHHQLQJ RI

WKH FROOHFWRU�EDVH FDSDFLWDQFH E\ WKH FROOHFWRU VSDFH FKDUJH� 1RUPDOL]LQJ

WR WKH HPLWWHU MXQFWLRQ DUHD $

H

WR FRUUHFW IRU GLmHULQJ GHYLFH VL]HV� GHYLFHV

IURP ZDIHU $ H[KLELWHG 5

EE

$

H

 �� lbxP

�
DQG &

FEL

�$

H

 ���� I)�xP

�
>��@

YV 5

EE

$

H

 �� lbxP

�
DQG &

FEL

�$

H

 ���� I)�xP

�
�ZLOO EH GLVFXVVHG ODWHU�

IRU GHYLFHV IURP ZDIHU &� 7KH UHGXFWLRQ LQ 5

EE

$

H

UHVXOWV IURP VFDOLQJ� ZKLOH

WKH UHGXFWLRQ LQ &

FEL

�$

H

UHVXOWV IURP WKH UHGXFWLRQ RI &

FEL

WKURXJK WKH GLI�

IHUHQWLDO VSDFH�FKDUJH HmHFW>��@� >��@ XQGHU WKH FRPELQHG FRQGLWLRQV RI KLJK

FXUUHQW GHQVLW\ DQG KLJK FROOHFWRU�HPLWWHU ELDV YROWDJH� ,Q FRPSDULQJ WKH

GHYLFHV IURP ZDIHU & ZLWK WKRVH IURP ZDIHU %� WKH KLJK I

PD[

UHVXOWV IURP WKH

EHWWHU HPLWWHU�FROOHFWRU DOLJQPHQW� VKRUWHU HPLWWHU�FROOHFWRU OHQJWKV ZKLFK

DOORZ GHYLFHV WR EH ELDVHG PXFK KDUGHU� OHDGLQJ WR ODUJHU &

FEL

UHGXFWLRQ� DQG

PRUH DFFXUDWH 5) JDLQ PHDVXUHPHQWV GXH WR WKH RQ�ZDIHU /5/ FDOLEUDWLRQ�
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, CE
f
τ
 = 162 GHz

f
max

 = 820 GHz

emitter, 0.4 x 6 µm2

collector, 1.1 x 6 µm2

I
c
 = 5 mA, V

ce
 = 1.2 V

)LJXUH ����� *DLQV RI ��� [ � xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU +%7

RQ ZDIHU &� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG ��� G%�GHF� �06*�

JDLQ VORSHV DUH LQGLFDWHG�

)LJXUH ���� VKRZV WKH YDULDWLRQ RI I

~

DQG I

PD[

ZLWK ELDV IRU ZDIHU &�

$W ORZ 9

FH

� WKH FROOHFWRU LV SDUWLDOO\ GHSOHWHG OHDGLQJ WR LQFUHDVHG &

FE

DQG

GHFUHDVHG I

PD[

DV ZLWK WKH RWKHU GHYLFHV� $W KLJK 9

FH

� I

~

DQG I

PD[

GHFUHDVH

DV EHIRUH� 7KH PHDVXUHG I

~

YV� 9

FH

LQGLFDWHV #~

F

�#9

FH

z

 ���� SV�9ROW�

SUHGLFWLQJ ���� I) UHGXFWLRQ LQ &

FEL

DW ,

F

 �P$� ,Q RUGHU WR PDNH WKLV

&

FEL

UHGXFWLRQ PRUH VLJQLnFDQW� D FROOHFWRU ZLGWK FORVH WR HPLWWHU ZLGWK LV

SUHIHUUHG GXH WR WKH EHWWHU FROOHFWRU VSDFH FKDUJH FRQnQHPHQW LQ WKH QDUURZ

��



FROOHFWRUV� 7KH VKRUWHU OHQJWK GHYLFH LV SUHIHUUHG EHFDXVH LW FDQ EH ELDVHG

PRUH XQLIRUPO\ DQG FRQVHTXHQWO\ D KLJKHU FXUUHQW GHQVLW\ FDQ EH DSSOLHG

EHIRUH UHDFKLQJ WKH RQ�VHW FXUUHQW RI WKH .LUN HmHFW �� [ ��

�
$�FP

�
IRU

GHYLFHV ZLWK ��� [ �� xP

�
HPLWWHU� YV� � [ ��

�
$�FP

�
IRU GHYLFHV ZLWK ���

[ � xP

�
HPLWWHU��

����� 7KLUG *HQHUDWLRQ (�EHDP OLWKRJUDSK\ 'HYLFHV

)LJXUH ���� VKRZV WKH K��� *PD[

DQG 8 IRU GHYLFHV IURP ZDIHU (� 7KLV

ZDIHU KDG LGHQWLFDO OD\HU VWUXFWXUH DQG SURFHVV DV ZDIHU &� ,PSURYHG H�

EHDP OLWKRJUDSK\ OHDGV WR QDUURZHU DQG PRUH UHSURGXFLEOH FROOHFWRU ZLGWKV�

%LDVLQJ DW 9

FH

 ��� YROWV DQG ,

F

 ��� P$� GHYLFHV ZLWK QRPLQDO ���

xP HPLWWHU DQG QRPLQDO ��� xP FROOHFWRU ZLGWKV VKRZHG ��� G% FXUUHQW

JDLQ DQG ���� G% XQLODWHUDO SRZHU JDLQ DW ��� *+]� ([WUDSRODWLQJ DW �

�� G%�GHFDGH� WKH FXUUHQW JDLQ FXW�Rm IUHTXHQF\ I

~

LV ��� *+] DQG WKH

SRZHU JDLQ FXW�Rm IUHTXHQF\ I

PD[

LV D UHFRUG ���� *+]� 7KH FRPPRQ�

HPLWWHU PD[LPXP VWDEOH JDLQV DUH ���� G% DW ��� *+]� 7KH I

~

LV KLJKHU

WKDQ ZDIHU & EHFDXVH RI EHWWHU HPLWWHU�FROOHFWRU DOLJQPHQW� %HFDXVH RI

WKH SRRU OLQH ZLGWK FRQWUROODELOLW\ RI FROOHFWRU HEHDP ZULWLQJ� WKH FROOHFWRU

OLQHZLGWK LQ ZDIHU ( LV QDUURZHU WKDQ H[SHFWHG�&

FE

H[WUDFWHG IURP ,P�<���

LV ��� I) IRU ZDIHU &� ��� I) IRU ZDIHU (�� +HQFH� WKH I

PD[

LQ ZDIHU ( UHVXOWV

IURP QDUURZHU FROOHFWRU�EDVH MXQFWLRQ ZLGWKV DQG EHWWHU HPLWWHU�FROOHFWRU

DOLJQPHQW� 7KH PHDVXUHPHQW LV EH\RQG WKH LQVWUXPHQW UHOLDELOLW\� $ ZLGHU

EDQGZLGWK QHWZRUN DQDO\]HU ���� *+]���� *+]� LV QHHGHG WR SHUIRUP PRUH

DFFXUDWH 5) JDLQ PHDVXUHPHQWV DQG YHULI\ WKH UHVXOWV RI ZDIHU (�

)LJXUH ���� VKRZV WKH YDULDWLRQ RI I

~

DQG I

PD[

ZLWK ELDV�

)LJXUH ���� VKRZV WKH UHVXOWV RI ODWHUDO VFDOLQJ LQ WKH WUDQVIHUUHG�VXEVWUDWH

+%7V� 6KRZQ LQ WKH nJXUH LV WKH YDULDWLRQ RI I

~

DQG I

PD[

ZLWK HPLWWHU FXU�

UHQW GHQVLW\ IRU WZR GLmHUHQW GHYLFHV� 7KH nUVW RQH KDV ��� [ �� xP

�
HPLWWHU

DQG ��� [ �� xP

�
FROOHFWRU� 7KH VHFRQG RQH KDV ��� [ � xP

�
HPLWWHU DQG

��� [ �� xP

�
FROOHFWRU� 7KHVH WZR GHYLFHV DUH IURP GLmHUHQW ZDIHUV� DQG

WKXV KDYH VOLJKWO\ GLmHUHQW SDUDPHWHUV� EXW WKH JHQHUDO VFDOLQJ WUHQG FDQ EH

FOHDUO\ REVHUYHG� 6FDOLQJ LPSURYHV I

PD[

E\ D ODUJH DPRXQW� ,W LV H[SHFWHG

WKDW ZLWK IXUWKHU GHHS VXEPLFURQ VFDOLQJ RI HPLWWHU DQG FROOHFWRU GLPHQ�

VLRQV� DQG ZLWK LPSURYHG HPLWWHU�FROOHFWRU UHJLVWUDWLRQ� D SRZHU JDLQ FXWRm

IUHTXHQF\ ZHOO LQ H[FHVV RI ���� *+] FDQ EH REWDLQHG�

��
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emitter, 0.4 x 6 µm2

collector, 0.4 x 10 µm2

I
c
 = 6 mA, V
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 = 1.2 V

)LJXUH ����� *DLQV RI QRPLQDO ��� [ � xP

�
HPLWWHU DQG QRPLQDO ��� [ ��

xP

�
FROOHFWRU +%7 RQ ZDIHU (� 7KHRUHWLFDO ��� G%�GHF� �+�� DQG 8� DQG

��� G%�GHF� �06*� JDLQ VORSHV DUH LQGLFDWHG�

����� 2SWLFDO 3URMHFWLRQ /LWKRJUDSK\ �6WHSSHU� 'H�

nQHG 7UDQVIHUUHG�VXEVWUDWH +%7V

6XEPLFURQ GHYLFHV IDEULFDWHG ZLWK H�EHDP OLWKRJUDSK\ KDYH VKRZQ VXSHUE

UI SHUIRUPDQFH� (�EHDP OLWKRJUDSK\� WKRXJK� LV QRW VXLWDEOH IRU LQWHJUDWHG

FLUFXLWV� 7KLV LV EHFDXVH H�EHDP ZULWLQJ LV TXLWH WLPH�FRQVXPLQJ DQG YHU\

KDUG WR VHW�XS IRU ELJ FLUFXLWV� 2SWLFDO SURMHFWLRQ OLWKRJUDSK\ �VWHSSHU�

RmHUV YHU\ KLJK \LHOG RI PLQLPXP IHDWXUH VL]H RI ��� xP� KHQFH LW LV WKH WRRO

IRU LQWHJUDWHG FLUFXLWV� )LJXUH ���� VKRZV WKH K��� *PD[

DQG 8 IRU GHYLFHV

IURP ZDIHU '� 2Q WKLV ZDIHU� ERWK HPLWWHU DQG FROOHFWRU DUH GHnQHG E\ WKH

VWHSSHU� 7KLV ZDIHU KDV WKH LGHQWLFDO OD\HU VWUXFWXUH DV ZDIHU &� 6LPLODUO\

WR &� WKH QHWZRUN DQDO\]HU LV FDOLEUDWHG E\ WKH RQ�ZDIHU /5/ FDOLEUDWLRQ

VWDQGDUGV� 'HYLFHV ZLWK ��� [ � xP

�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU

H[KLELW H[WUDSRODWHG FXUUHQW JDLQ FXWRm IUHTXHQF\ I

~

RI ��� *+] DQG SRZHU

JDLQ FXWRm IUHTXHQF\ I

PD[

RI ��� *+]� 7KH VOLJKWO\ ORZHU I

~

WKDQ GHYLFHV

IURP ZDIHU & LV GXH WR OHVV SUHFLVH HPLWWHU�FROOHFWRU DOLJQPHQW� :LWK WKHVH

KLJK EDQGZLGWK WUDQVLVWRUV� LQWHJUDWHG FLUFXLWV RSHUDWLQJ XS WR ��� *+]

VKRXOG EH IHDVLEOH�

��
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��� +\EULG�{0RGHOV RI 7UDQVIHUUHG�VXEVWUDWH

+%7V

6PDOO�VLJQDO K\EULG�{ PRGHOV RI WUDQVIHUUHG�VXEVWUDWH +%7V IURP ZDIHU &

ZHUH GHYHORSHG� )LJXUH ���� VKRZV D VPDOO�VLJQDO PRGHO IRU D GHYLFH IURP

ZDIHU & ZLWK D ��� [ � xP

�
HPLWWHU DQG D ��� [ �� xP
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VKHHW UHVLVWDQFH LV ��� l�( DQG WKH VSHFLnF FRQWDFW UHVLVWDQFH LV �� l�

xP
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� :LWK WKHVH SDUDPHWHUV� ZH FDOFXODWH D �� l EDVH UHVLVWDQFH� 5

H[

LV JLYHQ E\ WKH LQWHUFHSW RI WKH FXUYH RI 5HI<��J YV� ��,F DQG LV IRXQG

WR EH �� l� %\ SORWWLQJ ���{I
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YHUVXV ��-

H

� LW LV GHWHUPLQHG WKDW WKH

VXP RI WKH EDVH DQG FROOHFWRU WUDQVLW WLPHV �~
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F

� LV ���� SV� DQG WKH

VXP RI WKH FROOHFWRU�EDVH DQG EDVH�HPLWWHU GHSOHWLRQ FDSDFLWDQFHV �&

FE
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&

EH�GHSO
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DQG WKH WRWDO &

FE

DUH H[WUDFWHG E\ SORWWLQJ WKH UHDO

DQG LPDJLQDU\ SDUW RI WKH DGPLWWDQFH SDUDPHWHU <�� YHUVXV IUHTXHQF\� 5FE

UHSUHVHQWV WKH YDULDWLRQ RI FROOHFWRU�EDVH OHDNDJH ZLWK ELDV� OLNHO\ GXH WR
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)LJXUH ����� &RPSDULVRQ RI PHDVXUHG DQG K\EULG�{ PRGHOHG 5) JDLQV RI

GHYLFHV IURP ZDIHU &�

'HYLFHV ZLWK ��� *+] I

~

DQG ��� *+]

PD[

KDYH EHHQ REWDLQHG E\ WKH

WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� 7KH I

PD[

�I

~

UDWLR LV z �� ZKLFK LV

YHU\ ODUJH� :LWK WKH H[FHSWLRQ RI UHDFWLYHO\�WXQHG FLUFXLWV� IRU ZKLFK I

PD[

LV

WKH VROH GHWHUPLQDWH RI FLUFXLW EDQGZLGWK� FLUFXLW GHVLJQ JHQHUDOO\ UHTXLUHV

ERWK KLJK I

~

DQG I

PD[

� ([DPLQLQJ VLJQLnFDQW WHUPV LQ ���{I
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 ��� SV� DQG KDV VLJQLnFDQW LPSDFW XSRQ I
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7R REWDLQ ! ��� *+] ERWK I

~

DQG I

PD[

� GHYLFH KDV WR EH VFDOHG LQWR GHHS

VXEPLFURQ GLPHQVLRQV ODWHUDOO\� EDVH EDQGJDS JUDGLQJ PXVW EH LQFUHDVHG�

WKH FROOHFWRU WKLQQHG� DQG ,Q$V HPLWWHU 2KPLF FRQWDFW OD\HUV HPSOR\HG�

7UDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\ KDV GHPRQVWUDWHG D UHFRUG FXU�

UHQW JDLQ FXWRm IUHTXHQF\ I

~

RI ��� *+]>��@ DQG D UHFRUG SRZHU JDLQ FXWRm

IUHTXHQF\ I

PD[

RI ��� *+]� ,QGLG� GDWD RI ! � 7+] I

PD[

KDV EHHQ REWDLQHG�

EXW QHHGV WR EH FRQnUPHG� 7R GHPRQVWUDWH WKH YLDELOLW\ RI WKLV WHFKQRORJ\

DV D UHDVRQDEOH VFDOH ,& WHFKQRORJ\� LQWHJUDWHG FLUFXLWV QHHG WR EH GHVLJQHG

DQG IDEULFDWHG LQ WKLV WHFKQRORJ\�

��



&KDSWHU �

,QWHJUDWHG &LUFXLWV

$SSOLFDWLRQV IRU +%7V LQFOXGH PLFURZDYH IUHTXHQF\ GLUHFW GLJLWDO V\QWKHVLV�

nEHU�RSWLF WUDQVPLVVLRQ FKLS�VHWV DQG DQDORJ�GLJLWDO FRQYHUWHUV� 0DVWHU�

VODYH oLS�oRSV DUH FULWLFDO IXQFWLRQDO HOHPHQWV LQ D YDULHW\ RI WKHVH GLJLWDO

DQG PLFURZDYH V\VWHPV� 7KH oLSoRS LV D UHJHQHUDWLYH PHPRU\ HOHPHQW

VLPLODU WR D ODWFK� ZLWK D WULJJHU SXOVH �FORFN� WR FRQWURO WKH FKDQJH RI

VWDWHV� ,Q VHTXHQWLDO ORJLF FLUFXLWV� oLSoRSV DUH QHFHVVDU\ WR DYRLG UDFH

FRQGLWLRQV DQG UHV\QFKURQL]DWLRQ� 7KHUHIRUH� WKH oLSoRS LV D IXQGDPHQWDO

EXLOGLQJ EORFN IRU GLJLWDO PDFKLQHV� 0D[LPXP FORFN IUHTXHQFLHV RI PDVWHU�

VODYH oLS�oRSV DUH UHDGLO\ GHWHUPLQHG E\ FRQnJXULQJ WKH FLUFXLW DV D ���

VWDWLF IUHTXHQF\ GLYLGHU� 7KHVH FLUFXLWV DUH RIWHQ XVHG DV EHQFKPDUNV WR

HYDOXDWH WKH VSHHG RI D GLJLWDO WHFKQRORJ\ >��@�

,Q WKLV FKDSWHU� D VWDWLF IUHTXHQF\ GLYLGHU GHVLJQHG DQG IDEULFDWHG LQ

WKH WUDQVIHUUHG�VXEVWUDWH +%7 SURFHVV LV GLVFXVVHG� 7KH PD[LPXP FORFN

IUHTXHQF\ LV OLPLWHG E\ WKH WHVW VHW�XS� 2WKHU NH\ HOHPHQW FLUFXLWV IRU nEHU�

RSWLF FRPPXQLFDWLRQ V\VWHP� VXFK DV VHOHFWRU� GHPXOWLSOH[HU �'(08;��

SKDVH�ORFN�ORRS �3//�� DQG YROWDJH�FRQWUROOHG�RVFLOODWRU �9&2� ZHUH DOVR

GHVLJQHG DQG IDEULFDWHG LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\ DQG

ZLOO DOVR EH GLVFXVVHG LQ WKLV FKDSWHU�
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��� .H\ )HDWXUHV RI WKH 7UDQVIHUUHG�VXEVWUDWH

,& SURFHVV

7R SHUPLW FORFN UDWH H[FHHGLQJ ��� *+]� VLJQLnFDQW LVVXHV LQ WUDQVLVWRU GH�

VLJQ� LQWHUFRQQHFWV� SDFNDJLQJ� DQG WKHUPDO GHVLJQ PXVW EH DGGUHVVHG� 7KH

WUDQVLVWRU FXUUHQW JDLQ FXWRm IUHTXHQF\ I

~

DQG SRZHU JDLQ FXWRm IUHTXHQF\

I

PD[

PXVW EH RI WKH RUGHU RI VHYHUDO KXQGUHG *+]� 'HYLFHV ZLWK ��� *+]

I

~

>��@ DQG ��� *+] I

PD[

>��@ KDYH EHHQ REWDLQHG LQ WKH WUDQVIHUUHG�VXEVWUDWH

+%7 WHFKQRORJ\�

%XW KLJK WUDQVLVWRU EDQGZLGWKV DORQH DUH LQVXpFLHQW IRU KLJK IUHTXHQF\

,&V� :LULQJ SDUDVLWLFV DQG GHOD\V PXVW EH PLQLPL]HG� 7KH LQWHUFRQQHFWV

PXVW KDYH VPDOO FDSDFLWDQFH DQG LQGXFWDQFH SHU XQLW OHQJWK� DQG WKH ZLUH

OHQJWKV� 7KLV OHDGV WR VPDOO WUDQVLVWRU�WUDQVLVWRU VSDFLQJV� *LYHQ WKDW IDVW

+%7V RSHUDWH DW z ��

�
$�FP

�
FXUUHQW GHQVLW\� HpFLHQW KHDW VLQNLQJ LV

WKHQ YLWDO� 7KLV LV SURYLGHG LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 SURFHVV E\

JROG HOHFWURSODWHG WKHUPDO YLDV� +HDW VLQNLQJ ZLOO EH LPSURYHG IXUWKHU E\

XWLOL]LQJ WKH SODWHG�FRSSHU VXEVWUDWH GHYHORSHG E\ -� *XWKULH�

(YHQ ZLWK VKRUW LQWHUFRQQHFWV� ZLULQJ FDSDFLWDQFH LV D VHYHUH LVVXH �nJ�

XUH ����� ,Q WKH WUDQVIHUUHG�VXEVWUDWH SURFHVV� WKH LQWHUFRQQHFWV DUH IDEUL�

FDWHG RQ %&% ZLWK D GLHOHFWULF FRQVWDQW q

U

RI ���� PXFK VPDOOHU WKDQ WKDW

RI VHPLFRQGXFWRUV �q

U

z ���� 7R SURYLGH SUHGLFWDEOH SHUIRUPDQFH� LQWHUFRQ�

QHFWV RI PRUH WKDQ D IHZ SV OHQJWK PXVW KDYH FRQWUROOHG FKDUDFWHULVWLFV� ,W LV

HTXDOO\ LPSRUWDQW WR SURYLGH JRRG JURXQG SODQH� 7R SUHYHQW FLUFXLW�FLUFXLW

LQWHUDFWLRQ WKURXJK JURXQG�FLUFXLW FRPPRQ�OHDG LQGXFWDQFH �? JURXQG ORRS

��� DQ ,& WHFKQRORJ\ WKDW FDQ SURYLGH DQ LQWHJUDO JURXQG SODQH IRU JURXQG�

UHWXUQ FRQQHFWLRQ LV SUHIHUUHG� 6LPLODUO\� WR SUHYHQW FLUFXLW�FLUFXLW LQWHU�

DFWLRQ EHWZHHQ WKH ,&
V LQSXW DQG RXWSXW OLQHV� FRPPRQ�OHDG LQGXFWDQFH

EHWZHHQ WKH ,& DQG SDFNDJH JURXQG V\VWHPV PXVW EH PDGH YHU\ VPDOO�

7KH WUDQVIHUUHG�VXEVWUDWH ,& WHFKQRORJ\ SURYLGHV D JURXQG FRQQHFWLRQ RQ

WKH FRQQHFWLRQ RQ WKH ,& EDFN VXUIDFH �nJXUH ����� ,& WR SDFNDJH JURXQG

LQGXFWDQFH LV HOLPLQDWHG�

:LWK WKH KLJK EDQGZLGWK WUDQVLVWRUV� WKH ORZ SDUDVLWLFV PLFURVWULS ZLULQJ

HQYLURQPHQW� DQG FRSSHU SODWHG PHWDO VXEVWUDWH� FORFNHG ��� *+] GLJLWDO

,&V VKRXOG EH IHDVLEOH�
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)LJXUH ���� :LULQJ LQ �D� WULSOH�PHVD +%7 ,& WHFKQRORJ\� JURXQG ORRSV 	

ZLUH ERQGV GHJUDGH FLUFXLW 	 SDFNDJHG ,& SHUIRUPDQFH� DQG �E� WUDQVIHUUHG�

VXEVWUDWH +%7 WHFKQRORJ\� PLFURVWULS ,& ZLULQJ WR HOLPLQDWH JURXQG ERXQFH

QRLVH DQG YLDV 	 JURXQG SODQH DUH SURYLGHG�
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��� (&/*DWH 'HOD\� D 0HWKRG RI 7LPH &RQ�

VWDQW $QDO\VLV �027&�

7KH 0DVWHU�VODYH '�oLSoRS FRQVLVWV RI VHULHV JDWHG HPLWWHU�FRXSOHG�ORJLF

�(&/� JDWHV ZKRVH VZLWFKLQJ VSHHG GHSHQGV RQ D YDULHW\ RI FLUFXLW DQG

GHYLFH SDUDPHWHUV LQFOXGLQJ WKH ORJLF VZLQJ� ORDG UHVLVWDQFH� SHDN RSHUDWLQJ

FXUUHQW GHQVLW\� WUDQVLVWRU EDQGZLGWK� GHYLFH SDUDVLWLFV DQG DUHD UDWLRV RI

WKH GLmHUHQW WUDQVLVWRUV� HWF� $Q DQDO\WLF H[SUHVVLRQ LV QHHGHG WR JLYH LQVLJKW

LQWR WKH GHSHQGHQFH RI GRPLQDQW WLPH FRQVWDQWV LQ WKH SURSDJDWLRQ GHOD\

RQ WKH YDULRXV FLUFXLW DQG GHYLFH SDUDPHWHUV�

(&/ LV D ELSRODU ORJLF IDPLO\ WKDW H[KLELWV WKH VKRUWHVW SURSDJDWLRQ GHOD\

WLPH RI DQ\ WKH FRPPHUFLDOO\ DYDLODEOH GLJLWDO ,&V� 7KLV LV DFFRPSOLVKHG

E\ ELDVLQJ WKH WUDQVLVWRUV VR WKDW WKH\ GR QRW JR LQWR VDWXUDWLRQ� DQG WKXV

WKH WLPH GHOD\ UHTXLUHG WR GLVVLSDWH H[FHVV VWRUHG FKDUJH LQ WKH EDVH LV

HOLPLQDWHG� 7KHVH FLUFXLWV DOVR UHTXLUH WKH PRVW SRZHU WR RSHUDWH�

$ EDVLF (&/ JDWH LV VKRZQ LQ nJXUH ���� (PLWWHU IROORZHUV DW WKH RXWSXW

SURYLGH YROWDJH OHYHO VKLIWHUV� VR WKDW WKH HPLWWHU�FROOHFWRU YROWDJH 9

FH

IRU

WKH VZLWFKLQJ WUDQVLVWRUV LV LQ WKH UDQJH RI ��� 9 WR ��� 9� 7KH UI SHUIRU�

PDQFH RI +%7V XVHG LQ WKH (&/ ORJLF SHDNV IRU WKLV ELDV� 7KH HPLWWHU

IROORZHUV DOVR SURGXFH D ORZ UHVLVWDQFH DW WKH LQSXW QRGHV RI VXEVHTXHQW

VWDJHV� ZKLFK UHGXFHV WKH WLPH FRQVWDQWV RI WKHVH QRGHV DQG WKXV LPSURYHV

WKH GULYH FDSDELOLW\�

7R FDOFXODWH WKH WLPH FRQVWDQW RI WKH (&/ JDWH� WKH HTXLYDOHQW FLUFXLW

PRGHO KDV WR EH FRQVWUXFWHG nUVW DQG DOO WKH DFWLYH DQG SDVVLYH HOHPHQWV RI

WKH (&/ JDWHV KDYH WR EH OLQHDUL]HG>��@� >��@� 7KH QRQ�OLQHDU HPLWWHU�EDVH

GLRGH UHVLVWDQFH �U

'

�� D ODUJH VLJQDO YHUVLRQ RI U

H

� DQG GLmXVLRQ FDSDFLWDQFH

�&

'

� RI WKH +%7 DUH OLQHDUL]HG E\ DYHUDJLQJ WKHP RYHU D SHULRG RI WKH WLPH

GXULQJ ZKLFK WKH WUDQVLVWRU LV LQ WKH SURFHVV RI EHLQJ WXUQLQJ RQ�Rm�

)LJXUH ��� VKRZV WKH HTXLYDOHQW FLUFXLW RI WKH (&/ JDWH� 7KH WUDQVLVWRU

ZLWKRXW GHYLFH SDUDVLWLFV LV UHSUHVHQWHG E\ WKH K\EULG�{ PRGHO �nJXUH ���D��

7KH +%7 DQG LWV SDUDVLWLFV DQG RWKHU FLUFXLW HOHPHQWV RI WKH ORJLF JDWH LV

VKRZQ LQ nJXUH ���E�

7KH VRXUFH UHVLVWDQFH LQ nJXUH ���� U

H� � U

H[�� UHSUHVHQWV WKH HmHFWLYH

RXWSXW UHVLVWDQFH IURP WKH SUHYLRXV VWDJH DVVXPLQJ D IDQ�RXW RI RQH� 6LQFH

LQ WKH VZLWFKLQJ FLUFXLW� ZKHQ LQSXW LV DW ORJLF � �RU ��� WKH RXWSXW LV DW

ORJLF � �RU ��� WKXV WKH ODUJH VLJQDO RXWSXW YROWDJH VZLQJ RI WKH ORJLF JDWH LV

HTXDO WR WKH LQSXW YROWDJH VZLQJ� KHQFH� WKH ODUJH VLJQDO WUDQVFRQGXFWDQFH

���



)LJXUH ���� %DVLF (&/ JDWH
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ZKHUH ~

I

LV WKH IRUZDUG WUDQVLW WLPH RI WKH GHYLFH� )RU WKH IXOO\ GHSOHWHG

6KRWWN\ FROOHFWRU� LW LV D JRRG DSSUR[LPDWLRQ WKDW WKH EDVH�FROOHFWRU FDSDF�

LWDQFH GRHV QRW FKDQJH ZLWK WUDQVLVWRU ELDV�

7KH PHWKRG RI WLPH FRQVWDQW DQDO\VLV �027&� LV XVHG WR HVWLPDWH WKH

JDWH SURSDJDWLRQ GHOD\ ~

G

� ZKLFK LV WKH WLPH IURP WKH ��� SRLQW LQ WKH ORZ�

KLJK WUDQVLWLRQ RI WKH LQSXW SXOVH ZDYHIRUP WR WKH ��� SRLQW LQ WKH KLJK�ORZ

WUDQVLWLRQ RI WKH RXWSXW SXOVH ZDYHIRUP>��@� >��@� ,I WKH FLUFXLW LV DVVXPHG

FDQ EH GHVFULEHG E\ D VLQJOH WLPH FRQVWDQW D�� WKH SURSDJDWLRQ GHOD\ WLPH

LV JLYHQ E\ D�OQ���� 7KH 027& PHWKRG LV SHUIRUPHG E\ FDOFXODWLQJ WKH

WLPH�FRQVWDQW DVVRFLDWHG ZLWK HDFK FDSDFLWRU LQ WKH QHWZRUN� SURYLGHG WKDW
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)LJXUH ���� �D� +\EULG�{ PRGHO RI +%7V ZLWKRXW SDUDVLWLFV� �E� (&/ HTXLY�

DOHQW FLUFXLW GLDJUDP�
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DOO RWKHU FDSDFLWRUV KDYH EHHQ UHPRYHG IURP WKH FLUFXLW� 7KH WLPH�FRQVWDQW

RI WKH FLUFXLW LV WKH VXP RI WKH WLPH FRQVWDQWV DVVRFLDWHG ZLWK LQGLYLGXDO

FDSDFLWRUV�

7KH UHVXOWLQJ (&/ SURSDJDWLRQ GHOD\ FRQVLVWV RI WZR WHUPV � ~

VZ

LV WKH

GHOD\ DVVRFLDWHG ZLWK WKH VZLWFKLQJ WUDQVLVWRU DQG ~

HI
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7KH QHW WLPH FRQVWDQW D� RI WKH (&/ JDWH LV JLYHQ E\ WKH VXP RI ~VZ � ~

HI

�

$QG WKH (&/ JDWH SURSDJDWLRQ GHOD\ ~
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$V LV VKRZQ LQ HT� � ����� � ����� DW D n[HG HPLWWHU FXUUHQW GHQVLW\

-
H

� DQG D n[HG YROWDJH VZLQJ c9� WKH GHOD\ GXH WR EDVH FRQWDFW UHVLV�

WDQFH LV �:
H

� KHQFH WKH DVVRFLDWHG 5& WLPH�FRQVWDQWV ZLOO GHFUHDVH DV WKH

HPLWWHU�FROOHFWRU ZLGWKV GHFUHDVH� 7KHUHIRUH� WKH VXEPLFURQ ODWHUDO VFDOLQJ

HPLWWHU�FROOHFWRU GLPHQVLRQV GRHV UHGXFH WKH WRWDO (&/ JDWH SURSDJDWLRQ

GHOD\� $OVR ~
G

FDQ EH LPSURYHG E\ UHGXFLQJ WKH IRUZDUG WUDQVLW WLPH E\

YHUWLFDO VFDOLQJ WKH HSLWD[LDO OD\HUV�

)RU WKH (&/ GHVLJQV LQ WKLV ZRUN� WKH YROWDJH VZLQJ c9  ��� P9 DQG

5
/

 �� l� 7KH GHYLFHV DUH ELDVHG DW � [ ��
�
$�FP

�
� 7R GHWHUPLQH WKH

���



)LJXUH ���� (&/ HTXLYDOHQW FLUFXLW ZLWK DUHD GHSHQGHQFH LQGLFDWHG�

���



WRWDO JDWH GHOD\� GHYLFHV ZLWK � [ � xP
�
HPLWWHUV DQG � [ �� xP

�
FROOHFWRUV

DUH XVHG LQ WKH IROORZLQJ FDOFXODWLRQV� $QG WKH VDPH GHYLFH VL]HV DUH XVHG LQ

4� DQG 4�� 7KH K\EULG�{ SDUDPHWHUV IRU WKH GHYLFHV DUH OLVWHG LQ WDEOH ����

'HYLFH &
MH�RII

&
MH�RQ

&
FEL

&
FE[

U
EE

U
H[

~

I

SDUDPHWHUV �I)� �I)� �I)� �I)� �l� l� �SV�

� [ � xP
�
HPLWWHU

� [ �� xP
�
FROOHFWRU �� �� � � �� � ���

7DEOH ���� 'HYLFHV SDUDPHWHUV RI WKH WUDQVIHUUHG�VXEVWUDWH +%7V�

7KH (&/ JDWH SURSDJDWLRQ GHOD\ ~
G

IRU WKH FLUFXLW GHVFULEHG DERYH LV

IRXQG WR EH z ���� SV� )RU WKH VDPH HPLWWHU DUHD� $
H

� FKDQJLQJ WKH WUDQVLV�

WRUV IURP � [ � xP
�
WR ���� [ �� xP

�
HPLWWHUV UHVXOWV LQ D �� � LPSURYHPHQW

LQ WKH (&/ JDWH SURSDJDWLRQ GHOD\ �IURP ���� SV WR ���� SV��

2SWLPXP UDWLR RI DUHDV �$��$�� IRU PLQLPXP JDWH GHOD\ FDQ EH FDOFX�

ODWHG IURP WKH WLPH�FRQVWDQW H[SUHVVLRQ LI GLmHUHQW DUHDV DUH DVVXPHG IRU

WKH WZR WUDQVLVWRUV� 7KLV ZDV GLVFXVVHG LQ >��@� )RU WKLV ZRUN� WKH WZR

WUDQVLVWRUV DUH FKRVHQ WR KDYH LGHQWLFDO VL]HV IRU WKH VLPSOLFLW\ RI WKH OD\RXW�

��� (&/ 6WDWLF )UHTXHQF\ 'LYLGHU� &LUFXLW

'HVLJQ DQG /D\RXW

)LJXUH ��� DQG ��� VKRZ WKH FLUFXLW GLDJUDP DQG FKLS SKRWR RI WKH (&/

��� VWDWLF IUHTXHQF\ GLYLGHU� 7KH GLYLGHU FRQVLVWV RI WKH FLUFXLW FRUH�DQ

(&/ PDVWHU�VODYH '�oLSoRS ZLWK LQYHUWLQJ RXWSXW FRQQHFWHG EDFN WR GDWD

LQSXW� D FORFN EXmHU�DQ HPLWWHU IROORZHU VWDJH� DQG DQ RXWSXW EXmHU�DQ (&/

LQYHUWHU IRU GULYLQJ PDWFKHG ���l WUDQVPLVVLRQ OLQHV�

&XUUHQW PLUURUV DUH XVHG WR SURYLGH ELDVLQJ� (PLWWHU GHJHQHUDWLRQ UHVLV�

WRUV RI �� l DUH XVHG� 7KH SXUSRVH RI WKH HPLWWHU UHVLVWRUV LV WZRIROG� )LUVW�

WKH PDWFKLQJ EHWZHHQ WKH UHIHUHQFH FXUUHQW DQG WKH RXWSXW FXUUHQW FDQ EH

JUHDWO\ LPSURYHG E\ WKH HPLWWHU GHJHQHUDWLRQ� 6HFRQG� WKH XVH RI HPLWWHU

GHJHQHUDWLRQ LQFUHDVHV WKH RXWSXW UHVLVWDQFH RI WKH FXUUHQW VRXUFH� 7KHVH

HPLWWHU UHVLVWRUV GLVVLSDWH FRQVLGHUDEOH DPRXQW RI KHDW� KHQFH� WKHUPDO YLDV

���



(b) (c)

)LJXUH ���� &LUFXLW GLDJUDP RI WKH (&/ ��� VWDWLF IUHTXHQF\ GLYLGHU� �D�

0DVWHU�VODYH '�oLSoRS ��� VWDWLF GLYLGHU FRUH� �E� &ORFN EXmHU� �F� 'DWD

RXWSXW EXmHU�

���



)LJXUH ���� ,& SKRWRJUDSK�

DUH SURYLGHG RQ WKH GHJHQHUDWLRQ UHVLVWRUV RI WKH FXUUHQW VRXUFHV� 7KH SDUD�

VLWLF FDSDFLWDQFH IURP WKH YLD RQ WKHVH UHVLVWRUV GRHV QRW GHJUDGH WKH RYHUDOO

FLUFXLW SHUIRUPDQFH� %\SDVV FDSDFLWRUV ZLWK WRWDO FDSDFLWDQFH RI z � S)

DUH GLVWULEXWHG EHWZHHQ WKH 9
HH

SRZHU EXV DQG WKH EDVHV RI WKH FXUUHQW

VRXUFH WUDQVLVWRUV� 7KLV LV WR VWDELOL]H WKH YROWDJH EHWZHHQ WKH EDVH DQG '&

SRZHU OLQH 9
HH

� 7KHUH DUH DOVR GLVWULEXWHG E\SDVV FDSDFLWRUV EHWZHHQ 9
HH

SRZHU EXV DQG JURXQG� 7KH E\SDVV FDSDFLWRUV KDYH EHHQ GHVLJQHG WR KDYH

VHOI UHVRQDQFH IUHTXHQFLHV PXFK EH\RQG WKH IUHTXHQF\ RI LQWHUHVWV�

$ GLmHUHQWLDO YROWDJH VZLQJ RI ��� P9 DQG D ORDG UHVLVWDQFH 5
/

RI ��

l DUH FKRVHQ� )RU WKLV c9 DQG 5
/

� WKH FXUUHQW LV � P$� )RU PLQLPXP

JDWH GHOD\� LW LV GHVLUDEOH WR RSHUDWH WKH WUDQVLVWRUV DW WKH RSWLPXP FXU�

UHQW GHQVLW\ FDOFXODWHG E\ 3XOOHOD>��@ IURP WKH SURSDJDWLRQ GHOD\ DQDO\VLV�

.LUN HmHFW DQG EUHDNGRZQ KRZHYHU OLPLW WKH SHDN FXUUHQW GHQVLW\ WR � [

��
�
$�FP

�
� KHQFH GHYLFHV ZLWK ��� [ �� xP

�
HPLWWHUV DQG ��� [ �� xP

�

FROOHFWRUV DUH XVHG� $ WKHUPDO YLD LV SURYLGHG RQ HDFK WUDQVLVWRU DQG WKLV

LQWURGXFHV D SDUDVLWLF HPLWWHU WR JURXQG FDSDFLWDQFH RI WKH RUGHU RI �� I)�

7KLV FDSDFLWDQFH DULVHV IURP WKH RYHUODS RI LQWHUFRQQHFW PHWDO � �0�� WR

���



WKH JURXQG LQWHUFRQQHFW PHWDO � �0�� WKURXJK WKH ���� y$ WKLFN 6L1� +HQFH

WKH PRGHO IRU WKH +%7 XVHG LQ WKH 63,&( VLPXODWLRQV KDV EHHQ PRGLnHG

WR DQ ?LQWULQVLF� 6SLFH PRGHO �nJXUH ���D� SOXV WKH SDUDVLWLF FDSDFLWDQFH

�nJXUH ���E��

(b) (c)

)LJXUH ���� �D� 6SLFH PRGHO RI ?LQWULQVLF� +%7��E�0RGLnHG +%7 6SLFH

PRGHO�

)LJXUH ��� VKRZV WKH NH\ FLUFXLW GHVLJQ DQG OD\RXW IHDWXUHV� $ ?NHHS�

DOLYH� FXUUHQW ���� RI WKH RQ�VWDWH FXUUHQW� LV DSSOLHG WR WKH LQSXW VWDJH

RI HDFK '�ODWFK� 7KLV FXUUHQW NHHSV WKH LQSXW VZLWFKLQJ SDLU ZHDNO\ EL�

DVHG GXULQJ WKH ODWFKLQJ SKDVH� UHGXFLQJ WKH ODWFK�ORDG WUDQVLWLRQ WLPH� DQG

KHQFH WKH SURSDJDWLRQ GHOD\� ,QWHUFRQQHFW GHOD\ LV D VHULRXV LVVXH� 7KH

VZLWFKLQJ VLJQDO SDWK LV D VKRUW� GRXEO\�WHUPLQDWHG �� l WUDQVPLVVLRQ�OLQH

EXV� ORFDWHG DW WKH FHQWHU RI WKH ,&� 7KH ,& SHULSKHU\ LV GHYRWHG WR ELDVLQJ

FXUUHQW PLUURUV� 7KH �� l EXV WHUPLQDWLRQ UHVLVWRUV XVH D VPDOO DPRXQW RI

VHULHV LQGXFWLYH SHDNLQJ� 7KH LQGXFWRUV DUH LPSOHPHQWHG ZLWK PLFURVWULS

WUDQVPLVVLRQ OLQHV� )RU D %&% WKLFNQHVV RI � xP DQG D OLQH ZLGWK RI � xP�

���



=� LV �� l DQG WKH YHORFLW\ LV ��� xP�SV� $ ����xP ORQJ OLQH RI � xP ZLGWK

KDV DQ LQGXFWDQFH RI ���� Q+� 7KH �� l SXOO�XS UHVLVWRUV GR QRW UHTXLUH WKH

WKHUPDO YLD EHFDXVH WKH FXUUHQW GHQVLW\ LV ZLWKLQ WKH FXUUHQW FDSDFLW\ RI

WKH 1L&U UHVLVWRUV�

clock clock

clockclock

inductive load

emitter-follower
damping

keep-alive bias
currents

transmission-line bus
short signal path

)LJXUH ���� .H\ IHDWXUHV RI GHVLJQ DQG SK\VLFDO OD\RXW�

5LQJLQJ LV D LQKHULW SUREOHP RI WKH HPLWWHU IROORZHUV� +HQFH� LW KDV

WR EH FDUHIXOO\ FRQVLGHUHG GXULQJ FLUFXLW GHVLJQ� $W WKH FLUFXLW LQSXW� WKH

QHJDWLYH UHDO SDUW RI WKH HPLWWHU IROORZHU
V LQSXW LPSHGDQFH� WRJHWKHU ZLWK

WKH LQSXW FDSDFLWDQFH� DQG WKH GULYLQJ VRXUFH LPSHGDQFH� FDQ FDXVH VHYHUH

ULQJLQJ RU RVFLOODWLRQ� $ VHULHV FRQQHFWHG UHVLVWRU DQG LQGXFWRU FRPELQDWLRQ

EHWZHHQ WKH HPLWWHU QRGHV RI WKH HPLWWHU IROORZHUV SURYLGHV GDPSLQJ� WKXV

SUHYHQWLQJ HPLWWHU IROORZHU ULQJLQJ�

$ GF UHIHUHQFH YROWDJH 9
UI

RI ���� 9 LV DSSOLHG WR RQH RI WKH WZR GLI�

IHUHQWLDO FORFN LQSXWV WKURXJK D �� *+] ZDIHU SUREH ZLWK WKH ELDV�7� 7KH

RWKHU GLmHUHQWLDO FORFN LQSXW LV GULYHQ E\ D VLQXVRLGDO FORFN VLJQDO� 7KH

FORFN VLJQDO� nUVW JRHV WR WKH FRUH FLUFXLW WKURXJK D �� l WUDQVPLVVLRQ OLQH�

���



WKHQ VSOLWV LQWR WZR ��� l OLQHV� UHDFKHV WKH FORFN LQSXWV RI WKH WZR ODWFKHV

V\PPHWULFDOO\� WKHQ LV WHUPLQDWHG E\ ��� l UHVLVWRUV� 7KHVH WHUPLQDWLRQ

UHVLVWRUV FRQVXPH D FRQVLGHUDEOH DPRXQW RI SRZHU GXH WR WKHLU ODUJH UHVLV�

WDQFH DQG FXUUHQW WKURXJK WKHP� DQG VR UHTXLUH WKHUPDO YLDV WR FRQGXFW

WKH KHDW DZD\ IURP WKH UHVLVWRUV� 7KH WKHUPDO YLDV ZLOO UHVXOW LQ VLJQLn�

FDQW SDUDVLWLF FDSDFLWDQFH� ZKLFK LV WKH LQSXW FDSDFLWDQFH� DQG KHQFH ZLOO

GHJUDGH WKH FLUFXLW SHUIRUPDQFH� ,Q WKLV GHVLJQ� WKH SUREOHP LV LPSURYHG

E\ LQFUHDVLQJ WKH UHVLVWRU ZLGWK DQG XVLQJ D UHODWLYHO\ VPDOO WKHUPDO YLD�

7KH RXWSXW EXmHU UHGXFHV WKH HmHFW RI WKH SDG DQG H[WHUQDO SDUDVLWLFV RQ

WKH SHUIRUPDQFH RI WKH FULWLFDO FRUH FLUFXLWV� ,Q WKLV GHVLJQ� RXWSXW EXmHUV

DUH LPSOHPHQWHG ZLWK D GLmHUHQWLDO (&/ LQYHUWHU� SURYLGLQJ EHWWHU PDWFK

IRU WUDQVPLVVLRQ OLQHV� ,Q IXWXUH� DQ RXWSXW ZLWK PRUH WKDQ RQH VWDJH RI

(&/ LQYHUWHU EXmHULQJ VKRXOG JLYH EHWWHU GHFRXSOLQJ�

7KH 7HNWURQL[ �� *+] VDPSOLQJ KHDG SURYLGHV RQH RI WKH ��l ORDG

UHVLVWDQFH WHUPLQDWLRQV IRU WKH RXWSXW EXmHU VWDJH� 7KH VHFRQG RXWSXW SDG

LV WHUPLQDWHG LQ D ��l ORDG WKURXJK D �� *+] ZDIHU SUREH� 7KH FLUFXLW

LV IDEULFDWHG ZLWK ��� xP [ �� xP HPLWWHU DQG ��� xP [ ��xP FROOHFWRU

+%7V� RSHUDWLQJ DW D FXUUHQW GHQVLW\ RI ��� [ ��
�
$�FP

�
� 7KH RYHUDOO FKLS

DUHD LV ��� [ ��� PP� DQG FRQWDLQV �� WUDQVLVWRUV�

6LPXODWLRQ �+3�((62)� SUHGLFWV D PD[LPXP ��� *+] FORFN IUHTXHQF\

�nJXUH ����� ZLWKRXW WKH OD\RXW SDUDVLWLFV� *LYHQ WKH LQoXHQFH RI ZLULQJ

SDUDVLWLFV RQ KLJK�VSHHG ORJLF RSHUDWLRQ� FLUFXLWV ZHUH VLPXODWHG ZLWK DOO

VLJQLnFDQW LQWHUFRQQHFWV PRGHOHG DV PLFURVWULS WUDQVPLVVLRQ OLQHV� 6LPXOD�

WLRQV �+3�((62)� SUHGLFW D PD[LPXP �� *+] FORFN IUHTXHQF\ �nJXUH �����

��� (&/ 6WDWLF )UHTXHQF\ 'LYLGHU 5HVXOWV

7KH ��� GLYLGHU ZHUH WHVWHG RQ�ZDIHU XVLQJ FRPPHUFLDO PLFUR�FRD[LDO SUREHV�

2QH RI WKH WZR GLmHUHQWLDO FORFN LQSXWV LV WHUPLQDWHG LQ �� l� $ �� *+]

PLFUR�FRD[LDO ZDIHU SUREH FRQQHFWV WKH VHFRQG GLmHUHQWLDO FORFN LQSXW SDG

WR D VLQXVRLGDO FORFN VLJQDO VRXUFH WKURXJK DQ ����� *+] ELDV WHH� 7KH

FORFN LQSXW LV GULYHQ VLQJOH�HQGHG ZLWK D ���� *+] V\QWKHVL]HU IROORZHG E\

D ����� *+] IUHTXHQF\ PXOWLSOLHU� 'LYLGH�E\�� RSHUDWLRQ LV REVHUYHG XS WR

WKH PD[LPXP DYDLODEOH FORFN IUHTXHQF\ RI �� *+] XVLQJ WKH FXUUHQW WHVW

VHWXS �nJXUH ������ )LJXUH � VKRZV WKH RXWSXW ZDYHIRUP RI WKLV FLUFXLW

GULYHQ DW �� *+]� 7KH RXWSXW ZDYHIRUP LV VPDOO GXH WR WKH RXWSXW SUREH

DQG FDEOH ORVVHV� 7KH FORFN LQSXW LV VPDOO GXH WR WKH LQSXW SUREH DQG

���
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)LJXUH ���� 6LPXODWHG RXWSXW RI (&/ GLYLGHU IRU �� *+] FORFN LQSXW�

FDEOH DQG ELDV WHH ORVVHV� 7KH FORFN LQSXW LV DOVR GULYHQ VLQJOH�HQGHG ZLWK

D ���� *+] V\QWKHVL]HU WR YHULI\ WKH GLYLGHUV RSHUDWH FRUUHFWO\ DW YHU\ ORZ

FORFN LQSXW IUHTXHQFLHV� 'LYLGH�E\�� RSHUDWLRQ LV REVHUYHG DW � *+] ZKLFK

LV WKH ORZHVW DYDLODEOH IUHTXHQF\ IURP WKLV V\QWKHVL]HU� 'XH WR WKH ODFN

RI WKH SRZHU PHWHU IRU DOO IUHTXHQF\ UDQJHV� DQG XVLQJ GLmHUHQW IUHTXHQF\

PXOWLSOLHUV IRU GLmHUHQW IUHTXHQF\ UDQJHV� WKH LQSXW FORFN SRZHU OHYHO FRXOG

QRW EH DFFXUDWHO\ GHWHUPLQHG�

7KH oLS�oRS GLVVLSDWHV ��� P: IURP D ��9 VXSSO\� DQG WKH RXWSXW EXmHU

GLVVLSDWHV �� P: IURP D ��9 VXSSO\� *LYHQ WKH SHDN FORFN IUHTXHQF\ RI

�� *+] SUHGLFWHG IURP 63,&( VLPXODWLRQ� ZKLFK WDNHV LQWR DFFRXQW DOO

VLJQLnFDQW GHYLFH DQG LQWHUFRQQHFW SDUDVLWLFV� ZH EHOLHYH WKDW WKH FLUFXLW

SHUIRUPDQFH LV FXUUHQWO\ OLPLWHG E\ WKH PHDVXUHPHQW VHWXS� LQ SDUWLFXODU

KLJK IUHTXHQF\ ORVVHV RI WKH SUREH� ELDV WHH� DQG FDEOH FRQQHFWLQJ WR WKH

FORFN LQSXW�

��� $QRWKHU (&/ 6WDWLF )UHTXHQF\ 'LYLGHU

'HVLJQ

$QRWKHU YHUVLRQ RI (&/ PDVWHU�VODYH '�oLSoRS VWDWLF IUHTXHQF\ GLYLGHU ZDV

DOVR GHVLJQHG� $ EORFN GLDJUDP RI WKLV GLYLGHU LV VKRZQ LQ nJXUH ����� 7KH

FLUFXLW FRQVLVWV RI WZR QRYHO '�ODWFKHV �1'� ZKLFK ZLOO EH GLVFXVVHG QH[W

���



)LJXUH ����� 'LYLGHU WHVW VHWXS�
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DQG D FRQYHQWLRQDO '�ODWFK �&'� WKDW ZDV XVHG LQ WKH SUHYLRXV GHVLJQ� 7KH

QRYHO '�ODWFK LV YHU\ VLPLODU WR WKH FRQYHQWLRQDO ODWFK H[FHSW DQ DGGLWLRQDO

VZLWFKLQJ SDLU LV LQVHUWHG WR EHWZHHQ WKH ORDG VWDJH DQG WKH ODWFK VWDJH

�nJXUH ������ :KHQ WKH FORFN OHYHO LV KLJK� WKH DGGLWLRQDO VZLWFKLQJ SDLU

EHFRPH GLRGHV ZKRVH UHVLVWDQFH LV VPDOOHU WKDQ WKH ORDG UHVLVWDQFH 5
/

� DQG

KHQFH WKH ORDGLQJ VWDJH KDV ORZHU HmHFWLYH UHVLVWDQFH OHDGLQJ WR D UHGXFHG

RXWSXW YROWDJH VZLQJ DQG LPSURYHG ORDG VWDJH VZLWFKLQJ WLPH� 7KLV UHGXFHV

WKH RYHUDOO SURSDJDWLRQ GHOD\� :KHQ WKH FORFN EDU JRHV KLJK� WKLV SDLU LV Rm�

DQG KDV QR HmHFW RQ WKH FLUFXLW� 7KH FRQYHQWLRQDO '�ODWFK LV XVHG WR UHVWRUH

WKH ORJLF OHYHOV DQG LV RXWVLGH WKH IHHGEDFN ORRS� 6LPXODWLRQ �+3�((62)�

SUHGLFWV D PD[LPXP ��� *+] FORFN IUHTXHQF\ �nJXUH ����� ZLWKRXW WKH

OD\RXW SDUDVLWLFV� $W z ��� *+]� WKH SUHYLRXV GLYLGHU GHVLJQ KDV VKRZQ WKDW

WKH FLUFXLW EDQGZLGWK ZDV UHGXFHG E\ OD\RXW SDUDVLWLFV� +HQFH� WKLV YHUVLRQ

RI GLYLGHU KDV QRW EHHQ ODLG RXW GXH WR DEVHQFH RI VLJQLnFDQW LPSURYHPHQW

JLYHQ WKH SUHVHQFH RI OD\RXW SDUDVLWLFV�

)LJXUH ����� %ORFN GLDJUDP RI QRYHO (&/ IUHTXHQF\ GLYLGHU�

��� 2WKHU &LUFXLW %XLOW LQ 7UDQVIHUUHG�VXEVWUDWH

+%7 7HFKQRORJ\

2WKHU FLUFXLWV KDYH DOVR EHHQ GHVLJQHG DQG IDEULFDWHG WR GHPRQVWUDWH WKH

WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� 7KHVH LQFOXGHV GLJLWDO SKDVH�ORFN�

ORRSV �3//V�� :�EDQG YROWDJH�FRQWURO�RVFLOODWRUV �9&2V�� ��� GHPXOWLSOH[�

HUV �'(08;V� DQG VHOHFWRUV� 7KHVH FLUFXLWV KDYH QRW EHHQ WHVWHG \HW�

$ EORFN GLDJUDP RI WKH GLJLWDO 3// V\VWHP LV VKRZQ LQ nJXUH ����� 7KH

HOHPHQWV RI WKH V\VWHP DUH D SKDVH GHWHFWRU� D ORRS nOWHU� DQG D 9&2�

���



)LJXUH ����� 6FKHPDWLF RI QRYHO '�ODWFK�
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7KH SKDVH GHWHFWRU LV D PDVWHU�VODYH '�oLSoRS� VDPSOLQJ WKH RXWSXW GDWD

ZLWK IUHTXHQF\ I
9 &2

IURP WKH 9&2 DW WKH ULVLQJ HGJHV RI WKH LQSXW GDWD

ZLWK IUHTXHQF\ I
LQ

� :KHQ WKH ORRS LV ORFNHG RQ DQ LQFRPLQJ SHULRGLF VLJQDO

�I
LQ

�� WKH 9&2 IUHTXHQF\ I
9 &2

LV H[DFWO\ HTXDO WR I
LQ

� )LJXUH ���� VKRZV

WKH FLUFXLW GLDJUDP RI WKH ORRS nOWHU� 1R GHVLJQ RSWLPL]DWLRQ KDV EHHQ

GRQH IRU WKH EHVW ORRS SHUIRUPDQFH� 7KH 9&2� DV VKRZQ LQ nJXUH ����� LV

WKH HPLWWHU�FRXSOHG 5& PXOWLYLEUDWRU LQ ZKLFK WKH FKDUJLQJ FXUUHQW LQ WKH

FDSDFLWRU LV YDULHG LQ UHVSRQVH WR WKH FRQWURO LQSXW� 7KH IUHTXHQF\ RI WKH

RVFLOODWRU I  ,���&9
EH�RQ

�� ZKHUH , LV FRQWUROOHG E\ WKH RXWSXW RI WKH ORRS

nOWHU� ,Q DGGLWLRQ WR EHLQJ FRQWUROOHG E\ WKH RXWSXW RI WKH ORRS nOWHU� DQ

H[WHUQDOO\ '& YROWDJH WXQLQJ LV GHVLJQHG� WKLV FRDUVH WXQLQJ LV GHVLJQHG WR

LQFUHDVH WKH ORRS ORFN UDQJH� 7KLV GHVLJQ FRQWDLQV z ��� WUDQVLVWRUV� 7KH

FKLS SKRWR LV VKRZQ LQ nJXUH �����

)LJXUH ����� %ORFN GLDJUDP RI GLJLWDO 3//�

)LJXUH ���� VKRZV WKH FKLS SKRWRV RI D :�EDQG 9&2� D PXOWLSOH[HU

�VHOHFWRU�� ��� GHPXOWLSOH[HU� 7UDQVLVWRU FRXQW LQ WKH '(08; LV XS WR ���

+%7V�

$ GLJLWDO WHFKQRORJ\ EXLOGLQJ EORFN ZLWK UHFRUG KLJK FORFN UDWH KDV EHHQ

GHPRQVWUDWHG KHUH� $ ZLGH YDULHW\ RI DQDORJ ,&V LQ WUDQVIHUUHG�VXEVWUDWH

+%7 WHFKQRORJ\ KDYH DOVR EHHQ GHPRQVWUDWHG>��@� >��@� :LWK KLJKO\ VFDOHG

OLWKRJUDSKLF DQG HSLWD[LDO GLPHQVLRQV� JLYLQJ ERWK KLJK I
~

DQG I
PD[

� LP�

SURYHG LQWHUFRQQHFW WHFKQRORJ\� DQG LPSURYHG FLUFXLW GHVLJQ� ��� *+] DQD�

ORJ DQG ��� *+] GLJLWDO ,&V VKRXOG EH IHDVLEOH� :LWK LPSURYHG VXEVWUDWH

WUDQVIHU SURFHVV DQG EHWWHU 0%( JURZWK� UHDVRQDEOH ODUJH VFDOHG ,&V LQWH�

JUDWLRQ VKRXOG EH IHDVLEOH�

���



)LJXUH ����� 6FKHPDWLF RI WKH ORRS nOWHU�

)LJXUH ����� 6FKHPDWLF RI WKH 9&2�

���



)LJXUH ����� &KLS SKRWR RI D GLJLWDO 3//�
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(a) (b)

(c) (d)

)LJXUH ����� &KLS SKRWR RI �D� :�EDQG 9&2� �E� 08;� DQG �F� ��� '(�

08;�

���



&KDSWHU �

&RQFOXVLRQV

��� $FKLHYHPHQWV

'HHS VXEPLFURQ ,Q*D$V�$O,Q$V WUDQVIHUUHG�VXEVWUDWH +%7V ZHUH IDEUL�

FDWHG� $ IDEULFDWLRQ SURFHVV IRU GHHS VXEPLFURQ GHYLFHV ZDV GHYHORSHG�

7KLV LQFOXGHV WKH GHnQLWLRQ RI WKH GHHS VXEPLFURQ HPLWWHUV�FROOHFWRUV� ��

VWHS FRQWUROOHG HWFK SURFHVV RI VXEPLFURQ HPLWWHU PHVD� ERQGLQJ SURFHVV RI

WKH KRVW ZDIHU WR WKH FDUULHU ZDIHU� DQG HPLWWHU�FROOHFWRU DOLJQPHQW� 8V�

LQJ VXEVWUDWH�WUDQVIHU SURFHVV� +%7V ZHUH IDEULFDWHG ZLWK GHHS VXEPLFURQ

HPLWWHU�EDVH DQG FROOHFWRU�EDVH MXQFWLRQV RQ RSSRVLQJ VLGHV RI WKH EDVH HSL�

WD[LDO OD\HU� 7KH UHGXFHG HPLWWHU DQG FROOHFWRU ZLGWKV SURJUHVVLYHO\ UHGXFH

5
EE

&
FE

� KHQFH I
PD[

LQFUHDVHV GUDVWLFDOO\�

7UDQVIHUUHG�VXEVWUDWH +%7V ZLWK XOWUD�KLJK EDQGZLGWK KDYH EHHQ GHPRQ�

VWUDWHG� 5HFRUG SRZHU JDLQ FXWRm IUHTXHQF\ I
PD[

RI ��� *+] KDV EHHQ

REWDLQHG IRU +%7V IDEULFDWHG XVLQJ H�EHDP OLWKRJUDSK\� ZLWK ��� [ � xP
�

HPLWWHUV DQG ��� [ �� xP
�
FROOHFWRUV� WKH FXUUHQW JDLQ FXWRm IUHTXHQF\

I
~

LV ��� *+]� 7KH KLJK I
PD[

UHVXOWV IURP WKH VFDOLQJ RI +%7 MXQFWLRQ

ZLGWKV� IURP WKH HOLPLQDWLRQ RI FROOHFWRU VHULHV UHVLVWDQFH WKURXJK WKH XVH

RI D 6FKRWWN\ FROOHFWRU FRQWDFW� DQG IURP SDUWLDO VFUHHQLQJ RI WKH FROOHFWRU�

EDVH FDSDFLWDQFH E\ WKH FROOHFWRU VSDFH FKDUJH� 7KH ODUJH I
PD[

�I
~

UDWLR DO�

ORZV VXEVHTXHQW WKLQQLQJ WKH EDVH DQG FROOHFWRU HSLWD[LDO nOPV WR LPSURYH

WKH FXUUHQW JDLQ FXWRm IUHTXHQF\ I
~

DW WKH H[SHQVH RI I
PD[

� DQG KLJK YDOXHV

RI ERWK I
~

DQG I
PD[

DUH WKXV REWDLQHG�

7KH GHYLFHV DOVR VKRZ HQFRXUDJLQJ '& FKDUDFWHULVWLFV� 'HYLFHV ZLWK ���

[ � xP
�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU H[KLELW '& FXUUHQW JDLQ n  ���

���



ZKLOH GHYLFHV ZLWK ��� [ � xP
�
HPLWWHU DQG ��� [ �� xP

�
FROOHFWRU H[KLELW

'& FXUUHQW JDLQ n  ��� 'HYLFHV ZLWK VPDOO GLPHQVLRQV ���� x HPLWWHU�

IDEULFDWHG LQ WKLV ZRUN VKRZHG SRRU 5) FKDUDFWHULVWLFV� DSSUR[LPDWHO\ ���

*+] I
PD[

� 7KLV LV GXH WR HPLWWHU�FROOHFWRU DOLJQPHQW GLpFXOWLHV� DQG XQGHU�

H[SRVXUH GXULQJ WKH FROOHFWRU GHnQLWLRQ XVLQJ HOHFWURQ�EHDP OLWKRJUDSK\

WKDW OHDG WR PXFK QDUURZHU FROOHFWRUV WKDQ LQWHQGHG�

7KH HmHFW RI WKH FROOHFWRU VSDFH FKDUJH RQ WKH LQWULQVLF FROOHFWRU�EDVH

FDSDFLWDQFH &
FEL

ZDV LQYHVWLJDWHG� ,W KDV EHHQ REVHUYHG WKDW WKH UHGXFWLRQ

LQ &
FEL

� KHQFH WKH LPSURYHPHQW LQ I
PD[

WKURXJK WKH GLmHUHQWLDO VSDFH�FKDUJH

HmHFW� XQGHU FRPELQHG FRQGLWLRQV RI KLJK FXUUHQW GHQVLW\ DQG KLJK FROOHFWRU�

HPLWWHU ELDV YROWDJH� FDQ EH VLJQLnFDQW IRU GHYLFHV ZLWK GHHS VXEPLFURQ

HPLWWHU DQG FROOHFWRU�

7KH GHYLFHV ZHUH FKDUDFWHUL]HG XVLQJ '&��� *+] DQG :�EDQG �������

*+]� QHWZRUN DQDO\]HUV� $ YHU\ UHOLDEOH FDOLEUDWLRQ SURFHGXUH LV XVHG� 7KH

H[WHQGHG UHIHUHQFH SODQHV DUH XVHG WR VHSDUDWH WKH PLFURZDYH SUREHV WR

DYRLG PHDVXUHPHQW HUURU �LQ 6��� KHQFH 8� DULVLQJ IURP WKH SUREH�SUREH FRX�

SOLQJ �ZRUVH IRU :�EDQG�� 7KH RQ�ZDIHU /LQH�UHoHFW�OLQH FDOLEUDWLRQ VWDQ�

GDUGV ZHUH IDEULFDWHG DQG XVHG WR GH�HPEHG WKH WUDQVLVWRU 6�SDUDPHWHUV�

7KH ��� *+] I
PD[

LV UHDFKLQJ WKH OLPLW RI UHOLDELOLW\ IRU WKH ������ *+] QHW�

ZRUN DQDO\]HU� IRU 5) FKDUDFWHUL]DWLRQ RI GHYLFHV ZLWK KLJKHU EDQGZLGWK�

ZLGHU�EDQGZLGWK LQVWUXPHQWV KDYH WR EH XVHG�

'XH WR WKH GLpFXOWLHV ZLWK HOHFWURQ�EHDP H[SRVXUH GXULQJ FULWLFDO GL�

PHQVLRQ GHnQLWLRQ� HVSHFLDOO\ FROOHFWRU OLWKRJUDSK\� WKH \LHOGV RI GHYLFHV

ZLWK GHHS VXEPLFURQ GLPHQVLRQ LQ WKLV ZRUN ZHUH ORZ� LQ WKH UDQJH RI ��

�� ,Q RWKHU SURFHVV UXQV XVLQJ RSWLFDO SURMHFWLRQ OLWKRJUDSK\� \LHOGV DERYH

�� � ZHUH REWDLQHG IRU ���WUDQVLVWRU ,&V�

9DULRXV ,&V KDYH EHHQ EXLOW LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 SURFHVV�

7KHVH LQFOXGHV :�EDQG 9&2V� '(08;V� 08;V DQG 3//V� $Q LQWHJUD�

WLRQ OHYHO RI ��� WUDQVLVWRUV KDV EHHQ DFKLHYHG� (pFLHQW KHDW VLQNLQJ RI

KHDW JHQHUDWRUV �WUDQVLVWRUV DQG UHVLVWRUV� SURYLGHG E\ WKLV WHFKQRORJ\ KDV

SHUPLWWHG KLJK SDFNLQJ GHQVLW\ DQG� KHQFH VKRUWHU ZLUH OHQJWKV� 0LFURVWULS

LQWHUFRQQHFWV IDEULFDWHG RQ �xP WKLFN %&% SURYLGH D ORZ FDSDFLWDQFH DQG

ORZ ORVV ZLULQJ HQYLURQPHQW� 7KH EDFNVLGH JURXQG SODQH SURYLGHG E\ WKLV

SURFHVV� HOLPLQDWHV WKH ,& WR SDFNDJH JURXQG LQGXFWDQFH DQG SURYLGHV HI�

IHFWLYH JURXQGLQJ ZLWK YHU\ VPDOO YLD LQGXFWDQFH�

,Q WKH HDUO\ ZRUN >��@� >��@� WKH IDEULFDWLRQ SURFHVV XVHG IRU WKH ,&V HP�

SOR\HG D .DUO 6XVV FRQWDFW PDVN DOLJQHU IRU OLWKRJUDSK\� 7KLV OLWKRJUDSK\

���



WRRO KDV OLPLWDWLRQV RQ nQH OLQH FDSDELOLWLHV �� xP PLQLPXP IHDWXUH VL]H��

DQG RQ WKH DOLJQPHQW WROHUDQFH� +HQFH� FLUFXLWV FRXOG QRW EH EXLOW XVLQJ

VFDOHG +%7V ZLWK KLJKHU EDQGZLGWK� DQG ?VWDJJHULQJ� WHFKQLTXH KDG WR

EH HPSOR\HG WR JHW VRPH FLUFXLWV DQG GHYLFHV DOLJQHG� WKXV ZDVWLQJ ZDIHU

DUHD DQG OLPLWLQJ WKH VFDOHV RI LQWHJUDWLRQ� $QG LW DOVR FDXVHV SURFHVV IDLOXUH

ZKHQ KDUG FRQWDFW PRGH LV QHHGHG IRU nQH OLQH�ZLGWK OLWKRJUDSK\� 7KH SURE�

OHPV DUH VROYHG E\ XVLQJ WKH ��� xP UHVROXWLRQ *&$ SURMHFWLRQ OLWKRJUDSK\

V\VWHP �VWHSSHU�� ,W LV D QRQ�FRQWDFW KLJK UHVROXWLRQ ���� xP� OLWKRJUD�

SK\ WRRO ZLWK VPDOO DOLJQPHQW WROHUDQFH� 7KLV DOORZV WKH UDSLG LQFUHDVH LQ

WKH VFDOHV RI LQWHJUDWLRQ� 7KH IDEULFDWLRQ SURFHVV XVLQJ VWHSSHU KDV EHHQ

GHYHORSHG�

)RU +%7V IDEULFDWHG XVLQJ WKH RSWLFDO�SURMHFWLRQ OLWKRJUDSK\� ZLWK LGHQ�

WLFDO 0%( PDWHULDO ����y$ ,Q*D$V EDVH ZLWK �� PH9 JUDGLQJ� ���� y$ FRO�

OHFWRU WKLFNQHVV�� DQ I
PD[

RI ��� *+] KDV EHHQ DFKLHYHG LQ GHYLFHV ZLWK ���

[ � xP
�
HPLWWHUV DQG ��� [ �� xP

�
FROOHFWRUV� WKH I

~

LV ��� *+]� (PLWWHU

FRXSOHG ORJLF ��� VWDWLF IUHTXHQF\ GLYLGHUV ZHUH GHVLJQHG DQG IDEULFDWHG XV�

LQJ WKH VWHSSHU LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\� 7KH FLUFXLW

FRQVLVWV RI �� WUDQVLVWRUV� $ UHFRUG �� *+] GLYLGH E\ � RSHUDWLRQ LV RE�

VHUYHG� *LYHQ WKH SHDN FORFN IUHTXHQF\ RI �� *+] SUHGLFWHG IURP 63,&(

VLPXODWLRQ� ZKLFK WDNHV LQWR DFFRXQW DOO VLJQLnFDQW GHYLFH DQG LQWHUFRQQHFW

SDUDVLWLFV� LW LV FOHDU WKDW WKH FLUFXLW SHUIRUPDQFH LV FXUUHQWO\ OLPLWHG E\ WKH

WHVW VHWXS� :LWK KLJKHU IUHTXHQF\ LQVWUXPHQWDWLRQ� LPSURYHG FLUFXLW OD\�

RXW� DQG ORZ SDUDVLWLFV LQWHUFRQQHFWV� FORFNHG ��� *+] GLJLWDO ,&V VKRXOG

EH IHDVLEOH�

��� )XWXUH :RUN

,W LV VKRZQ LQ WKLV ZRUN WKDW WKH EDQGZLGWK RI WUDQVIHUUHG�VXEVWUDWH +%7V

LPSURYHV VLJQLnFDQWO\ E\ GHHS VXEPLFURQ ODWHUDO VFDOLQJ� 7KH SULPDU\ UH�

TXLUHPHQW IRU IXUWKHU GHHS VXEPLFURQ VFDOLQJ LV WKH QHHG IRU D SRZHUIXO

OLWKRJUDSK\ WRRO IRU SUHFLVH KLJK UHVROXWLRQ UHSURGXFLEOH HPLWWHU�FROOHFWRU

GHnQLWLRQ DQG SUHFLVH HPLWWHU�FROOHFWRU DOLJQPHQW� D UHOLDEOH KLJK UHVROXWLRQ

HPLWWHU PHVD IRUPDWLRQ SURFHVV� DQG D ZLGHU EDQGZLGWK QHWZRUN DQDO\]HU

DYDOLDEOH IRU 5) PHDVXUHPHQWV�

$QRWKHU LVVXH ZLWK GHHS VXEPLFURQ VFDOLQJ ZKLFK QHHGV WR EH DGGUHVVHG

LV HPLWWHU UHVLVWDQFH U
H[

� ,Q FXUUHQW +%7 GLPHQVLRQV� WKH HPLWWHU UHVLVWDQFH

U
H[

GRHV QRW DSSHDU WR EH YHU\ LPSRUWDQW IRU WKH WUDQVLVWRU I
PD[

� EXW KDV

���



VHULRXV LPSDFW RQ I
~

DV WKH FROOHFWRU LV WKLQQHG EHORZ ���� y$� $V WKH

WUDQVLVWRU ODWHUDO GLPHQVLRQ GHFUHDVH� U
H[

PD\ VRRQ EHFRPH D OLPLWLQJ IDFWRU�

(PLWWHU UHVLVWDQFH UHGXFHV WKH FXUUHQW FXWRm IUHTXHQF\ I
~

GXH WR U
H[

&
FE

WLPH FRQVWDQW� GHJUDGHV GLmHUHQWLDO YROWDJH JDLQ DW VZLWFKLQJ SRLQW RI WKH

GLmHUHQWLDO SDLU� UHGXFHV QRLVH PDUJLQ� VSHHG� DQG YROWDJH VZLQJ� U
H[

KDV

WR EH LPSURYHG LQ GHHS VXEPLFURQ WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\�

,Q$V HPLWWHU 2KPLF FRQWDFW OD\HUV FRXOG EH HPSOR\HG IRU WKLV SXUSRVH�

DQG WKH FRQWDFW PXVW EH SURWHFWHG GXULQJ WKH HWFK XVHG IRU HPLWWHU PHVD

IRUPDWLRQ�

0DLQWDLQLQJ '& FXUUHQW JDLQ n LV DOVR DQ LPSRUWDQW LVVXH LQ GHHS VXE�

PLFURQ VFDOLQJ� /RZHU HOHFWURQ WUDQVLW WLPH LV GHVLUHG� 7KLQQHU EDVH DQG

KLJKHU EDVH EDQGJDS JUDGLQJ DUH QHFHVVDU\�

'HYLFHV VKRXOG EH ODLG RXW ZLWK VKRUW VWULSH OHQJWKV� 7KLV UHOD[HV

WKH HPLWWHU�FROOHFWRU DOLJQPHQW SUHFLVLRQ FRPSDULQJ ZLWK WKRVH RI ORQJHU

VWULSHV� $OVR WKH VKRUWHU GHYLFH FDQ EH ELDVHG DW PXFK KLJKHU FXUUHQW GHQ�

VLW\ WKDQ ORQJHU GHYLFHV� WKLV OHDGV WR� KLJKHU EDQGZLGWK� IDVWHU JDWH GHOD\�

HWF� $V WKH HPLWWHU�FROOHFWRU ZLGWKV VFDOH� WKH EDVH PHVD ZLGWK KDV WR

EH VFDOHG DFFRUGLQJO\ WR WKH OLPLW RI WKH WUDQVIHU OHQJWK� 7KLV H[WULQVLF

HPLWWHU�EDVH FDSDFLWDQFH PXVW EH PLQLPL]HG�

7KH EUHDNGRZQ YROWDJH DW KLJK FXUUHQW GHQVLW\ KDV WR EH LPSURYHG�

)URP WKH GLJLWDO FLUFXLW SRLQW RI YLHZ� KLJKHU EUHDNGRZQ ZLOO SHUPLW PXO�

WLSOH HPLWWHU IROORZHUV LQ (&/ JDWHV �OLNH (
�
&/ LQ 6L*H�� 7KHUHIRUH� WKH

VZLWFKLQJ WUDQVLVWRU FDQ EH ELDVHG DW PXFK KLJKHU 9
FE

� KHQFH VXSSUHVVLQJ

WKH EDVH SXVK�RXW DQG WKHUHE\ GHOD\LQJ WKH RQ�VHW FXUUHQW RI WKH .LUN HI�

IHFW� $ ODUJHU FXUUHQW GHQVLW\ UHVXOWV LQ ODUJHU &
FEL

UHGXFWLRQ� DQG UHGXFHG

JDWH SURSDJDWLRQ GHOD\� 7KH KLJKHU EUHDNGRZQ ZLOO DOVR DOORZ PRUH FLUFXLW

GHVLJQ IUHHGRP IRU PRUH FRPSOH[ GLJLWDO FLUFXLWV ZKLFK LQYROYHV PXOWLSOH

FLUFXLW VWDJHV� 7KH ,Q3 FROOHFWRU FDQ EH HPSOR\HG WR LPSURYH WKH WUDQVLV�

WRU EUHDNGRZQ� 6XEVWUDWH UHPRYDO SURFHVV KDV WR EH GHYHORSHG IRU WKH ,Q3

FROOHFWRUV�

7KH (&/ JDWH SURSDJDWLRQ GHOD\ DQDO\VLV VKRZV WKDW WR LPSURYH WKH JDWH

SURSDJDWLRQ GHOD\� ~
I

� U
EE

� DQG &
FE

U
H[

WLPH�FRQVWDQW KDYH WR EH UHGXFHG�

7UDQVIHUUHG�VXEVWUDWH WHFKQRORJ\ SURYLGHV WKH DGYDQWDJH RI WKLQQLQJ WKH

EDVH DQG FROOHFWRU HSLWD[LDO nOPV WR UHGXFH ~
I

� KHQFH LQFUHDVH I
~

ZLWKRXW

H[FHVVLYH VDFULnFHV LQ &
FE

U
H[

WLPH�FRQVWDQW DQG I
PD[

� 7KH DJJUHVVLYH ODWHUDO

VFDOLQJ RI OLWKRJUDSKLF GLPHQVLRQV DFFRPSDQLHG E\ YHUWLFDO VFDOLQJ RI WKH

HSLWD[LDO OD\HUV ZLOO RmHU ERWK YHU\ KLJK I
~

DQG I
PD[

WR PHHW ��� *+] FLUFXLW

���



UHTXLUHPHQW�

,W LV LPSRUWDQW WR UHGXFH EDVH UHVLVWDQFH EHFDXVH LW GLUHFWO\ DmHFWV WUDQ�

VLVWRU EDQGZLGWK DQG GLJLWDO JDWH SURSDJDWLRQ GHOD\V� 8VLQJ D &%U� GRS�

LQJ VRXUFH� ! ��
��
�FP

�
FDUERQ EDVH GRSLQJ LV IHDVLEOH� LPSURYLQJ E\ ���

ERWK WKH EDVH VKHHW DQG EDVH FRQWDFW UHVLVWDQFH� 7KLV ZLOO DOORZ WR IXUWKHU

WKLQQLQJ WKH EDVH DQG FROOHFWRU HSLWD[LDO nOPV WR UHGXFH ~
I

� DQG KHQFH WR

LPSURYH I
~

ZLWKRXW H[FHVVLYH VDFULnFHV LQ U
EE

DQG U
EE

&
FE

WLPH�FRQVWDQWV� $V

WKH GLmXVLRQ FRHpFLHQW RI FDUERQ LV RUGHUV RI PDJQLWXGH OHVV WKDQ WKDW RI

EHU\OOLXP� JUHDWHU FRQWURO RI WKH EDVH GRSLQJ SURnOH� KHQFH WKH DFWXDO EDVH

WKLFNQHVV FDQ EH REWDLQHG� 7KH H[WULQVLF EDVH UHJLRQV FDQ DOVR EH UHJURZQ

ZLWK KLJKO\�GRSHG ZLGH EDQGJDS PDWHULDO JUDGHG WR D ORZ�EDQGJDS PDWH�

ULDO IRU PHWDO FRQWDFW� 7KH ZLGH�EDQGJDS PDWHULDO ZLOO LPSURYH HOHFWURQ

FRQnQHPHQW LQ WKH EDVH WKXV LQFUHDVLQJ WKH FXUUHQW JDLQ DQG WKH KHDYLO\

GRSLQJ ZLOO UHGXFH WKH EDVH UHVLVWDQFH� :LWK LPSURYHG DOLJQPHQW� ��� xP

HPLWWHU DQG FROOHFWRU GLPHQVLRQV VKRXOG EH IHDVLEOH� 7KHVH HQKDQFHPHQWV

VKRXOG UHVXOWV LQ D WUDQVLVWRU ZLWK ��� *+] I
~

DQG ��� 7+] I
PD[

�

$W ��� *+]� WKH FLUFXLW SHUIRUPDQFH LV DOVR OLPLWHG E\ WKH ZLULQJ SDUD�

VLWLFV� &LUFXLW OD\RXW KDV WR EH YHU\ FDUHIXOO\ GRQH� 1HZ WHFKQLTXHV IRU FORFN

GLVWULEXWLRQ DQG SRZHU EXV GLVWULEXWLRQ KDYH WR EH GHYHORSHG� 2SWLPXP

SDUWLWLRQLQJ RI D KLJK VSHHG FLUFXLW PD\ GHSHQG RQ WKHUPDO DQG FURVVWDON

FRQVLGHUDWLRQ� 7KH OD\RXW LV SUHIHUUHG WR EH GRQH ZLWK KLJK V\PPHWU\ LI

SRVVLEOH� 7KH FULWLFDO VLJQDO SDWKV KDYH WR EH NHSW VKRUW� $QG DFFXUDWH

OLQH PRGHOLQJ LV D PXVW� 7KH FURVV�RYHU EHWZHHQ WKH FULWLFDO VLJQDO SDWKV

KDYH WR EH PLQLPL]HG� 7KH ORDG UHVLVWDQFH 5
/

DQG WKH LPSHGDQFH RI WKH

WUDQVPLVVLRQ OLQHV =� VKRXOG EH VHOHFWHG DQG ODLG RXW VR WKDW UHoHFWLRQV

DUH HOLPLQDWHG� ,QSXW DQG RXWSXW EXmHU GHVLJQV DUH HVVHQWLDO WR UHGXFH WKH

HmHFW RI WKH SDG DQG H[WHUQDO SDUDVLWLFV RQ WKH SHUIRUPDQFH RI FRUH FLUFXLWV�

,Q VXPPDU\� +%7V DQG GLJLWDO LQWHJUDWHG FLUFXLWV ZLWK UHFRUG SHUIRU�

PDQFH KDYH EHHQ IDEULFDWHG LQ WKH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\�

8VLQJ VXEVWUDWH WUDQVIHU SURFHVVHV� +%7V RI KLJK YDOXHV RI ERWK I
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�� &ROG $&( � PLQ�

�� +RW 0(7+ � PLQ�

�� +RW ,62 � PLQ�

�� 5XQQLQJ ', � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 'HK\GUDWLRQ EDNH� ���
p

&� �� PLQ� LQ SHWUL GLVK ZLWKRXW

FRYHU
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% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQ�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1�

�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU

�� 6SLQ DW � NUSP IRU �� VHF�

�� +RW 3ODWH %DNH� ��
p

&� � PLQ�

�� ([SRVH IRU ���� VHF� IRFXV RI �� � V\VWHP IRFXV�

�� +RW 3ODWH %DNH� ���
p

&� � PLQ�

�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHF�

& 'HYHORSPHQW

�� $= ���. � ', �� ������

�� 'HYHORS IRU �� VHF�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH

SKRWRUHVLVW LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � �

�� VHFV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV

( (YDSRUDWLRQ

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ��

�� 'LS LQ GLOXWH +&O IRU �� VHF�

�� 5LQVH LQ ', IRU � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�

�� 3XW LQ D QHZ FU\VWDO� $ QHZ FU\VWDO VKRXOG DOZD\V EH XVHG

IRU HPLWWHUV�

�� 3XPS GRZQ WR EHORZ � [ ���� WRUU

�� 'HSRVLW PDWHULDO�
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0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�VHF� $SSUR[� 9HUQLHU

6L ��� ��� ����

1L&U ��� � ����
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�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO PHWDO FRPHV ORRVH�

�� ,I WKH OLIWRm LV VWXEERUQ� OHDYH WKH ZDIHU VRDNLQJ LQ $&(

RYHUQLJKW� %HFDXVH $&( HYDSRUDWHV TXLFNO\� VHDO WKH WRS RI

WKH EHDNHU ZLWK IRLO�

�� $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU

DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH� 'R QRW VTXLUW

KDUG�

�� 5LQVH ZLWK 0(7+ WKHQ ,62 �VTXLUW ERWWOH�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

$�� 3DG 0HWDO �0DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH! ��0l�

�� &ROG $&( � PLQ�

�� +RW 0(7+ � PLQ�

�� +RW ,62 � PLQ�

�� 5XQQLQJ ', � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 'HK\GUDWLRQ EDNH� ���
p

&� �� PLQ� LQ SHWUL GLVK ZLWKRXW

FRYHU

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQ�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1�

�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU

�� 6SLQ DW � NUSP IRU �� VHF�
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�� +RW 3ODWH %DNH� ��
p

&� � PLQ�

�� ([SRVH IRU ���� VHF� IRFXV RI �� � V\VWHP IRFXV�

�� +RW 3ODWH %DNH� ���
p

&� � PLQ�

�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHF�

& 'HYHORSPHQW

�� $= ���. � ', �� ������

�� 'HYHORS IRU �� VHF�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH

SKRWRUHVLVW LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � �

�� VHFV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV

( (YDSRUDWLRQ

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ��

�� 'LS LQ GLOXWH +&O IRU �� VHF�

�� 5LQVH LQ ', IRU � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 3ODFH ZDIHU RQ (�%HDP PRXQW IRU DQJOH RI DERXW �� DQG

URWDWLRQ�

�� 3XW LQ D QHZ FU\VWDO�

�� 3XPS GRZQ WR EHORZ � [ ���� WRUU

�� 'HSRVLW PDWHULDO�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�VHF� $SSUR[� 9HUQLHU

7L ��� ��� ����

$X ���� �� ���

7L ��� ��� ����
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�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO PHWDO FRPHV ORRVH�

�� ,I WKH OLIWRm LV VWXEERUQ� OHDYH WKH ZDIHU VRDNLQJ LQ $&(

RYHUQLJKW� %HFDXVH $&( HYDSRUDWHV TXLFNO\� VHDO WKH WRS RI

WKH EHDNHU ZLWK IRLO�

�� $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU

DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH� 'R QRW VTXLUW

KDUG�

�� 5LQVH ZLWK 0(7+ WKHQ ,62 �VTXLUW ERWWOH�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

$�� 6L1 (WFK �0DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

�� :LSH ORZHU HOHFWURGH� KRXVLQJ RI 3(&9' ZLWK ,62 VRDNHG

ZLSHV� &DUHIXO� +27�

�� 5XQ ��&/16L1�

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH! ��0l�

�� &ROG $&( � PLQ�

�� +RW 0(7+ � PLQ�

�� +RW ,62 � PLQ�

�� 5XQQLQJ ', � PLQ�

�� %ORZ GU\ ZLWK 1�

% 6L1 'HSRVLWLRQ� 35 DSSOLFDWLRQ

�� /RDG ZDIHU LQ 3(&9'� UXQ 6L1��� 5HPHPEHU RULHQWDWLRQ�

�� 8QORDG� ULQVH ZLWK ,62 EHDNHU ZLWK ,62 �RI FRXUVH� IRU �

PLQXWH�

�� /RDG ZDIHU LQ 3(&9'� URWDWH ��
p

IURP SUHYLRXV RULHQWDWLRQ�

UXQ 6L1���

�� 8QORDG� OHW ZDIHU FRRO IRU � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1�

�� $SSO\ 635 ����$ ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU

���



�� 6SLQ DW � NUSP IRU �� VHF�

�� +RW 3ODWH %DNH� ��
p

&� � PLQ�

�� ([SRVH IRU ��� VHF� IRFXV RI �� � V\VWHP IRFXV�

��� +RW 3ODWH %DNH� ���
p

&� � PLQ�

& 'HYHORSPHQW

�� 'HYHORS LQ IXOO EHDNHU RI 0)���� IRU � PLQ� �� VHFRQGV

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH

SKRWRUHVLVW LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � �

�� VHFV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV

�� +DUGEDNH SKRWRUHVLVW DW ���
p

& IRU �� PLQ�

( 6)�� 2�� $U 5,(�

�� &OHDQ V\VWHP ZLWK ,62 DQG FOHDQ ZLSHV�

�� 2� FOHDQ RI V\VWHP DV IROORZV�

�D� 2� oRZ UDWH  ���� VFFP

�E� FKDPEHU SUHVVXUH  ���� P7RUU

�F� 9ROWDJH ��� 9

�G� 0LQLPL]H UHoHFWHG SRZHU E\ WXQLQJ

�� /RDG VDPSOH� SXPS GRZQ WR DW OHDVW � [ ���� WRUU�

�� (WFK FRQGLWLRQV�

�D� 6)��2��$U oRZ UDWH  ���� ���� ���� VFFP

�E� FKDPEHU SUHVVXUH  ���� P7RUU

�F� 9ROWDJH ��� 9

�G� 0LQLPL]H UHoHFWHG SRZHU E\ WXQLQJ

�H� (WFK IRU � PLQXWHV

�� /RRN XQGHU PLFURVFRSH� (WFK LQ � PLQ� LQFUHPHQWV LI QHFHV�

VDU\�
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) 5HVLVW VWULS

�� 5HPRYH SKRWRUHVLVW ZLWK DFHWRQH LQ OLIWRm EHDNHU IRU � PLQ�

XWHV�

�� 5LQVH E\ VSUD\LQJ ZLWK 0(7+ DQG ,62�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

* 2[\JHQ 3ODVPD 3KRWRUHVLVW 5HPRYDO �RSWLRQDO� DW \RXU

GLVFUHWLRQ�

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV�

�� H[DPLQH XQGHU PLFURVFRSH WR HQVXUH SKRWRUHVLVW UHPRYDO�

$��� 0HWDO � �0DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH! ��0l�

�� &ROG $&( � PLQ�

�� +RW 0(7+ � PLQ�

�� +RW ,62 � PLQ�

�� 5XQQLQJ ', � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 'HK\GUDWLRQ EDNH� ���
p

&� �� PLQ� LQ SHWUL GLVK ZLWKRXW

FRYHU

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQ�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1�

�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU

�� 6SLQ DW � NUSP IRU �� VHF�

�� +RW 3ODWH %DNH� ��
p

&� � PLQ�

�� ([SRVH IRU ���� VHF� IRFXV RI �� � V\VWHP IRFXV�

�� +RW 3ODWH %DNH� ���
p

&� � PLQ�

�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHF�
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& 'HYHORSPHQW

�� $= ���. � ', �� ������

�� 'HYHORS IRU �� VHF�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH

SKRWRUHVLVW LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � �

�� VHFV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV

( (YDSRUDWLRQ

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ��

�� 'LS LQ GLOXWH +&O IRU �� VHF�

�� 5LQVH LQ ', IRU � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 3ODFH ZDIHU RQ (�%HDP PRXQW IRU DQJOH RI DERXW �� DQG

URWDWLRQ�

�� 3XW LQ D QHZ FU\VWDO�

�� 3XPS GRZQ WR EHORZ � [ ���� WRUU

�� 'HSRVLW PDWHULDO�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�VHF� $SSUR[� 9HUQLHU

7L ��� ��� ����

$X ���� �� ���

7L ��� ��� ����
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�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO PHWDO FRPHV ORRVH�

�� ,I WKH OLIWRm LV VWXEERUQ� OHDYH WKH ZDIHU VRDNLQJ LQ $&(

RYHUQLJKW� %HFDXVH $&( HYDSRUDWHV TXLFNO\� VHDO WKH WRS RI

WKH EHDNHU ZLWK IRLO�

���



�� $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU

DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH� 'R QRW VTXLUW

KDUG�

�� 5LQVH ZLWK 0(7+ WKHQ ,62 �VTXLUW ERWWOH�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

$��� %&% �0DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH! ��0l�

�� &ROG $&( � PLQ�

�� +RW 0(7+ � PLQ�

�� +RW ,62 � PLQ�

�� 5XQQLQJ ', � PLQ�

�� %ORZ GU\ ZLWK 1�

�� 'HK\GUDWLRQ EDNH� ���
p

&� �� PLQ� LQ SHWUL GLVK ZLWKRXW

FRYHU

% %&% 6SLQ 	 &XUH

�� 7XUQ 1� oRZ XS WR PD[LPXP ���� VFIK� LQ %OXH0 RYHQ�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��

�� $SSO\ DGKHVLRQ SURPRWHU $3����� ZLWK GURSSHU WR FRYHU

ZDIHU�

�� 6SLQ DW ��� NUSP IRU �� VHF�

�� %ORZ GU\ ZLWK 1��

�� 6HW VSLQQHU IRU ���� 530�

�� $SSO\ %&% ��� VSLQ DW ��� NUSP IRU �� VHF��

�� &XUH %&% LQ %OXH0 RYHQ �3URJ �� LQ SHWUL GLVK ZLWKRXW

FRYHU� DQG ZLWK WKH EDVH RI WKH SHWUL GLVK FRYHUHG ZLWK DOX�

PLQXP IRLO�

& 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH

�� 5HPRYH IURP RYHQ ZKHQ EHORZ ��
p

&�
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�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQ�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1�

�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU

�� 6SLQ DW � NUSP IRU �� VHF�

�� +RW 3ODWH %DNH� ��
p

&� � PLQ�

�� ([SRVH IRU ���� VHF� IRFXV RI �� � V\VWHP IRFXV�

�� +RW 3ODWH %DNH� ���
p

&� � PLQ�

�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHF�

' 'HYHORSPHQW

�� $= ���. � ', �� ������

�� 'HYHORS IRU �� VHF�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH

SKRWRUHVLVW LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � �

�� VHFV ORQJHU�

( 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� ���P7 RI 2�

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW�

�� 3XW LQ D QHZ FU\VWDO LQ WKH FU\VWDO PRQLWRU LI UHDGLQJ ! ���

�� 3XPS GRZQ WR EHORZ � [ ���� WRUU

�� 'HSRVLW PDWHULDO�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�VHF� $SSUR[� 9HUQLHU

1L ��� ��� ���
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�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO PHWDO FRPHV ORRVH�
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�� 3URS ZDIHU XS LQ EHDNHU DQG VTXLUW WKH ZKROH ZDIHU 5($/

+$5' ZLWK DFHWRQH� 'R WKLV IRU �� PLQXWHV RU VR� RFFDVLRQ�

DOO\ GXQNLQJ WKH ZDIHU EDFN LQWR WKH EHDNHU RI DFHWRQH�

�� $&( VTXLUW ERWWOH �D nQDO ULQVH��

�� 5LQVH ZLWK 0(7+ WKHQ ,62 �VTXLUW ERWWOH��

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQ�

�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH�

+ %&% HWFK

�� &OHDQ 5,(�� ZLWK ,62 DQG FOHDQ ZLSHV�

�� 2� FOHDQ RI V\VWHP DV IROORZV�

�D� 2� oRZ UDWH  ���� VFFP

�E� FKDPEHU SUHVVXUH  ���� P7RUU

�F� 9ROWDJH ��� 9

�G� 0LQLPL]H UHoHFWHG SRZHU E\ WXQLQJ

�H� (WFK IRU �� PLQXWHV

�� /RDG VDPSOH� SXPS GRZQ WR DW OHDVW � [ ���� WRUU�

�� (WFK FRQGLWLRQV�

�D� 6)��2� oRZ UDWH  ���� ���� VFFP

�E� FKDPEHU SUHVVXUH  ���� P7RUU

�F� 9ROWDJH ��� 9

�G� 0LQLPL]H UHoHFWHG SRZHU E\ WXQLQJ

�H� (WFK IRU ���� PLQXWHV

�� /RRN XQGHU PLFURVFRSH� 6PDOO YLDV PD\ DOUHDG\ EH FOHDU�

/DUJH YLDV VWLOO EURZQLVK�

�� 5HSHDW 2� FOHDQ DV LQ ���� IRU DW OHDVW �� PLQXWHV�

�� (WFK 1L LQ 1L HWFKDQW # ��& ZLWK VWLUULQJ # ���USP IRU ��

VHFRQGV DIWHU DOO 1L KDV GLVDSSHDUHG �WRWDO HWFK WLPH �� VHFV

� � PLQ IRU ��� $ 1L���

�� %DFN LQWR 5,(�� IRU EODQNHW HWFK�

�D� 6)��2� oRZ UDWH  ���� ���� VFFP

�E� FKDPEHU SUHVVXUH  ���� P7RUU

�F� 9ROWDJH ��� 9
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�G� 0LQLPL]H UHoHFWHG SRZHU E\ WXQLQJ

�H� (WFK IRU � PLQXWHV

$��� )OLS

$ 6ROYHQW FOHDQ DQG GHK\GUDWLRQ EDNH FDUULHU ZDIHU� /RDG

LW LQ VSXWWHU PDFKLQH ZLWK WKH UHDO ZDIHU� 3XPS GRZQ

WR ��� (�� WRUU�

�� )ORZ �� VFFP $U� VSXWWHU 7L� ��P7� ���.:� �PLQ�

�� )ORZ �� VFFP $U� VSXWWHU $X� ��P7� ���.:� �� PLQ�

�� /HW VRXUFHV FRRO IRU �� PLQ�

�� 9HQW DQG 8QORDG�

% %DFNVLGH 6L1 GHSRVLWLRQ�6,1���� 3XW WKH ZDIHU XSVLGH

GRZQ RQ D FOHDQ 6L ZDIHU�

& $X SODWLQJ # �P$� ��� KRXUV� 0DNH VXUH QR ZLUHV FDQ JHW

VKRUWHG RU FRQWDFW HDFK RWKHU�

' %RQGLQJ

�� *HW RXU FKXFN� FOHDQ Rm ZLWK ,62 VRDNHG ZLSHV� 6ZLWFK

3HGHVWDO 9$& VZLWFK RQ IURQW GRZQ WR UHPRYH RU SODFH FKXFN�

WKHQ VZLWFK LW EDFN XS�

�� 3ODFH ,Q3 ZDIHU RQ XSSHU FKXFN� *D$V ZDIHU RQ ORZHU FKXFN�

�� +LW 83 9$&� /2 9$&�

�� 6HW XSSHU DQG ORZHU WHPSHUDWXUHV WR ���
p

&�

�� 6SUHDG VROGHU RQ ,Q3 ZDIHU�

�� 5HOHDVH /2 9$&� JHW *D$V ZDIHU DQG SODFH IDFH GRZQ RQ

,Q3 ZDIHU�

�� :HW VXUIDFHV ZLWK ,Q���3E��� E\ GUDJJLQJ *D$V ZDIHU DURXQG

RQ ,Q3 ZDIHU� $IWHU VRPH WLPH� FKHFN WKDW *D$V DQG JROG

SODWHG VXUIDFHV DUH FRPSOHWHO\ FRYHUHG ZLWK ,Q� 7KHQ ZHW

VXUIDFHV VRPH PRUH�

�� 5HPRYH H[FHVV ,Q3E ZLWK 4�WLS� WKHQ PRYH WR ORZHU FKXFN�

�� 7XUQ PLFURPHWHU RQ VLGH RI ERQGHU WR z��
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