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$FNQRZOHGJPHQWV

7KLV ZRUN ZRXOG QRW KDYH EHHQ SRVVLEOH EXW IRU WKH FROODERUDWLYH HmRUWV
RI 3URI� 6WHSKHQ ,� /RQJ� 3URI� 0DUN -�:� 5RGZHOO� 3URI� 8PHVK .� 0LVKUD
DQG WKHLU UHVHDUFK JURXSV�
, DP GHHSO\ LQGHEWHG WR 3URI� /RQJ IRU KLV SDWLHQFH� GHGLFDWLRQ DQG HQ�

FRXUDJHPHQW� HVSHFLDOO\ GXULQJ WLPHV RI VHWEDFNV DQG KDUGVKLSV� +LV DELOLW\
WR OLVWHQ WR KLV VWXGHQWV ZLWK NHHQ LQWHUHVW� LV D TXDOLW\ WKDW ZLOO DOZD\V EH
DGPLUHG�
, DP JUHDWO\ LQGHEWHG WR 3URI� 5RGZHOO IRU WKH HQWKXVLDVP� PRWLYDWLRQ

DQG LQVSLUDWLRQ KH KDG EURXJKW LQ PH� DQG KLV FRQFHUQ IRU WKH EHVW LQWHUHVW
RI KLV VWXGHQWV� +LV WDOHQW LQ nQGLQJ VROXWLRQV IRU VHHPLQJO\ XQWHQDEOH
SUREOHPV� DW WKH VSXUW RI WKH PRPHQW KDV DOZD\V NHSW PH DPD]HG�
, DP GHHSO\ WKDQNIXO WR 3URI� 0LVKUD IRU KLV FRQnGHQFH LQ P\ VNLOO WR

GHVLJQ DQG IDEULFDWH *D1 EDVHG FLUFXLWV� +LV LQVLJKW DQG LQWHUHVW LQ D ZLGH
UDQJH RI WRSLFV� DQG KLV DELOLW\ WR nQG WLPH IRU HYHU\RQH LQ D ODUJH UHVHDUFK
JURXS ZLOO DOZD\V NHHS KLP DSDUW�
, DP GHHSO\ WKDQNIXO WR 3URI� 1DGLU 'DJOL IRU KLV WLPH� DWWHQWLRQ� DQG

SDWLHQFH LQ EHLQJ LQ P\ DGYLVRU\ FRPPLWWHH DQG IRU KLV VXJJHVWLRQV�
, DFNQRZOHGJH WKH FRQWLQXRXV VXSSRUW RI 'U� -RKQ =ROSHU DQG 'U� 0D[

<RGHU RI WKH 2pFH RI 1DYDO 5HVHDUFK LQ IXQGLQJ WKH 215 � 085, FHQWHU
,03$&7 GXULQJ WKH FRXUVH RI WKLV ZRUN� 7KH LQLWLDO GHVLJQV RI WKH VFDOH
PRGHO FLUFXLWV RQ *D$V� DV ZHOO DV WKH *D$V � *D1 K\EULGV KDYH EHHQ PDGH
SRVVLEOH� WKDQNV WR WKH JHQHURXV VXSSRUW RI 6WHZDUW 7D\ORU DQG WHFKQLFDO
VXSSRUW IURP 5REHUW +LFNH\� ERWK RI 7ULTXLQW 6HPLFRQGXFWRU ,QF� 25�
,W JRHV ZLWKRXW VD\LQJ WKDW QRQH RI WKH *D1 FLUFXLWV ZRXOG KDYH EHHQ

SRVVLEOH ZLWKRXW WKH KHOS DQG SHUVHYHUDQFH RI 'U� 6WDFLD .HOOHU LQ GRLQJ
WKH 02&9' JURZWK� 'U� <L�IHQJ :X IRU KLV KHOS LQ WHFKQRORJLFDO LVVXHV�
5DPDNULVKQD 9HWXU\� -LDQJ ;X DQG 'U� &KLQJ +XL &KHQ IRU *D1 +(07
SURFHVV LQIRUPDWLRQ DQG KHOS ZLWK ORDG�SXOO PHDVXUHPHQWV�
7R NHHS WKH FOHDQURRP RSHUDWLRQDO �� KRXUV D GD\� ��� GD\V D \HDU

LQ D UHVHDUFK HQYLURQPHQW LV QR PHDQ WDVN� 7KDQNV DUH GXH WR %RE +LOO�
0LNH $Q]ORZDU� -DFN :KDOH\ DQG *HUU\ 5RELQVRQ IRU PDLQWHQDQFH DQG IRU
NHHSLQJ DOO HTXLSPHQWV RSHUDWLRQDO GXULQJ WKH ODVW WZR \HDUV�
7KDQNV DUH GXH WR 6KULQLYDVDQ -DJDQDWKDQ DQG 0LJXHO 8UWHDJD IRU FRP�

SXWHU V\VWHP DGPLQLVWUDWLRQ� DQG IRU WKHLU SDWLHQFH LQ DQVZHULQJ P\ TXHV�
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WLRQV DQG VROYLQJ P\ FRPSXWHU UHODWHG SUREOHPV� 7KDQNV DUH DOVR GXH WR
FRPSXWHU VXSSRUW IRU WKH VDPH UHDVRQV�
7KDQNV DUH GXH WR 'U� 'LQR 0HQVD DQG 'U� 0LFKHOOH /HH IRU WUDLQLQJ

PH ZLWK WKH SURFHVVLQJ HTXLSPHQWV DQG WR 'U� -DPHV *XWKULH IRU KLV KHOS
ZLWK SODWLQJ DQG PHFKDQLFDO� WKHUPDO GHVLJQ LVVXHV� 'U� <RUDP %HWVHU
V
NHHQ LQWHUHVW LQ P\ UHVHDUFK DQG KLV VXJJHVWLRQV ZLOO DOZD\V EH DSSUHFLDWHG�
'DYLG &KRL
V DGYLFH LQ EXLOGLQJ K\EULGV DQG KLV KHOS ZLWK VHWWLQJ XS WKH
QHWZRUN DQDO\]HU LV DFNQRZOHGJHG� 7KDQNV DUH GXH WR 7KRPDV 0DWWKHZ IRU
JLYLQJ PH FRPSDQ\ LQ WKH FOHDQURRP� HVSHFLDOO\ ODWH LQ WKH QLJKW� &RQWUL�
EXWLRQV IURP H[�ODEPDWHV LQFOXGLQJ 'U�%LSXO $JDUZDO� 'U�8GGDODN %KDW�
WDFKDU\D� .HYLQ &KRL� 5DKXO 0DJRRQ� 3DXO 0XGJH� 'U�5DMDVHNKDU 3XOOHOD�
'U�0DGKXNDU 5HGG\� 'U�/RUHQH 6DPRVND DQG *HUU\ :RQJ DUH DFNQRZO�
HGJHG� )ULHQGVKLS RI WKH QHZHU ODEPDWHV *LULVK 5DPHVK� 'HQQLV 6FRWW�
.ULVKQDQ 6XQGDUDUDMDQ� 0LJXHO 8UWHDJD DQG <XQ :HL ZLOO DOZD\V EH FKHU�
LVKHG� , ZLOO DOZD\V EH WKDQNIXO IRU \RXU DVVLVWDQFH DQG JUDWHIXO IRU \RXU
IULHQGVKLS�
&ODVVHV RmHUHG E\ 'U� 3HWWHUL $OLQLNXOD �1RNLD� )LQODQG�� 3URI� -RKQ

%RZHUV� 3URI� /DUU\ &ROGUHQ� 3URI� 6WHYHQ 'HQEDDUV� 3URI� $UWKXU *RV�
VDUG� 3URI� (YHO\Q +X� 3URI� +HUEHUW .URPHU� 3URI� 6WHSKHQ /RQJ� 3URI�
8PHVK 0LVKUD� 3URI� 0DUN 5RGZHOO DQG 3URI� 5REHUW <RUN KDYH PDGH P\
VWD\ DW 8&6% LQWHOOHFWXDOO\ FKDOOHQJLQJ DQG KLJKO\ UHZDUGLQJ�
7KDQNV DUH GXH WR WKH HPSOR\HHV LQ WKH VWXGHQW RpFH� WKH ZRUG SUR�

FHVVLQJ RpFH DQG WKH EXGJHW RpFH IRU PDLQWDLQLQJ D H[FHOOHQW ZRUNLQJ HQ�
YLURQPHQW�
0\ SDUHQWV DQG P\ EURWKHU KDYH DOZD\V HQFRXUDJHG PH WR GR P\ EHVW�

7KH\ KDYH KHOSHG PH LQ WRR PDQ\ ZD\V WR FRXQW� , DP GHHSO\ LQGHEWHG WR
WKHP IRU WKHLU ORYH DQG VXSSRUW�
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9LWD

q 0D\ �� ����� ERUQ LQ &KHQQDL� 7DPLO 1DGX� ,QGLD�
q -XQH� ����� %�7HFK�� (OHFWULFDO DQG (OHFWURQLFV (QJLQHHULQJ� ,QGLDQ
,QVWLWXWH RI 7HFKQRORJ\� &KHQQDL �0DGUDV�� ,QGLD�

q 'HFHPEHU� ����� 0�6�� (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ� 8QLYHU�
VLW\ RI &DOLIRUQLD� 6DQWD %DUEDUD�

q ���������� 7HDFKLQJ $VVLVWDQW� 'HSDUWPHQW RI (OHFWULFDO DQG &RP�
SXWHU (QJLQHHULQJ� 8QLYHUVLW\ RI &DOLIRUQLD� 6DQWD %DUEDUD�

q ���������� 5HVHDUFK $VVLVWDQW� 'HSDUWPHQW RI (OHFWULFDO DQG &RP�
SXWHU (QJLQHHULQJ� 8QLYHUVLW\ RI &DOLIRUQLD� 6DQWD %DUEDUD�
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3XEOLFDWLRQV

�� .� .ULVKQDPXUWK\� 6� .HOOHU� 8�.� 0LVKUD� 0�-�:� 5RGZHOO� 6�,�
/RQJ� ?%URDG�EDQG 0LFURZDYH 3RZHU $PSOLnHUV LQ *D1 7HFKQRORJ\��
VXEPLWWHG WR ,((( ���� *D$V ,& 6\PSRVLXP� 1RY� �����

�� .� .ULVKQDPXUWK\� 5� 9HWXU\� 6� .HOOHU� 8� 0LVKUD� 0�-�:� 5RG�
ZHOO� 6�,� /RQJ� ?%URDGEDQG *D$V 0(6)(7 DQG *D1 +(07 SRZHU
DPSOLnHUV�� VXEPLWWHG WR ,((( -RXUQDO RI 6ROLG 6WDWH &LUFXLWV� 6HS�
�����

�� .� .ULVKQDPXUWK\� 0�-�:� 5RGZHOO� 6�,� /RQJ� ?$ ! ��� 3$( ��� �
� *+] /XPSHG 3RZHU $PSOLnHU LQ D �� *+] 0(6)(7 7HFKQRORJ\��
,((( ���� *D$V ,& 6\PSRVLXP 'LJHVW� 2FW� ����� SS�������

�� .� .ULVKQDPXUWK\� 6�,� /RQJ� 0�-�:� 5RGZHOO� �(GLWHG E\� 0� 0DW�
ORXELDQ� (� 3RQWL�� ?&DVFRGH�'HOD\�0DWFKHG 'LVWULEXWHG $PSOLnHUV
IRU (pFLHQW %URDGEDQG 0LFURZDYH 3RZHU $PSOLnFDWLRQ� ,((( ����
0LFURZDYH DQG 0LOOLPHWHU�:DYH 0RQROLWKLF &LUFXLWV 6\PSRVLXP 'L�
JHVW� ����� SS� ��������

�� .� .ULVKQDPXUWK\� 5� 9HWXU\� 6� .HOOHU� 0�-�:� 5RGZHOO� 6�,� /RQJ�
8� 0LVKUD� ?%URDGEDQG PLFURZDYH SRZHU DPSOLnHUV LQ *D1 WHFK�
QRORJ\�� ,((( 7RSLFDO :RUNVKRS RQ 3RZHU $PSOLnHUV IRU :LUHOHVV
&RPPXQLFDWLRQV 'LJHVW� 6DQ 'LHJR� &$� 86$� ����� 6HSW� ����� SS�
������

�� &��+� &KHQ� 5� &RpH� .� .ULVKQDPXUWK\� 6� .HOOHU� � 0� 5RGZHOO�
8�.� 0LVKUD� ?'XDO�JDWH $O*D1�*D1 PRGXODWLRQ�GRSHG nHOG�HmHFW
WUDQVLVWRUV ZLWK FXW�Rm IUHTXHQFLHV I

~

! �� *+]��� VXEPLWWHG WR (OHF�
WURQLFV /HWWHUV�

�� &��+� &KHQ� .� .ULVKQDPXUWK\� 6� .HOOHU� *� 3DULVK� 0� 5RGZHOO�
8�.� 0LVKUD� <��)� :X� ?$O*D1�*D1 GXDO�JDWH PRGXODWLRQ�GRSHG
nHOG�HmHFW WUDQVLVWRUV��� (OHFWURQLFV /HWWHUV� YRO���� �QR����� �� 0D\
����� SS� ��������
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�� &��+� &KHQ� .� .ULVKQDPXUWK\� <��)� :X� 6� .HOOHU� *� 3DULVK� 0�
5RGZHOO� 6�3� 'HQEDDUV� 8�.� 0LVKUD� ?)LUVW 'HPRQVWUDWLRQ RI $O�
*D1�*D1 GXDO�JDWH PRGXODWLRQ�GRSHG nHOG�HmHFW WUDQVLVWRUV��� 7KH
7KLUG ,QWHUQDWLRQDO &RQIHUHQFH RQ 1LWULGH 6HPLFRQGXFWRUV� 0RQWSHO�
OLHU� )UDQFH� ��� -XO\ �����
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$EVWUDFW
8OWUD�%URDGEDQG� (pFLHQW� 0LFURZDYH 3RZHU $PSOLnHUV

LQ *DOOLXP 1LWULGH +(07 7HFKQRORJ\
E\

.DUWKLNH\DQ .ULVKQDPXUWK\

:LGH EDQGZLGWK SRZHU DPSOLnHUV DUH NH\ FRPSRQHQWV LQ SKDVHG�DUUD\
UDGDUV DQG LQVWUXPHQWDWLRQ� 2EWDLQLQJ D FRPELQDWLRQ RI KLJK SRZHU� GHFDGH
������ EDQGZLGWK DQG KLJK SRZHU�DGGHG�HpFLHQF\ �3$(� UHTXLUHV ERWK DG�
YDQFHG VHPLFRQGXFWRU GHYLFHV DQG LPSURYHG PLFURZDYH FLUFXLW GHVLJQ WHFK�
QLTXHV� $O*D1 � *D1 +(07V KDYH KLJK I

~

9
EU

SURGXFWV� DQG FDQ SURYLGH
KLJK RXWSXW SRZHU DW PLFURZDYH IUHTXHQFLHV� (pFLHQW EURDGEDQG FLUFXLWV
WKDW RSHUDWH RYHU KLJK SHUFHQWDJH RI WUDQVLVWRU
V I

~

DUH UHTXLUHG� 6LPSOH
OXPSHG EURDG�EDQG DPSOLnHUV KDYH JDLQ�EDQGZLGWK SURGXFWV OLPLWHG E\ WKH
WUDQVLVWRU FXUUHQW�JDLQ FXW�Rm IUHTXHQF\� I

~

� 'LVWULEXWHG DPSOLnHUV DUH OLP�
LWHG E\ WKH SRZHU�JDLQ FXW�Rm IUHTXHQF\� I

PD[

� EXW KDYH SRRU HpFLHQF\ GXH
WR WKH GUDLQ�OLQH UHYHUVH ZDYH�
7R REWDLQ HpFLHQW ZLGHEDQG DPSOLnFDWLRQ RYHU EDQGZLGWKV RI z��� RI

WKH WUDQVLVWRU
V I
~

� WZR FRPSHWLQJ WRSRORJLHV KDYH EHHQ GHYHORSHG� 7KH
FDVFRGH�GHOD\�PDWFKHG WUDYHOLQJ ZDYH DPSOLnHU LV D GLVWULEXWHG DPSOLnHU
WRSRORJ\ FDSDEOH RI REWDLQLQJ JDLQ�EDQGZLGWKV OLPLWHG E\ I

PD[

� ZLWK Hp�
FLHQFLHV XS WR WKH FODVV�$ WKHRUHWLFDO OLPLW RI ���� 7KH I

~

�GRXEOHU IHHGEDFN
SRZHU DPSOLnHU LV D OXPSHG DPSOLnHU WRSRORJ\ ZKLFK LQ DGGLWLRQ WR REWDLQ�
LQJ VLPLODU EDQGZLGWKV DQG HpFLHQFLHV� KDV D PXFK ORZHU RXWSXW UHoHFWLRQ
FRHpFLHQW� DQG XVHV D VPDOOHU GLH DUHD� 7R IXUWKHU LPSURYH EDQGZLGWK DQG
HpFLHQF\ KLJK I

~

� KLJK 9
EU

FDVFRGH FHOOV �RU GXDO JDWH GHYLFHV� DQG EURDG�
EDQG FODVV�$% SXVK�SXOO VWDJHV DUH SURSRVHG ZKLFK FRXOG EH LQFRUSRUDWHG
LQWR HLWKHU FLUFXLWV�
6FDOH�PRGHOV ZHUH IDEULFDWHG LQ D *D$V 0(6)(7 WHFKQRORJ\ WR YHULI\

WKH FLUFXLW FRQFHSWV� I
~

�GRXEOHU IHHGEDFN SRZHU DPSOLnHUV XVLQJ $O*D1
� *D1 +(07V DFKLHYHG z�� G% JDLQ� � � ��� *+] EDQGZLGWK DPSOLnHUV
ZLWK z���� : RXWSXW SRZHU DQG XS WR ��� 3$(� *D$V 0(6)(7 � *D1
+(07 FDVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV DFKLHYHG � � ��
*+] EDQGZLGWK ZLWK �� G% VPDOO VLJQDO JDLQ DQG ! � : RXWSXW SRZHU�
:LWK GHYLFH VFDOLQJ DQG LPSURYHG WKHUPDO SHUIRUPDQFH WKHVH FLUFXLWV DUH
FDSDEOH RI SURYLGLQJ ��
V RI :DWWV RYHU � � �� *+] ZLWK XS WR ��� 3$(�
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&RQWHQWV

� ,QWURGXFWLRQ �
��� 2EMHFWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ,Q WKLV ZRUN � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 7KHVLV RUJDQL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � �

� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV �
��� 'HnQLWLRQ RI EURDGEDQG SRZHU DPSOLnHU � � � � � � � � � � � �
��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ � � � � � � � � � � � � � ��
��� /LPLWDWLRQ RQ ORDG LPSHGDQFH � � � � � � � � � � � � � � � � � ��
��� 3RZHU�IUHTXHQF\ OLPLW � � � � � � � � � � � � � � � � � � � � � � ��
��� /LPLWDWLRQ RQ EDQGZLGWK � � � � � � � � � � � � � � � � � � � � ��
��� /LPLWDWLRQ RQ JDLQ � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,PSOLFDWLRQV RQ GHYLFH WHFKQRORJ\ DQG FLUFXLWV � � � � � � � � ��

� :LGHEDQG SRZHU DPSOLnHU EDVLFV ��
��� 7UDQVLVWRU nJXUHV RI PHULW � � � � � � � � � � � � � � � � � � � ��
��� &RPPRQ VRXUFH DPSOLnHU � � � � � � � � � � � � � � � � � � � � ��
��� 5HDFWLYHO\ PDWFKHG DPSOLnHU � � � � � � � � � � � � � � � � � � ��
��� /RVV\ PDWFKHG DPSOLnHU � � � � � � � � � � � � � � � � � � � � ��
��� %ULGJH�WHH PDWFKHG DPSOLnHU � � � � � � � � � � � � � � � � � � ��
��� 5HVLVWLYH IHHGEDFN DPSOLnHU � � � � � � � � � � � � � � � � � � ��
��� 'LVWULEXWHG DPSOLnHU � � � � � � � � � � � � � � � � � � � � � � ��

� 3URFHVVLQJ DQG GHYLFH UHVXOWV ��
��� *D1 +(07 SURFHVV � � � � � � � � � � � � � � � � � � � � � � ��
��� $O1 VXEVWUDWH SURFHVV � � � � � � � � � � � � � � � � � � � � � ��
��� 'HYLFH '�&� DQG 5�)� PHDVXUHPHQWV � � � � � � � � � � � � � ��

L[



� I
~

�PXOWLSOLHU SRZHU DPSOLnHUV ��
��� 'DUOLQJWRQ SRZHU DPSOLnHUV � � � � � � � � � � � � � � � � � � ��
��� I

~

�GRXEOHU SRZHU DPSOLnHUV � � � � � � � � � � � � � � � � � � ��
��� *D$V 0(6)(7 I

~

�GRXEOHU SRZHU DPSOLnHUV � � � � � � � � � ��
��� )LUVW JHQHUDWLRQ *D1 +(07 I

~

�GRXEOHU SRZHU DPSOLnHUV � � ��
��� 6HFRQG JHQHUDWLRQ *D1 +(07 I

~

�GRXEOHU SRZHU DPSOLnHUV � ��

� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV ��
��� 'LVWULEXWHG SRZHU DPSOLnHUV � � � � � � � � � � � � � � � � � � ��
��� 7DSHUHG�GUDLQ�OLQH GLVWULEXWHG DPSOLnHUV � � � � � � � � � � � ���
��� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG DPSOLnHUV � � � � � � � � ���
��� *D$V 0(6)(7 &'0 GLVWULEXWHG SRZHU DPSOLnHUV � � � � � ���
��� *D$V 0(6)(7 � *D1 +(07 &'0 GLVWULEXWHG SRZHU DP�

SOLnHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� )XUWKHU LPSURYHPHQWV LQ EDQGZLGWK� SRZHU DQG HpFLHQF\ ���
��� %URDGEDQG RXWSXW QHWZRUNV IRU &

GV

DEVRUSWLRQ � � � � � � � � ���
��� 'XDO�JDWH DQG VORZ�IDVW FDVFRGH GHVLJQV � � � � � � � � � � � � ���
��� 3XVK�SXOO FODVV � $% GHVLJQV � � � � � � � � � � � � � � � � � � ���

� &RQFOXVLRQ ���
��� $FKLHYHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� )XWXUH :RUN � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$ 3URFHVV oRZ VXPPDU\ ���

% 'HWDLOHG *D1 +(07 SURFHVV oRZ ���

& 'HWDLOHG $O1 VXEVWUDWH SURFHVV oRZ ���

[



/LVW RI )LJXUHV

��� 0XOWLWXGH RI 5) IXQFWLRQV H[SHFWHG IURP $05)6 DSSURDFK� �

��� %ORFN GLDJUDP RI D PXOWLIXQFWLRQ 5) V\VWHP� � � � � � � � � �

��� &LUFXLW VFKHPDWLF RI D VLPSOH FODVV�$ SRZHU DPSOLnHU� � � � � ��

��� 2SWLPXP ORDG�OLQH IRU FODVV�$ RSHUDWLRQ� � � � � � � � � � � � ��

��� &LUFXLW VFKHPDWLF RI D VLPSOH FODVV�% WXQHG SRZHU DPSOLnHU� ��

��� 'HYLFH ELDV SRLQW DQG ORDG�OLQH IRU FODVV�% RSHUDWLRQ� � � � � ��

��� 2SWLPXP ORDG�OLQH IRU SXVK�SXOO FODVV�% RSHUDWLRQ� � � � � � ��

��� &LUFXLW VFKHPDWLF RI D FODVV�% SXVK�SXOO SRZHU DPSOLnHU XVLQJ
WUDQVIRUPHUV� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (YHQ DQG RGG PRGH LPSHGDQFHV UHTXLUHG IRU FODVV�% SXVK�
SXOO RSHUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7UDQVIRUPHU FRQnJXUDWLRQ IRU WUXH FODVV�% SXVK�SXOO RSHU�
DWLRQ� �D� VHULHV � VKXQW FRQQHFWLRQ DQG �E� VHULHV � VHULHV
FRQQHFWLRQ ZLWK HYHQ PRGH WHUPLQDWLRQ� � � � � � � � � � � � ��

��� �D�6LPSOLnHG $�&� {�PRGHO IRU WKH WUDQVLVWRU XVHG LQ WKLV
DQDO\VLV� �E� GHnQLWLRQ RI VKRUW FLUFXLW FXUUHQW JDLQ DQG �F�
GHnQLWLRQ RI PD[LPXP DYDLODEOH SRZHU JDLQ �G� GHnQLWLRQ RI
ODUJH VLJQDO SRZHU JDLQ IRU ORDGOLQH PDWFK� � � � � � � � � � � ��

��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� W\SLFDO IUHTXHQF\ UHVSRQVH
RI D FRPPRQ VRXUFH DPSOLnHU ZLWKRXW LQSXW WXQLQJ� � � � � � ��

��� *DLQ�EDQGZLGWK SURGXFW LQ D VHULHV FDVFDGH RI VWDJHV ZLWK �,�
ERWK LQSXW DQG RXWSXW PDWFKHG� �,,� RQO\ WKH LQSXW PDWFKHG
DQG �,,,� ERWK LQSXW DQG RXWSXW PLVPDWFKHG� � � � � � � � � ��

��� $�&� FLUFXLW VFKHPDWLF RI �D� FDSDFLWLYH DQG �E� UHVLVWLYH GH�
JHQHUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� W\SLFDO IUHTXHQF\ UHVSRQVH
RI D UHDFWLYHO\ PDWFKHG FRPPRQ VRXUFH DPSOLnHU � � � � � � � ��

��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� W\SLFDO IUHTXHQF\ UHVSRQVH
RI D ORVV\ PDWFKHG FRPPRQ VRXUFH DPSOLnHU� � � � � � � � � � ��

��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� W\SLFDO IUHTXHQF\ UHVSRQVH
RI D EULGJH�WHH ORVV\ PDWFKHG DPSOLnHU� � � � � � � � � � � � � ��

��� $�&� FLUFXLW VFKHPDWLF RI D UHVLVWLYH IHHGEDFN DPSOLnHU� � � � ��

��� $�&� FLUFXLW VFKHPDWLF RI D GLVWULEXWHG DPSOLnHU� � � � � � � � ��

���� 7\SLFDO IUHTXHQF\ UHVSRQVH RI D GLVWULEXWHG DPSOLnHU FRP�
SDUHG WR OXPSHG DPSOLnHUV� � � � � � � � � � � � � � � � � � � ��

��� 7\SLFDO OD\HU VWUXFWXUH RI DQ $O*D1 � *D1 +(07 ZDIHU� � ��

��� 0LFURJUDSK RI D EDG VRXUFH DQG GUDLQ RKPLF DQQHDO GXH WR
WHPSHUDWXUH LQVWDELOLWLHV LQ WKH 57$� � � � � � � � � � � � � � ��

��� 7\SLFDO FRQWDFW UHVLVWDQFHV REWDLQHG IURP 7/0 PHDVXUH�
PHQWV �ZDIHU � ������)%�� � � � � � � � � � � � � � � � � � � ��

��� 0LFURJUDSK RI JDWH nQJHUV LQ ODUJH SHULSKHU\ *D1 +(07
GHYLFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0LFURJUDSK RI D ��� xP JDWH OHQJWK nQJHUV LQ ODUJH SHULSKHU\
GXDO�JDWH GHYLFHV� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0LFURJUDSK RI WKH *D1 +(07 GLFH IRU �D� I
~

�GRXEOHU� �E� UH�
VLVWLYH IHHGEDFN I

~

�GRXEOHU� �F� UHVLVWLYH IHHGEDFN I
~

�GRXEOHU
ZLWK VRXUFH DQG GUDLQ ERQGV� DQG �G� GXDO�JDWH FDVFRGH I

~

�
GRXEOHU SRZHU DPSOLnHUV� � � � � � � � � � � � � � � � � � � � � ��

��� 0LFURJUDSK RI WKH $O1 VXEVWUDWH GLFH IRU �D� I
~

�GRXEOHU�
�E� UHVLVWLYH IHHGEDFN I

~

�GRXEOHU� �F� UHVLVWLYH IHHGEDFN I
~

�
GRXEOHU ZLWK VRXUFH DQG GUDLQ ERQGV� DQG �G� GXDO�JDWH FDV�
FRGH I

~

�GRXEOHU SRZHU DPSOLnHUV� � � � � � � � � � � � � � � � ��

��� 0HDVXUHG EUHDNGRZQ YROWDJHV LQ H[FHVV RI ��� 9 IRU ���� y$
WKLFN 6L

�
1
�
0,0 FDSDFLWRUV� � � � � � � � � � � � � � � � � � � ��

��� 0LFURJUDSK RI D ��� xP JDWH OHQJWK [ ��� xP ZLGH WHVW GHYLFH� ��

���� 7\SLFDO '�&� ,�9 SORW IRU D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)&� VKRZLQJ �D� SHDN VDWXUDWLRQ FXUUHQW DQG �E�
OHDNDJH FXUUHQW� � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5�)� SRZHU SHUIRUPDQFH RI D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)&�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� /HDNDJH FXUUHQWV PHDVXUHG LQ D ��� xP ZLGH GHYLFH �ZDIHU
� ������)'�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7\SLFDO '�&� ,�9 SORW IRU D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)%�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5�)� SRZHU SHUIRUPDQFH RI D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)%�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5�)� SRZHU SHUIRUPDQFH RI D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)$�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6KRUW FLUFXLW FXUUHQW JDLQ+
��
IRU FRPPRQ�VRXUFH� 'DUOLQJWRQ

DQG I
~

�GRXEOHU FRQnJXUDWLRQV� � � � � � � � � � � � � � � � � � ��

��� $�&� VFKHPDWLFV RI �D� EDVLF 'DUOLQJWRQ� �E� I
~

�GRXEOHU FRQ�
nJXUDWLRQV DQG �F� FDVFRGH I

~

�GRXEOHU FRQnJXUDWLRQV� � � � � ��

��� /RDG�OLQHV VHHQ E\ WKH WZR GHYLFHV LQ D I
~

�GRXEOHU SRZHU
DPSOLnHU� VXSHU�LPSRVHG RQ WKH GHYLFH ,

GV

b 9
GV

SORW� � � � � ��

��� /RDG�OLQHV VHHQ E\ WKH WZR GHYLFHV� 4
��

�
DQG 4

��

�
LQ D FDVFRGH

I
~

�GRXEOHU SRZHU DPSOLnHU� VXSHU�LPSRVHG RQ WKH GHYLFH ,
GV

b
9
GV

SORW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RPSOHWH VFKHPDWLF RI *D$V I
~

�GRXEOHU UHVLVWLYH IHHGEDFN
SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6LPXODWHG ORDG�OLQHV RI WKH GHYLFHV LQ *D$V I
~

�GRXEOHU UHVLV�
WLYH IHHGEDFN SRZHU DPSOLnHU �IUHTXHQF\  � *+]�� VXSHU�
LPSRVHG RQ WKH VLPXODWHG GHYLFH ,

GV

b 9
GV

SORW� � � � � � � � ��

��� 3RZHU SHUIRUPDQFH RI WKH *D$V I
~

�GRXEOHU SRZHU DPSOLnHU
DW � *+]� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RPSOHWH VFKHPDWLF RI WKH *D$V FDVFRGH I
~

�GRXEOHU UHVLVWLYH
IHHGEDFN SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � � � ��

��� 6LPXODWHG ORDG�OLQHV RI WKH GHYLFHV LQ WKH *D$V FDVFRGH I
~

�
GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU �IUHTXHQF\  �
*+]�� VXSHU�LPSRVHG RQ WKH VLPXODWHG GHYLFH ,

GV

b 9
GV

SORW� ��

���� 3RZHU SHUIRUPDQFH RI WKH *D$V FDVFRGH I
~

�GRXEOHU DW � *+]� ��

���� &KLS SKRWRJUDSK RI WKH *D$V �D� FRPPRQ�VRXUFH � �E� I
~

�
GRXEOHU DQG �F� FDVFRGH I

~

�GRXEOHU SRZHU DPSOLnHUV� � � � � ��

���� 0HDVXUHG RXWSXW SRZHU RI WKH *D$V 0(6)(7 DPSOLnHUV DV
D IXQFWLRQ RI IUHTXHQF\� � � � � � � � � � � � � � � � � � � � � � ��

���� 0HDVXUHG WUDQVGXFHU JDLQ RI WKH *D$V 0(6)(7 DPSOLnHUV
DV D IXQFWLRQ RI IUHTXHQF\� � � � � � � � � � � � � � � � � � � � ��
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���� 0HDVXUHG SRZHU�DGGHG�HpFLHQF\ RI WKH *D$V 0(6)(7 DP�
SOLnHUV DV D IXQFWLRQ RI IUHTXHQF\� � � � � � � � � � � � � � � � ��

���� /DUJH VLJQDO PRGHO RI D ��� xP JDWH OHQJWK � PP SHULSKHU\
GHYLFH XVHG IRU VLPXODWLRQV� � � � � � � � � � � � � � � � � � � ��

���� &RPSOHWH VFKHPDWLF RI *D1 I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU

DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� &RPSOHWH VFKHPDWLF RI *D1 GXDO�JDWH FDVFRGH I

~

�GRXEOHU
SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 'LH SKRWRJUDSK RI *D1 �D� I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU ZLWK VRXUFH ERQGV RQO\ �E� I

~

�GRXEOHU UHVLVWLYH IHHG�
EDFN SRZHU DPSOLnHU ZLWK VRXUFH DQG GUDLQ ERQGV DQG �F�
GXDO � JDWH FDVFRGH I

~

�GRXEOHU SRZHU DPSOLnHU� � � � � � � � � ��
���� 6FKHPDWLF RI WKH WHVW VHWXS XVHG IRU SRZHU PHDVXUHPHQWV� � ��
���� 6PDOO�VLJQDO SHUIRUPDQFH RI *D1 I

~

�GRXEOHU UHVLVWLYH IHHG�
EDFN SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � ��

���� 3RZHU SHUIRUPDQFH RI *D1 I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU IURP � � � *+] ZLWK �� G%P DYDLODEOH SRZHU DW LQSXW� ��

���� 3RZHU SHUIRUPDQFH RI *D1 I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU DW � *+]� � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6PDOO�VLJQDO SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU
SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 3RZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU SRZHU
DPSOLnHU IURP � � � *+]� � � � � � � � � � � � � � � � � � � � � ��

���� 3RZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU SRZHU
DPSOLnHU DW � *+]� � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RPSDULVRQ RI VLPXODWHG DQG PHDVXUHG 6
��
IRU WKH *D1 I

~

�
GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU ZLWK VRXUFH ERQGV
RQO\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RPSDULVRQ RI VLPXODWHG DQG PHDVXUHG 6
��
DQG 6

��
IRU WKH

*D1 I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU ZLWK VRXUFH
ERQGV RQO\� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5HFRQVWUXFWHG YROWDJH ZDYHIRUP DFURVV WKH GHYLFHV LQ D *D1
I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU IRU YDULRXV GUDLQ
ELDV YROWDJHV� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5HFRQVWUXFWHG 5) ,�9 IRU WKH GHYLFH VKRZV VHYHUH '�&� WR
5) GLVSHUVLRQ DQG OHDNDJH FXUUHQW OLPLWLQJ WKH SHDN RXWSXW
SRZHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� /DUJH VLJQDO PRGHO RI D ��� xP JDWH OHQJWK � PP SHULSKHU\
GXDO�JDWH GHYLFH XVHG IRU VLPXODWLRQV� � � � � � � � � � � � � � ��

���� &RPSOHWH VFKHPDWLF RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU UHVLV�

WLYH IHHGEDFN SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � � ��

���� 6LPXODWHG SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU
UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU IURP � � �� *+]� � � � � � ��

���� 'LH SKRWRJUDSK RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU UHVLV�
WLYH IHHGEDFN SRZHU DPSOLnHU� � � � � � � � � � � � � � � � � � ��

���� 3RZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU UH�
VLVWLYH IHHGEDFN SRZHU DPSOLnHU IURP � � � *+] �3

DY

 ��G%P�� ��
���� 6DWXUDWHG SRZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I

~

�
GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU IURP � � � *+]� � ��

���� 3RZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU UH�
VLVWLYH IHHGEDFN SRZHU DPSOLnHU DW � *+]� � � � � � � � � � � ��

��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� HTXLYDOHQW FLUFXLW PRGHO
RI D 7:$� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� $�&� FLUFXLW VFKHPDWLF DQG �E� HTXLYDOHQW FLUFXLW PRGHO
RI D 7:$ ZLWK I

~

�GRXEOHU FHOOV� � � � � � � � � � � � � � � � � ��
��� $�&� FLUFXLW VFKHPDWLF RI D 7:$ XVLQJ FDSDFLWLYH GHJHQHUDWLRQ����

��� $�&� FLUFXLW VFKHPDWLF RI D 7:$ XVLQJ WDSHUHG JDWH OLQH �=
J�Q

UHIHUV WR WKH ORDGHG OLQH LPSHGDQFH�� � � � � � � � � � � � � � ���
��� $�&� FLUFXLW VFKHPDWLF RI D � FHOO WDSHUHG�GUDLQ�OLQH 7:$� � ���

��� $�&� FLUFXLW VFKHPDWLF RI D FDVFRGH�GHOD\�PDWFKHG SRZHU 7:$����

��� $�&� FLUFXLW VFKHPDWLF RI D FDVFRGH�GHOD\�PDWFKHG 7:$ �D�
DV D WDSHUHG�GUDLQ OLQH 7:$ ZLWK D FRPPRQ JDWH RXWSXW
VWDJH �E�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6FDOH PRGHO FDVFRGH�GHOD\�PDWFKHG 7:$ XVLQJ GLVFUHWH *D$V
0(6)(7V� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0HDVXUHG VPDOO�VLJQDO 6�SDUDPHWHUV� � � � � � � � � � � � � � ���

���� 0HDVXUHG 3$( DQG RXWSXW SRZHU YV� IUHTXHQF\ DW �� G%P
DYDLODEOH LQSXW SRZHU� � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG 3$( YV� LQSXW SRZHU DW ���� ��� DQG ��� *+]� � � ���

���� 0LFURJUDSK RI WKH *D$V 0(6)(7 XVHG WR oLS�FKLS ERQG WR
$O1� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� /D\RXW RI *D$V 0(6)(7 � *D1 +(07 &'0 7:$ VKRZ�
LQJ WKH JDWH OLQH DQG LQWHUVWDJH GHOD\ PDWFKLQJ QHWZRUNV� � � ���

[Y



���� 'LH SKRWRJUDSK RI *D$V 0(6)(7 � *D1 +(07 &'0
7:$ ZLWK D �� l ORDG �*D$V 0(6)(7 GLH VKRZQ DV LQ�
VHW�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 6PDOO�VLJQDO SHUIRUPDQFH RI *D$V 0(6)(7 � *D1 +(07
&'0 7:$ ZLWK D �� l ORDG� � � � � � � � � � � � � � � � � � ���

���� 3RZHU SHUIRUPDQFH RI *D$V 0(6)(7 � *D1 +(07 &'0
7:$ ZLWK D �� l ORDG IURP � � � *+]� � � � � � � � � � � � � ���

���� 3RZHU SHUIRUPDQFH RI *D$V 0(6)(7 � *D1 +(07 &'0
7:$ ZLWK D �� l ORDG DW � *+]� � � � � � � � � � � � � � � � ���

���� 6PDOO�VLJQDO SHUIRUPDQFH RI *D$V 0(6)(7 � *D1 +(07
&'0 7:$ ZLWK D �� l ORDG� � � � � � � � � � � � � � � � � � ���

��� {�VHFWLRQ RXWSXW PDWFKLQJ QHWZRUNV IRU EURDG�EDQG SRZHU
DPSOLnHUV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 9DULDWLRQ RI ORDG�OLQH ZLWK IUHTXHQF\ IRU �D� QR PDWFKLQJ
QHWZRUN� �E� VPDOO VLJQDO { QHWZRUN� �F� / � VHFWLRQ DQG �G�
RSWLPXP ODUJH VLJQDO { QHWZRUN FRPSHQVDWLRQ� � � � � � � � � ���

��� 'HVLJQ FRQVLGHUDWLRQ IRU RXWSXW PDWFKLQJ QHWZRUNV LQ VPDOO
VLJQDO DQG SRZHU DPSOLnHUV� � � � � � � � � � � � � � � � � � � ���

��� 7KHRUHWLFDO PD[LPXP GUDLQ HpFLHQF\ REWDLQDEOH ZLWK YDUL�
RXV PDWFKLQJ QHWZRUNV� � � � � � � � � � � � � � � � � � � � � � ���

��� 9DULDWLRQ RI ORDG�OLQH ZLWK IUHTXHQF\ IRU UHVLVWLYH IHHGEDFN
FLUFXLWV ZLWK �D� QR PDWFKLQJ QHWZRUN� �E� VPDOO VLJQDO {
QHWZRUN� �F� 7 � QHWZRUN DQG �G� RSWLPXP ODUJH VLJQDO {
QHWZRUN FRPSHQVDWLRQ� � � � � � � � � � � � � � � � � � � � � � ���

��� 7KHRUHWLFDO PD[LPXP GUDLQ HpFLHQF\ REWDLQDEOH ZLWK YDU�
LRXV PDWFKLQJ QHWZRUNV LQ UHVLVWLYH IHHGEDFN DPSOLnHUV GH�
VLJQHG IRU D YROWDJH JDLQ RI �� � � � � � � � � � � � � � � � � � ���

��� 2XWSXW FDSDFLWDQFH LQ oLS FKLS ERQGHG GHYLFHV �D� ZLWK VRXUFH
DQG GUDLQ ERQGHG DQG �E� ZLWK WKH VRXUFH RQO\ ERQGHG� � � � ���

��� 'XDO�JDWH GHYLFH GHVLJQ IRU KLJK SRZHU EURDGEDQG DPSOLnHUV� ���
��� 6FKHPDWLF RI D PLFURZDYH FODVV � $% SXVK SXOO SRZHU DPSOLnHU����
���� 6FKHPDWLF RI D 0DUFKDQG EDOXQ RQ GXURLG VXEVWUDWH� � � � � ���
���� 6LPXODWHG ORVV RI D 0DUFKDQG EDOXQ RQ GXURLG VXEVWUDWH �FRX�

SOLQJ ORVV  �� G%� UHVW LV LQVHUWLRQ ORVV�� � � � � � � � � � � � ���

[YL



&KDSWHU �

,QWURGXFWLRQ

7+,6 ZRUN GHVFULEHV WKH GHVLJQ DQG IDEULFDWLRQ RI XOWUD�EURDGEDQG� HI�
nFLHQW KLJK SRZHU PLFURZDYH DPSOLnHUV LQ $O*D1 � *D1 +(07 WHFK�

QRORJ\�

��� 2EMHFWLYH

7KH 2pFH RI 1DYDO 5HVHDUFK �215� UHTXLUHV XOWUD�EURDGEDQG� HpFLHQW�
OLQHDU VROLG�VWDWH KLJK SRZHU PLFURZDYH DPSOLnHUV WR UHSODFH WKH FXUUHQWO\
HPSOR\HG WUDYHOLQJ�ZDYH WXEHV LQ 1DYDO UDGDU V\VWHPV� 2XWSXW SRZHUV RQ
WKH RUGHU RI ��
V RI :DWWV RYHU D ���� *+] EDQGZLGWK LV UHTXLUHG ZLWK
SRZHU�DGGHG�HpFLHQFLHV �3$(� RI ��� RU KLJKHU� ORZ QRLVH nJXUH � � G%
DQG KLJK OLQHDULW\ ZLWK !�� G% VXSSUHVVLRQ RI VSXULRXV RXWSXW�
2EWDLQLQJ D FRPELQDWLRQ RI KLJK SRZHU DQG GHFDGH ������ EDQGZLGWK

UHTXLUHV ERWK DGYDQFHG VHPLFRQGXFWRU GHYLFHV DQG LPSURYHG PLFURZDYH FLU�
FXLW GHVLJQ WHFKQLTXHV� 6LQFH UHDFWLYHO\�PDWFKHG PLFURZDYH SRZHU DPSOLnHU
WRSRORJLHV GR QRW REWDLQ KLJK JDLQ DQG KLJK HpFLHQFLHV RYHU PXOWL�RFWDYH
EDQGZLGWKV� QHZ SRZHU DPSOLnHU WRSRORJLHV DUH UHTXLUHG WR REWDLQ KLJK Hp�
FLHQF\ DQG IUHTXHQF\�LQGHSHQGHQW KLJK JDLQ RYHU EURDG EDQGZLGWKV� 6LQFH
ORZ ORVV LPSHGDQFH WUDQVIRUPDWLRQ RYHU D EURDG ���� EDQGZLGWK DUH KDUG WR
UHDOL]H IRU ODUJH WUDQVIRUPDWLRQ UDWLRV� WKH SRZHU DPSOLnHU PXVW GULYH ORDGV
RI �����l QRPLQDO LPSHGDQFH� :LWKRXW EURDGEDQG WUDQVIRUPHUV� *D$V �
,Q3 EDVHG WUDQVLVWRUV LQ VWDQGDUG EURDGEDQG SRZHU DPSOLnHU FLUFXLWV FDQ
KDUGO\ SURYLGH � : RYHU D GHFDGH EDQGZLGWK GXH WR WKHLU OLPLWHG EUHDNGRZQ
YROWDJH �9

EU

z�� 9�� +LJK GHYLFH EUHDNGRZQ YROWDJHV DUH FRQVHTXHQWO\ UH�

�



� &KDSWHU �� ,QWURGXFWLRQ

TXLUHG IRU REWDLQLQJ KLJK RXWSXW SRZHU� 7KXV ZLGHEDQG SRZHU DPSOLnHUV
GHPDQG ZLGH�EDQGZLGWK �KLJK I

~

�� KLJK�SRZHU �KLJK 9
EU

�WUDQVLVWRUV� 7KH
FRPELQDWLRQ RI KLJK SRZHU DQG KLJK EDQGZLGWK LV EHVW DGGUHVVHG ZLWK ZLGH�
EDQGJDS VHPLFRQGXFWRU PDWHULDOV OLNH *DOOLXP 1LWULGH �*D1� >�� �@� ,Q WKLV
ZRUN DPSOLnHUV ZHUH LPSOHPHQWHG XVLQJ $O*D1 � *D1 SRZHU +(07V� $O�
*D1 � *D1 +(07V KDYH KLJK I

~

9
EU

SURGXFW� DQG FDQ SURYLGH KLJK SRZHUV
DW WKHVH IUHTXHQFLHV�
$V LW LV IXQGDPHQWDOO\ GLpFXOW IRU KLJK EUHDNGRZQ PLFURZDYH SRZHU

WUDQVLVWRUV WR REWDLQ KLJK XQLW\ FXUUHQW�JDLQ FXWRm IUHTXHQF\ �I
~

�� WKH FLU�
FXLW WRSRORJLHV HPSOR\HG PXVW SURYLGH KLJK DPSOLnHU SHUIRUPDQFH RYHU D
KLJK SHUFHQWDJH RI WKH WUDQVLVWRU
V EDQGZLGWK� $V VWDQGDUG EURDGEDQG
SRZHU DPSOLnHU WRSRORJLHV REWDLQ EDQGZLGWKV RI RQO\ z��� RI I

~

DOWHUQD�
WLYH HpFLHQW EURDGEDQG SRZHU DPSOLnHU WRSRORJLHV DUH QHHGHG�

��� ,Q WKLV ZRUN

7R REWDLQ HpFLHQW ZLGHEDQG DPSOLnFDWLRQ RYHU EDQGZLGWKV RI z��� RI WKH
WUDQVLVWRU
V I

~

� WZR FRPSHWLQJ WRSRORJLHV KDYH EHHQ GHYHORSHG�
7KH FDVFRGH�GHOD\�PDWFKHG WUDYHOLQJ ZDYH DPSOLnHU LV D GLVWULEXWHG DP�

SOLnHU WRSRORJ\ FDSDEOH RI REWDLQLQJ EDQGZLGWKV OLPLWHG E\ WKH WUDQVLVWRU
SRZHU JDLQ FXW�Rm IUHTXHQF\� I

PD[

� 7KH GUDLQ�OLQH LQ D WUDGLWLRQDO WUDYHO�
LQJ ZDYH DPSOLnHU �7:$� LV HOLPLQDWHG� DQG HpFLHQFLHV XS WR WKH FODVV�$
WKHRUHWLFDO OLPLW RI ��� LV DFKLHYHG E\ VXSSUHVVLQJ WKH UHYHUVH�ZDYH� 7KH
GHOD\ PDWFKLQJ LV GRQH EHWZHHQ WKH FRPPRQ�VRXUFH �&6� DQG FRPPRQ�JDWH
GHYLFHV �&*� RI D FDVFRGH FHOO� 8QOLNH WKH WDSHUHG GUDLQ�OLQH GLVWULEXWHG
DPSOLnHU WKLV WRSRORJ\ GRHV QRW UHTXLUH KLJK LPSHGDQFH OLQHV DQG VR LV
SK\VLFDOO\ UHDOL]DEOH IRU KLJKHU SRZHUV�
7KH I

~

�GRXEOHU IHHGEDFN SRZHU DPSOLnHU LV D OXPSHG DPSOLnHU WRSRORJ\
ZKLFK LQ DGGLWLRQ WR REWDLQLQJ VLPLODU EDQGZLGWKV DQG HpFLHQFLHV� KDV D
PXFK ORZHU RXWSXW UHoHFWLRQ FRHpFLHQW� DQG XVHV D VPDOOHU GLH DUHD�
7R IXUWKHU LPSURYH EDQGZLGWK� VORZ�IDVW FDVFRGH FHOOV DUH SURSRVHG

ZKLFK FRXOG EH LQFRUSRUDWHG LQWR HLWKHU RI WKH SURSRVHG FLUFXLWV� 7KLV FRQ�
nJXUDWLRQ XVHV D IDVW WUDQVLVWRU �KDYLQJ D KLJK I

~

DQG FRQVHTXHQWLDOO\ ORZ
GHYLFH 9

EU

� IRU WKH &6 GHYLFH� DQG D VORZ WUDQVLVWRU �KDYLQJ D KLJK GHYLFH
9
EU

DQG FRQVHTXHQWLDOO\ ORZ I
~

� IRU WKH &* GHYLFH� LQ D FDVFRGH FHOO� 7KLV
FRXOG EH UHDOL]HG LQ D PRQROLWKLF IRUP XVLQJ GXDO�JDWH GHYLFHV KDYLQJ VPDOO
DQG ODUJH JDWH OHQJWKV IRU WKH nUVW DQG VHFRQG JDWHV UHVSHFWLYHO\ RU LQ D



��� ,Q WKLV ZRUN �

K\EULG PXOWL�FKLS PRGXOH �0&0� IRUP XVLQJ WZR GLmHUHQW GHYLFH WHFKQROR�
JLHV �HJ� ,Q3 3+(07 IRU WKH FRPPRQ�VRXUFH GHYLFH DQG *D1 +(07 IRU
WKH FRPPRQ�JDWH GHYLFHV�� 6LQFH WKH EDQGZLGWK LV OLPLWHG SULPDULO\ E\ WKH
&6 GHYLFH DQG WKH RXWSXW SRZHU E\ WKH &* GHYLFH WKH RYHUDOO SRZHU DQG
EDQGZLGWK DUH LPSURYHG�

7R IXUWKHU LPSURYH WKH HpFLHQF\� WZR NLQGV RI EURDGEDQG FODVV�$% SXVK�
SXOO VWDJHV KDYH EHHQ DQDO\]HG� $ PRGLnHG 0DUFKDQG EDOXQ DUFKLWHFWXUH�
HPSOR\LQJ HYHQ PRGH WHUPLQDWLRQ IRU D WUXH FODVV�$% RSHUDWLRQ RI WKH GH�
YLFH� LV FDSDEOH RI SURYLGLQJ HpFLHQFLHV XS WR WKH WKHRUHWLFDO FODVV�% OLPLW
RI ����� DQG D ��� EDQGZLGWK�

:KLOH nQDO SRZHU DPSOLnHU GHVLJQV KDYH XVHG *D1 +(07 GHYLFHV� WKH
*D1 WHFKQRORJ\ ZDV UHODWLYHO\ LPPDWXUH WR DOORZ FLUFXLW IDEULFDWLRQ LQ WKH
HDUO\ SKDVH RI WKLV UHVHDUFK� 6R WKH nUVW�JHQHUDWLRQ RI PLFURZDYH SRZHU DP�
SOLnHUV ZHUH IDEULFDWHG LQ *D$V 0(6)(7 WHFKQRORJ\ WR YHULI\ WKH FLUFXLW
FRQFHSWV� 6FDOH�PRGHO 0LFURZDYH 0RQROLWKLF ,QWHJUDWHG &LUFXLWV �00,&V�
RI WKH I

~

�GRXEOHU IHHGEDFN SRZHU DPSOLnHU ZHUH LPSOHPHQWHG LQ D FRPPHU�
FLDO *D$V 0(6)(7 SURFHVV� $ EDQGZLGWK RI ��� � � *+] ZLWK �� G% JDLQ�
RYHU �� G%P RXWSXW SRZHU� DQG PRUH WKDQ �� � 3$( ZDV REWDLQHG LQ D
*D$V 0(6)(7 WHFKQRORJ\ RmHULQJ �� *+] I

~

DQG �� 9 EUHDNGRZQ� 7KHVH
FLUFXLWV KDYH D EDQGZLGWK RI ��� RI I

~

DQG D JDLQ�EDQGZLGWK SURGXFW RI
z ���cI

~

� ZLWK HpFLHQFLHV PRUH WKDQ ZKDW WUDGLWLRQDO GLVWULEXWHG SRZHU
DPSOLnHUV KDYH DFKLHYHG�

7ZR JHQHUDWLRQV RI I
~

�GRXEOHU IHHGEDFN SRZHU DPSOLnHU ZHUH GHVLJQHG�
IDEULFDWHG DQG WHVWHG LQ $O*D1 � *D1 +(07 WHFKQRORJ\� 7KH nUVW JHQHU�
DWLRQ RI FLUFXLWV \LHOGHG z�� G% JDLQ� ��� � ��� *+] EDQGZLGWK DPSOLnHUV
ZLWK z��� : RXWSXW SRZHU �OLPLWHG E\ WKH ODUJH '& � 5) GLVSHUVLRQ� DQG
XS WR ��� 3$(� 7KH VHFRQG JHQHUDWLRQ RI FLUFXLWV DFKLHYHG z�� G% JDLQ�
� � ��� *+] EDQGZLGWK DPSOLnHUV ZLWK z��� : RXWSXW SRZHU DQG XS WR
��� 3$(�

6FDOH�PRGHO K\EULGV RI WKH FDVFRGH�GHOD\�PDWFKHG 7:$V ZHUH LPSOH�
PHQWHG XVLQJ FRPPHUFLDOO\ DYDLODEOH SDFNDJHG *D$V 0(6)(7V� %DQG�
ZLGWK XS WR ��� RI I

~

ZLWK z�� G% JDLQ DQG ��h� � SRZHU�DGGHG�HpFLHQF\
ZDV DFKLHYHG� +\EULG 0&0 ZHUH IDEULFDWHG LQ *D$V � *D1 WHFKQRORJ\ XV�
LQJ *D$V 0(6)(7V IRU WKH &6 GHYLFH DQG $O*D1 � *D1 +(07V IRU WKH
&* GHYLFH LQ WKH FDVFRGH FHOO� 7KHVH FLUFXLWV DFKLHYHG � � �� *+] EDQG�
ZLGWK ZLWK �� G% VPDOO VLJQDO JDLQ DQG !� : RXWSXW SRZHU� 7KHVH ZHUH
WKH nUVW FLUFXLWV WR LQFRUSRUDWH *D$V DQG *D1 GHYLFHV LQWR D VLQJOH K\EULG



� &KDSWHU �� ,QWURGXFWLRQ

DQG UHSUHVHQW WKH ODUJHVW JDLQ�EDQGZLGWK REWDLQHG XVLQJ *D1 +(07V�

��� 0RWLYDWLRQ

+LJK SRZHU EURDGEDQG DPSOLnHUV DUH RQH RI WKH NH\ FRPSRQHQWV LQ SKDVHG�
DUUD\ UDGDU DSSOLFDWLRQV >�@� 3UHVHQW GD\ 8�6� 1DY\ VKLSV DQG DLUFUDIW
KDYH QXPHURXV DQWHQQDV DQG UHFHLYHUV� HDFK RSHUDWLQJ DW GLmHUHQW IUHTXHQF\
EDQGV� SHUIRUPLQJ XQLTXH IXQFWLRQV LQ WKH UDGDU� HOHFWURQLF ZDUIDUH �(:��
DQG FRPPXQLFDWLRQ EDQGV� 7KH 2pFH RI 1DYDO 5HVHDUFK �215� IRUPHG
WKH $GYDQFHG 0XOWLIXQFWLRQ 5) 6\VWHPV �$05)6� SURJUDP ZKRVH JRDO LV
WR LQWHJUDWH WKHVH LQGLYLGXDO 5) V\VWHPV LQWR D VLQJOH PXOWLIXQFWLRQ� SUR�
JUDPPDEOH V\VWHP �nJ� �����

•H igh  sensitiv ity  E S , 
(low  no ise , u ltra b roadband  am plifiers)
•Quick, high power-on-demand EA  
(efficient, high power amplifiers)

•High throughput, adaptive 
communications 
(versatile modulators)

•Weight and moment (multifunctionality)
•Compatibility Among E/M Functions  (AMRFS approach)

•Threat Identification 
(broad instantaneous bandwidth
 with versatile modulation)
•Threat detection in clutter
(low phase noise oscillators)
•Accurate target ID and
 discrimination  (high bandwidth)

•Control of emissions; Super LPI 
(versatile modulators, 
broad instantaneous bandwidth capability)

•Low IR signature 
(efficient amplifiers, 
Electronically Steered Antennas) 
•Low Radar Cross Section (RCS) 
(Array vs.. parabolic antennas; 
few vs.. many antennas)

)LJXUH ���� 0XOWLWXGH RI 5) IXQFWLRQV H[SHFWHG IURP $05)6 DSSURDFK�

7KH NH\ UHTXLUHPHQWV IRU WKH $05) V\VWHP DUH VXPPDUL]HG EHORZ�



��� 0RWLYDWLRQ �

q $ VLQJOH XOWUD EURDGEDQG V\VWHP WKDW FRXOG FRYHU HOHFWURQLF ZDUIDUH
�(:�� FRPPXQLFDWLRQV DQG HOHFWURQLF VXUYHLOODQFH IUHTXHQF\ EDQGV�
+LJK EDQGZLGWK LV DOVR UHTXLUHG IRU DFFXUDWH WDUJHW LGHQWLnFDWLRQ DQG
GLVFULPLQDWLRQ�

q 8OWUD ORZ SKDVH QRLVH V\VWHP IRU LQFUHDVHG WKUHDW GHWHFWLRQ LQ FOXWWHU
HQYLURQPHQW DQG KLJK VHQVLWLYLW\ HOHFWURQLF VXUYHLOODQFH�

q (pFLHQW KLJK SRZHU DPSOLnHUV WKDW FDQ SURYLGH TXLFN� KLJK SRZHU�RQ�
GHPDQG HOHFWURQLF DWWDFN�

q /RZ UDGDU FURVV VHFWLRQ �5&6� WKDW ZLOO OHDYH UHGXFHG VLJQDWXUH �FKDQFH
RI EHLQJ GHWHFWHG� DQG KHQFH LPSURYHG VXUYLYDELOLW\�

q (pFLHQW DPSOLnHUV DQG HOHFWURQLFDOO\ VWHHUHG DQWHQQDV IRU ORZ ,5 VLJ�
QDWXUH�

q 0XOWLIXQFWLRQDO V\VWHPV IRU UHGXFHG ZHLJKW DQG YROXPH VDYLQJ FULWLFDO
UHDO�HVWDWH RQ VKLSV DQG DLUFUDIWV�

Antennae
Element

Digital
Beamformer

System
 Clock

Sub-Array
DDS

  I / Q
Demodulator

Filter

Clock Shaper

Phase Shifter

Phase Shifter

Clock Shaper

Filter

Antennae
Element

LNA

HPA

Receiver

Transmitter

DAC

ADC

)LJXUH ���� %ORFN GLDJUDP RI D PXOWLIXQFWLRQ 5) V\VWHP�



� &KDSWHU �� ,QWURGXFWLRQ

)LJ� ��� VKRZV WKH EORFN GLDJUDP RI WKH FRPSRQHQWV LQ D GLJLWDO SKDVHG
DUUD\ UDGDU LQ D PXOWLIXQFWLRQ V\VWHP� 3HUIRUPDQFH UHTXLUHPHQWV IRU WKH
YDULRXV HOHPHQWV DUH OLVWHG EHORZ �

�� $QWHQQDH HOHPHQW �DUUD\ DUFKLWHFWXUH UHTXLUHPHQWV� � %URDGEDQG�
ORZ�SURnOH� HpFLHQW� GXDO�SRODUL]HG UDGLDWLQJ HOHPHQWV DUH UHTXLUHG
IRU ORZ�VLJQDWXUH SKDVHG DUUD\ DQWHQQDV VXLWDEOH IRU WKH � � �� *+]
EDQG� :LGHEDQG VHSDUDWH WUDQVPLW DQG UHFHLYH SKDVHG DUUD\ DUFKLWHF�
WXUHV WR SURYLGH PXOWLSOH VLPXOWDQHRXV UHFHLYH DQG WUDQVPLW EHDPV�
)XOO SKDVH DQG DPSOLWXGH FRQWURO DW HDFK HOHPHQW� UDGLDWLQJ DVVHP�
EO\� DQG DUUD\ OHYHO WR DFFRPPRGDWH YDULRXV WUXH WLPH GHOD\ FRQFHSWV�
+LJK SRODUL]DWLRQ LQWHJULW\ IRU DQ\ SRODUL]DWLRQ DW DOO VFDQ DQJOHV LV
DOVR UHTXLUHG�

�� )LOWHUV �WUDQVPLW�UHFHLYH LVRODWLRQ UHTXLUHPHQWV� � %URDGEDQG� WXQ�
DEOH� SUHFLVLRQ� ORZ�ORVV EDQGSDVV nOWHUV� FKDQQHOL]HG nOWHUV� DQG QRWFK
nOWHUV WKDW SURYLGH KLJK WUDQVPLW�WR�UHFHLYH LVRODWLRQ DUH UHTXLUHG� )LO�
WHUV ZLWK LPSURYHG FXWRm SURSHUWLHV DUH QHHGHG WR UHGXFH RXW�RI�EDQG
QRLVH� 7R EH DEOH WR WUDQVPLW DQG UHFHLYH VLPXOWDQHRXVO\ UHTXLUHV WKDW
WKH WUDQVPLW VLJQDO OHYHO LV ��� G%P DQG WKH UHFHLYH VHQVLWLYLW\ LV ����
G%P� UHVXOWLQJ ��� G% LVRODWLRQ EHWZHHQ WUDQVPLW DQG UHFHLYH�

�� 6ROLG 6WDWH 0RGXOHV DQG &RPSRQHQWV � +LJK SRZHU� OLQHDU� ZLGH�
EDQG DPSOLnHUV� ORZ QRLVH DPSOLnHUV� SKDVH VKLIWHU� DWWHQXDWRU� VZLWFK�
DPSOLnHU QHWZRUNV IRU VHSDUDWH WUDQVPLW DQG UHFHLYH PRGXOHV DUH UH�
TXLUHG� 7KHVH PRGXOHV PXVW H[KLELW D ZLGH EDQGZLGWK �z�� � ��
*+]�� KLJK SRZHU �w ��: DW ;�EDQG�� ORZ QRLVH nJXUH �� � G%�� DQG
KLJK OLQHDULW\ �z�� G% EHORZ UDWHG SRZHU�� 6LQFH WKH VL]H� RXWSXW
SRZHU DQG HpFLHQF\ RI WKHVH PRGXOHV DUH KLJKO\ GHSHQGHQW RQ WKH
FKDUDFWHULVWLFV RI WKH KLJK SRZHU DPSOLnHU� D 3$( RI DW OHDVW ��� LV
GHVLUHG�

�� 'LUHFW 'LJLWDO 6\QWKHVLV �''6� � ''6 ZLOO EH XVHG IRU WKH LPSOHPHQ�
WDWLRQ RI WUXH WLPH GHOD\ EHDP IRUPLQJ� DQG FRPSOH[ VLJQDO JHQHUD�
WLRQ ZLWK DUELWUDU\ ZDYHIRUP JHQHUDWRUV� ''6 DQG DUELWUDU\ ZDYH�
IRUP JHQHUDWRUV PD\ EH XVHG IRU V\QWKHVL]LQJ UDGDU DQG FRPPXQLFD�
WLRQV ZDYHIRUPV� 7KH PLQLPXP DFFHSWDEOH GLJLWDO WR DQDORJ FRQYHUWHU
�'$&� SHUIRUPDQFH LV �� ELWV RI ��� G%F VSXU IUHH G\QDPLF UDQJH ZLWK
� *+] RI EDQGZLGWK�



��� 7KHVLV 2UJDQL]DWLRQ �

�� $QDORJ WR 'LJLWDO �$�'� &RQYHUWHUV �$'&�� $'&V DUH XVHG WR GLJLWL]H
WKH UHFHLYHG ZDYHIRUPV IRU IXUWKHU SURFHVVLQJ� 7KH JRDO RI WKH $'& LV
WR XOWLPDWHO\ SURGXFH GLJLWDO UHFHLYHUV ZLWK UHGXFHG VL]H DQG ZHLJKW�
)RU (: DSSOLFDWLRQV� �� ELWV RI VSXU�IUHH G\QDPLF UDQJH ZLWK ��� �
��� 0+] RI EDQGZLGWK LV UHTXLUHG� )RU UDGDU DQG FRPPXQLFDWLRQV�
DW OHDVW �� ELWV RI VSXU�IUHH G\QDPLF UDQJH ZLWK �� 0+] RI EDQGZLGWK
LV UHTXLUHG�

�� 'LJLWDO EHDPIRUPHU �WUXH WLPH GHOD\� � 7UXH WLPH GHOD\ EHDPVWHHU�
LQJ SURYLGHV ZLGHEDQG VLPXOWDQHRXV RSHUDWLRQ RI PXOWLSOH VLJQDOV LQ
D SKDVHG�DUUD\ $05)6 DQWHQQD� $ FRPELQDWLRQ RI WLPH GHOD\ DQG
SKDVHVKLIWLQJ FRXOG DOVR EH XVHG� 7KH EHDPIRUPHU VKRXOG EH FDSDEOH
RI SURYLGLQJ WLPH GHOD\ DW D VXEDUUD\ OHYHO VXFK WKDW LQVWDQWDQHRXV
EDQGZLGWKV RI ��� *+] LV VXSSRUWHG DFURVV WKH IXOO RSHUDWLQJ IUH�
TXHQF\ EDQG� )LQDOO\� WKH RYHUDOO V\VWHP WKURXJKSXW GHOD\ QHHGV WR
EH NHSW VPDOO�

$V LV DSSDUHQW� WR DFKLHYH WKH JRDOV RI WKH $05)6 SURJUDP� D PXOWLWXGH
RI FULWLFDO HQDEOLQJ WHFKQRORJLHV KDYH WR EH GHYHORSHG� 9DULRXV FRPSRQHQWV
RI WKH $05)6 V\VWHP DUH LQ GHYHORSPHQW DW 8&6% DQG LQ QXPHURXV XQLYHU�
VLWLHV DQG UHVHDUFK ODEV LQ WKH 8�6� 7KLV ZRUN GHDOV RQO\ ZLWK WKH VROLG�VWDWH
SRZHU DPSOLnHU FLUFXLWV DQG PRGXOHV UHTXLUHG IRU WKH $05)6� 7KLV WKHVLV
SUHVHQWV DQ RYHUYLHZ RI WKH NH\ LVVXHV LQ GHVLJQLQJ D EURDGEDQG VROLG�VWDWH
PRGXOH� WKH VWDWXV RI WKH WHFKQRORJLHV UHTXLUHG� WKH nUVW GHPRQVWUDWLRQ RI
WKH FLUFXLWV SURSRVHG� DQG HVWLPDWHV LWV SRWHQWLDO LQ WKH QHDU IXWXUH�
7KRXJK PRVW RI WKLV ZRUN RQ GHFDGH EDQGZLGWK KLJK SRZHU DPSOLnHUV

LV LQWHQGHG RQO\ IRU PLOLWDU\ DSSOLFDWLRQV� VRPH RI WKH FLUFXLW FRQFHSWV GH�
YHORSHG DUH DSSOLFDEOH WR DPSOLnHUV ZLWK IHZ RFWDYH EDQGZLGWKV WKDW KDYH
D SRWHQWLDO IRU XVH LQ FRPPHUFLDO ZLUHOHVV DQG LQVWUXPHQWDWLRQ DSSOLFDWLRQV
>�@� ,Q IDFW LQ WKH ODVW \HDU� UHVLVWLYH IHHGEDFN 'DUOLQJWRQ SRZHU DPSOLnHUV
VLPLODU WR RQFH GHVFULEHG LQ FKDSWHU � DUH FRPPHUFLDOO\ DYDLODEOH >�@� DQG DUH
LQWHQGHG IRU XVH DV GULYHUV IRU RSWLFDO nEHU QHWZRUNV DQG &$79 DPSOLnHUV�

��� 7KHVLV RUJDQL]DWLRQ

&KDSWHU � UHYLHZV WKH EDVLFV RI SRZHU DPSOLnHU GHVLJQ DQG SUHVHQWV WKH
DGGLWLRQDO OLPLWDWLRQV HVSHFLDOO\ LQ GHVLJQLQJ EURDGEDQG SRZHU DPSOLnHUV�



� &KDSWHU �� ,QWURGXFWLRQ

7KHVH OLPLWDWLRQV DUH RQ WKH FKRLFH RI ORDG�OLQH� FODVV RI RSHUDWLRQ� JDLQ �
EDQGZLGWK SURGXFW� SRZHU � IUHTXHQF\ SURGXFW� DQG FKRLFH RI GHYLFH WHFK�
QRORJ\� &KDSWHU � GHDOV ZLWK WKH EDVLF FLUFXLW WRSRORJLHV XVHG LQ 5) �
PLFURZDYH SRZHU DPSOLnHUV DQG WKH OLPLWDWLRQV RI WKHVH FLUFXLWV LQ WHUPV
RI WKH EDQGZLGWK� DQG HpFLHQF\ WKH\ FDQ REWDLQ� &KDSWHU � SUHVHQWV DQ
RYHUYLHZ RI WKH SURFHVVLQJ VWHSV LQYROYHG LQ IDEULFDWLRQ RI *D1 +(07V DQG
$O1 VXEVWUDWHV DQG LQ WKH DVVHPEO\ RI WKH SRZHU DPSOLnHUV� '�&� DQG 5)
WHVW GHYLFH UHVXOWV IURP WKH YDULRXV *D1 +(07 FLUFXLW SURFHVV UXQV DUH
DOVR GLVFXVVHG� 'HWDLOHG SURFHVV oRZV DUH SUHVHQWHG LQ $SSHQGL[ $� % DQG
&�
7KHRU\ RI RSHUDWLRQ RI I

~

�PXOWLSOLHU SRZHU DPSOLnHUV LV SUHVHQWHG LQ
&KDSWHU � DORQJ ZLWK GHVLJQ� VLPXODWLRQ DQG PHDVXUHPHQW UHVXOWV IURP
*D$V 0(6)(7 DQG *D1 +(07 I

~

�GRXEOHU SRZHU DPSOLnHUV� &KDSWHU �
WDONV DERXW WKH GHVLJQ RI FDVFRGH�GHOD\�PDWFKHG GLVWULEXWHG DPSOLnHUV DQG
SUHVHQWV PHDVXUHG UHVXOWV IURP *D$V 0(6)(7 DQG *D1 +(07 SRZHU DP�
SOLnHUV� &KDSWHU � GLVFXVVHV WHFKQLTXHV IRU DFKLHYLQJ IXUWKHU LPSURYHPHQWV
LQ EDQGZLGWK� RXWSXW SRZHU DQG HpFLHQF\� 7KH RXWSXW FDSDFLWDQFH KDV
D IXQGDPHQWDO OLPLWDWLRQ RQ WKH HpFLHQF\ EDQGZLGWK LQ EURDGEDQG SRZHU
DPSOLnHUV� 7KH FDXVH RI WKLV OLPLWDWLRQV LV DQDO\]HG DORQJ ZLWK VROXWLRQV
WKDW LQFOXGH PLQLPL]LQJ WKH RXWSXW FDSDFLWDQFH DQG XVLQJ RSWLPDO RXWSXW
QHWZRUNV WR DEVRUE WKH FDSDFLWDQFH RYHU EURDG EDQGZLGWK� $GGLWLRQDO LP�
SURYHPHQW LQ SRZHU EDQGZLGWK XVLQJ VPDOO � ODUJH JDWH OHQJWK GXDO�JDWH
FDVFRGHV DQG KLJK I

~

� KLJK 9
EU

FRPPRQ VRXUFH � FRPPRQ JDWH FDVFRGH
SDLUV DUH GLVFXVVHG� %URDGEDQG SXVK�SXOO FODVV�$% GHVLJQV WKDW FRXOG IXU�
WKHU LPSURYH WKH HpFLHQF\ DUH DQDO\]HG� &KDSWHU � FRQFOXGHV WKH WKHVLV�
OLVWLQJ WKH DFKLHYHPHQWV DQG VXJJHVWLRQV IRU IXWXUH ZRUN�



&KDSWHU �

/LPLWDWLRQV RQ ZLGH EDQGZLGWK
SRZHU DPSOLnHU GHVLJQV

+,*+ SRZHU VROLG VWDWH PLFURZDYH DPSOLnHUV XVXDOO\ RSHUDWH RYHU z���
RU OHVVHU EDQGZLGWK� $V WKH RXWSXW SRZHU LV LQFUHDVHG WKH DPSOLnHU

EDQGZLGWK GHFUHDVHV IRU D JLYHQ GHYLFH WHFKQRORJ\� 7KH UHTXLUHPHQW RI ERWK
KLJK SRZHU DQG D GHFDGH EDQGZLGWK UHTXLUHV WKDW IXQGDPHQWDO OLPLWDWLRQV
DVVRFLDWHG ZLWK ERWK WKH FLUFXLW DUFKLWHFWXUHV DQG GHYLFH WHFKQRORJ\ EH DG�
GUHVVHG� 7KLV FKDSWHU DGGUHVVHV WKHVH EDVLF OLPLWDWLRQV LQ GHVLJQLQJ HpFLHQW
EURDGEDQG KLJK SRZHU DPSOLnHUV�

��� 'HnQLWLRQ RI EURDGEDQG SRZHU DPSOLnHU

%HIRUH ZH ORRN DW WKH SUDFWLFDO OLPLWDWLRQV RQ EURDGEDQG SRZHU DPSOLnHUV�
ZH ZRXOG GHnQH WKH WHUP H[SOLFLWO\ WR LQFOXGH D FODVV RI DPSOLnHUV IRU ZKLFK
WKHVH OLPLWDWLRQV KROG� 3RZHU DPSOLnHUV FRXOG EH FODVVLnHG LQWR WZR EURDG
FDWHJRULHV QDPHO\� EURDGEDQG DQG QDUURZEDQG SRZHU DPSOLnHUV GHSHQG�
LQJ RQ WKH EDQGZLGWK RYHU ZKLFK WKH\ FDQ SURYLGH FRQVWDQW RXWSXW SRZHU�
7KH GLVWLQFWLRQ EHWZHHQ WKH WZR KDV EHFRPH LQFUHDVLQJO\ XQFOHDU ZLWK WKH
GHYHORSPHQW RI KLJKO\ WXQHG QDUURZEDQG DPSOLnHUV� ZKLFK KDYH D EDQG�
ZLGWK RI OHVV WKDQ �� DURXQG WKH FHQWHU IUHTXHQF\ �IRU H[DPSOH ��� 0+]
EDQGZLGWK DURXQG �� *+]�� 7KLV KDG OHDG WR FODLPV RI SRZHU DPSOLnHUV
ZLWK z ��� EDQGZLGWK DV UHODWLYHO\ EURDGEDQG SRZHU DPSOLnHUV� 6LQFH LQ
WKLV ZRUN ZH DUH ORRNLQJ DW SRZHU DPSOLnHUV ZLWK D EDQGZLGWK RI D GHFDGH
RU PRUH� ZH VKDOO XVH WKH WHUP EURDGEDQG DPSOLnHUV WR UHIHU WR DPSOLnHUV

�



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

KDYLQJ DW OHDVW D EDQGZLGWK RI WZR RFWDYHV ���� RU ������ EXW PRUH LQ WKH
UDQJH RI D GHFDGH ����� RU ����� RU VR� +DYLQJ PDGH WKLV GLVWLQFWLRQ ZH
FRXOG KLJKOLJKW WKH FLUFXLW DQG GHYLFH OLPLWDWLRQV DVVRFLDWHG ZLWK GHVLJQLQJ
VXFK EURDGEDQG SRZHU DPSOLnHUV�

��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ

:H ZLOO nUVW ORRN DW WKH FODVVHV RI RSHUDWLRQ WKDW DUH EHVW VXLWHG IRU XVH LQ
EURDGEDQG SRZHU DPSOLnHUV� 7UDQVLVWRU SRZHU DPSOLnHUV FRXOG EH GLYLGHG
LQWR D QXPEHU RI FODVVHV GHWHUPLQHG E\ RQH RU PRUH RI WKH IROORZLQJ FULWHULRQ
>�@�

�� ZKHUH WKH GHYLFH LV ELDVHG

�� ZKDW ORDG�OLQH WKH GHYLFH VHHV

�� ZKHWKHU WKH DFWLYH GHYLFH LV RSHUDWHG DV D DPSOLnHU RU D VZLWFK

7KRXJK WKH QXPEHU RI FODVVHV LQ H[LVWHQFH >�@ LV IDU WRR PDQ\ WR EH GHVFULEHG
KHUH LQ GHWDLO� ZH ZLOO VHH WKDW PRVW RI WKH FODVVHV RWKHU WKDQ FODVV�$� DQG
SXVK�SXOO FRQnJXUDWLRQV RI FODVV�$%�% DUH XQVXLWDEOH IRU XVH LQ EURDGEDQG
SRZHU DPSOLnHUV�

����� &ODVV�$

)LJ� ��� VKRZV WKH FLUFXLW VFKHPDWLF RI D VLPSOH FODVV�$ SRZHU DPSOLnHU� )RU
QDUURZEDQG DSSOLFDWLRQV� D WXQLQJ QHWZRUN PLJKW EH DGGHG DW WKH RXWSXW
WR WHUPLQDWH WKH KDUPRQLFV FUHDWHG GXH WR WKH YDULDWLRQ LQ GHYLFH WUDQVFRQ�
GXFWDQFH� ,Q WKLV FODVV RI SRZHU DPSOLnHUV WKH GHYLFH LV ELDVHG QRUPDOO\�RQ�
DW DERXW KDOI WKH SHDN�SHDN RXWSXW FXUUHQW DQG KDOI WKH SHDN�SHDN RXWSXW
YROWDJH �nJ� �����
7KH ORDG�OLQH LQ FODVV�$ RSHUDWLRQ LV OLQHDU DW ORZ IUHTXHQFLHV DQG SUL�

PDULO\ GHWHUPLQHG E\ WKH ORDG UHVLVWDQFH �5
/

�� 7R REWDLQ WKH PD[LPXP
SRZHU IURP WKH GHYLFH� WKH ORDG�OLQH LV FKRVHQ VR WKDW WKH GHYLFH RSHU�
DWHV EHWZHHQ WKH PD[LPXP DOORZHG GUDLQ WR VRXUFH YROWDJH �WKH EUHDNGRZQ
YROWDJH� 9

EU

� DW RQH H[WUHPH DQG WKH PD[LPXP DOORZHG GUDLQ FXUUHQW �WKH
VDWXUDWLRQ FXUUHQW� ,

'66

� DW WKH RWKHU H[WUHPH >�@� 7KLV UHTXLUHV WKDW WKH



��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ ��

Lbias Cbias

RLVin

VoutID

Cbias
Lbias

VDD

VG

VDS

)LJXUH ���� &LUFXLW VFKHPDWLF RI D VLPSOH FODVV�$ SRZHU DPSOLnHU�

RSWLPXP ORDG UHVLVWDQFH 5
/�RSW
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5
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� �����

7KLV HQVXUHV WKDW GHYLFH SURYLGHV WKH PD[LPXP RXWSXW SRZHU REWDLQDEOH�
JLYHQ E\

3
RXW�PD[

� �9
EU

b 9
N

�,
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�
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EU

b 9
N

��

�5
/�RSW

� �����

&KRRVLQJ WKLV ORDG�OLQH PLQLPL]HV WKH WRWDO GHYLFH SHULSKHU\ �DQG KHQFH WKH
GLH DUHD� UHTXLUHG IRU D JLYHQ 5) RXWSXW SRZHU� $V ZLOO EH VHHQ LQ FKDSWHU
� WKLV DOVR SURYLGHV WKH EHVW EDQGZLGWK� /DUJHU GHYLFH SHULSKHU\ UHVXOWV LQ
ODUJHU GHYLFH LQSXW DQG RXWSXW FDSDFLWDQFHV ZKLFK GHJUDGH WKH EDQGZLGWK�
2YHUVL]LQJ LV GRQH LI WKH GHYLFH RQ�UHVLVWDQFH LQ WKH OLQHDU UHJLRQ �5

RQ

� LV
ODUJH �L�H� 9

N

 9
EU

LV ODUJH�� 7KHQ E\ RSHUDWLQJ DW ,
G�PD[

� ,
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� WKH ,�
G

5
RQ

ORVVHV DUH UHGXFHG DQG WKH HpFLHQF\ LV LPSURYHG� +RZHYHU WKLV LV DFKLHYHG
DW WKH FRVW RI UHGXFHG EDQGZLGWK�
7KH PD[LPXP RXWSXW SRZHU REWDLQDEOH LV URXJKO\ KDOI WKH '& SRZHU�

ZKLFK PHDQV WKDW WKH WKHRUHWLFDO PD[LPXP GUDLQ HpFLHQF\ �UDWLR RI WKH



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

Vbr0 Vk

IDSS

Vgs = Vp

Vgs = 0

Vds

Id

VDD

Id

V
ds

bias
point

slope = RL,opt
1

)LJXUH ���� 2SWLPXP ORDG�OLQH IRU FODVV�$ RSHUDWLRQ�

RXWSXW 5) SRZHU WR WKH '& SRZHU� LV ���� 6LQFH WKH GHYLFH LV QRUPDOO\ RQ�
D FRQVWDQW '& SRZHU RI QHDUO\ WZLFH WKH SHDN 5) RXWSXW SRZHU LV GLVVLSDWHG
DW DOO WLPHV� 7KLV PLJKW GHJUDGH WKH SHUIRUPDQFH RI KLJK SRZHU DPSOLnHUV
ZLWK WLPH� %XW WKH DGYDQWDJHV RI FODVV�$ RSHUDWLRQ LQFOXGH EURDGEDQG
RSHUDWLRQ DQG KLJK OLQHDULW\�

����� 7XQHG &ODVV�$%�%

,Q FODVV�$% �FODVV�%� DPSOLnHUV WKH GHYLFH LV ELDVHG FORVH WR SLQFK�Rm �DW
SLQFK�Rm� VR WKDW WKH GHYLFH RSHUDWHV DV D DPSOLnHU IRU KDOI WKH F\FOH DQG
UHPDLQV FXW�Rm IRU WKH RWKHU KDOI RI WKH F\FOH >�@� ,Q WXQHG FODVV�$%�%
DPSOLnHUV VLQXVRLGDO RXWSXW VZLQJV DUH REWDLQHG XVLQJ D UHVRQDWRU DW WKH
RXWSXW �nJ� ���� WXQHG WR WKH IXQGDPHQWDO IUHTXHQF\� 7KH GUDLQ YROWDJH
DQG FXUUHQW ZDYHIRUPV DUH VLQXVRLGDO DQG KDOI�VLQXVRLGDO UHVSHFWLYHO\ DQG
WKH GUDLQ LV ELDVHG DW URXJKO\ KDOI WKH SHDN�SHDN 5) RXWSXW YROWDJH VZLQJ



��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ ��

�nJ� ����� ,W LV DSSDUHQW WKDW IRU WKH VDPH GHYLFH SHULSKHU\ DV WKH FODVV�$
FDVH WKH RSWLPXP ORDG LV QRZ D IDFWRU RI � OHVVHU� EXW WKH QHW IXQGDPHQWDO
RXWSXW SRZHU LV WKH VDPH� 6LQFH WKH GHYLFH LV Rm ZKHQ WKH YROWDJH DFURVV
LW LV KLJK� ORZHU '�&� FRQVXPSWLRQ DQG KHQFH KLJKHU HpFLHQF\ XS WR �����
LV H[SHFWHG� +RZHYHU� WKLV FRQnJXUDWLRQ LV LQKHUHQWO\ QDUURZEDQG EHFDXVH
WKH VHULHV �SDUDOOHO� UHVRQDWRU WKDW LV GHVLJQHG WR EH D VKRUW �RSHQ� DW D
IXQGDPHQWDO IUHTXHQF\ DFWV FORVH WR D RSHQ �VKRUW� DW WKH VHFRQG KDUPRQLF�
DQG VR HYHQ EDQGZLGWKV RI ��� DUH KDUG WR UHDOL]H�

Lo Co

Lbias Cbias

RLVin

VoutID

Cbias
Lbias

VDD

VG

VDS

)LJXUH ���� &LUFXLW VFKHPDWLF RI D VLPSOH FODVV�% WXQHG SRZHU DPSOLnHU�

����� 3XVK�SXOO &ODVV�$%�%

,Q SXVK�SXOO FODVV�$%�% FRQnJXUDWLRQ VLQXVRLGDO RXWSXW VZLQJV DUH RE�
WDLQHG XVLQJ WZR GHYLFHV� HDFK RSHUDWLQJ IRU KDOI WKH F\FOH DQG FRPELQLQJ
WKH RXWSXW FXUUHQWV� 7KLV FRQnJXUDWLRQ FRXOG EH PDGH UHODWLYHO\ EURDGEDQG
EXW UHTXLUHV EURDGEDQG WUDQVIRUPHUV RU FRPSOHPHQWDU\ GHYLFHV� 6LQFH FRP�
SOHPHQWDU\ GHYLFHV DQG PDJQHWLF PDWHULDOV DUH XQDYDLODEOH DW PLFURZDYH
IUHTXHQFLHV� ���p K\EULG FRXSOHUV �EDOXQV� KDYH WR EH XVHG LQVWHDG RI WUDQV�
IRUPHUV� $V LQ WKH FODVV�$ FDVH D nOWHU FRXOG EH XVHG DW WKH RXWSXW WR



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

Vbr0 Vk

IDSS

Vgs = Vp

Vgs = 0

Vds

Id

VDD

Id

V
ds

bias
point

)LJXUH ���� 'HYLFH ELDV SRLQW DQG ORDG�OLQH IRU FODVV�% RSHUDWLRQ�

WHUPLQDWH WKH KDUPRQLFV LQ QDUURZEDQG DSSOLFDWLRQV� ,Q SXVK�SXOO SRZHU
DPSOLnHUV WKH WZR GHYLFHV KDYH KDOI WKH SHULSKHU\ DV FODVV�$ FDVH ZLWK WKH
RSWLPXP ORDG 5

/�RSW

FKRVHQ WR SURYLGH D KDOI VLQXVRLGDO SHDN FXUUHQW VZLQJ
RI ,
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 � DQG D VLQXVRLGDO SHDN�SHDN YROWDJH VZLQJ RI �9
EU

b 9
N

� IRU HDFK
GHYLFH �nJ� ����� 6LQFH WKH SHDN�SHDN FXUUHQW VZLQJ LV ,
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� WKH YDOXH RI
5

/�RSW

DQG WKH SHDN RXWSXW SRZHU DUH VDPH DV LQ WKH FODVV�$ FDVH�

%URDGEDQG FODVV�% SXVK�SXOO DPSOLnHUV XVLQJ WUDQVIRUPHUV �nJ� ����
UHTXLUH SURSHU FRQQHFWLRQ RI WKH WUDQVIRUPHUV WR SURYLGH FODVV�% ZDYHIRUPV�
$W WKH LQSXW WKH WZR SULPDU\ DQG VHFRQGDU\ ZLQGLQJV DUH FRQQHFWHG LQ VHULHV
�VHULHV � VHULHV WUDQVIRUPHU� WR FUHDWH HTXDO DPSOLWXGH ���p RXW RI SKDVH
YROWDJHV IRU WKH WZR GHYLFHV� $W PLFURZDYH IUHTXHQFLHV WKLV FRXOG EH UHDOL]HG
XVLQJ ���p�K\EULGV RU EDOXQV�

6XFK D EDOXQ �RU D VHULHV � VHULHV WUDQVIRUPHU� SURYLGHV D KLJK LPSHGDQFH
�RSHQ� WHUPLQDWLRQ IRU HYHQ PRGH VLJQDOV DQG LV QRW VXLWDEOH IRU WKH RXWSXW�
$W WKH RXWSXW ZH KDYH ���p RXW RI SKDVH VLQXVRLGDO YROWDJH ZDYHIRUPV IURP



��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ ��

Vbr0 Vk

IDSS

Vgs = Vp

Vgs = 0

Vds

Id

VDD

IdV
ds

bias
point

Vbr 0Vk

IDSS

Vgs = Vp

Vgs = 0

Vds

Id

VDD

bias
point

)LJXUH ���� 2SWLPXP ORDG�OLQH IRU SXVK�SXOO FODVV�% RSHUDWLRQ�



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

Vout

ID-

RL

Vin+

Vin-

VDD

ID+

VDS+

VDS-

Cbias

1:1

1:1

Cbias

VG

Vin

)LJXUH ���� &LUFXLW VFKHPDWLF RI D FODVV�% SXVK�SXOO SRZHU DPSOLnHU XVLQJ
WUDQVIRUPHUV�

ID+

vDS-

ID-

vDS+

vDS+ + vDS-
ID+ + ID-

ID+ - ID-

vDS+ - vDS-

ID+ + ID-
vDS+ + vDS- = 0

ID+ - ID-

vDS+ - vDS- = 2RL

even mode impedance

odd mode impedance

)LJXUH ���� (YHQ DQG RGG PRGH LPSHGDQFHV UHTXLUHG IRU FODVV�% SXVK�SXOO
RSHUDWLRQ�



��� /LPLWDWLRQV RQ WKH FODVV RI RSHUDWLRQ ��

WKH WZR GHYLFHV� EXW WKH FXUUHQW ZDYHIRUPV KDYH WR EH RXW RI SKDVH KDOI
VLQXVRLGV IRU D WUXH FODVV�$%�% RSHUDWLRQ� 7KLV UHTXLUHV D � l LPSHGDQFH
�VKRUW� WHUPLQDWLRQ IRU WKH HYHQ PRGH �V\PPHWULF� GUDLQ FXUUHQW �nJ� �����
7KLV LV DFKLHYHG XVLQJ WUDQVIRUPHUV E\ FRQQHFWLQJ WKH SULPDU\ ZLQGLQJV
LQ VHULHV DQG WKH VHFRQGDU\ ZLQGLQJV LQ VKXQW �VHULHV � VKXQW WUDQVIRUPHU�
�nJ� ����� +RZHYHU� WKHUH LV QR HTXLYDOHQW EDOXQ DW PLFURZDYH IUHTXHQFLHV
IRU VXFK D WUDQVIRUPHU FRQQHFWLRQ�

$ VHULHV � VKXQW WUDQVIRUPHU FRXOG EH UHDOL]HG XVLQJ D VHULHV � VHULHV
WUDQVIRUPHU ZLWK D VHSDUDWH HYHQ PRGH WHUPLQDWLRQ ZKLFK VKRUWV WKH V\P�
PHWULF GUDLQ FXUUHQWV �nJ� ����� 7KH ORDG LPSHGDQFH LV QRZ IRXU WLPHV ODUJHU
LQ WKH DEVHQFH RI ��� WUDQVIRUPHUV DW WKH RXWSXW� 8VLQJ WKLV HTXLYDOHQFH D
PLFURZDYH FODVV�% EDOXQ FRXOG EH UHDOL]HG XVLQJ D ���p�K\EULG DORQJ ZLWK D
HYHQ PRGH WHUPLQDWLRQ� +RZHYHU IRU EURDGEDQG RSHUDWLRQ ZH UHTXLUH WKDW
ERWK WKH EDOXQ DQG WKH HYHQ PRGH WHUPLQDWLRQ EH EURDGEDQG� &KDSWHU �
GLVFXVVHV ZD\V RI LPSOHPHQWLQJ WKHP IRU WZR RFWDYHV RI EDQGZLGWK�

$V LQ WKH WXQHG FODVV�% FDVH� KLJKHU HpFLHQF\ XS WR ����� LV REWDLQHG
GXH WR UHGXFHG '�&� FRQVXPSWLRQ� 7KXV� XVLQJ WKH VDPH WRWDO GHYLFH SH�
ULSKHU\ DQG WKH VDPH ORDG� FRQVLGHUDEO\ KLJKHU HpFLHQF\ LV REWDLQHG LQ
FODVV�$%�% SXVK�SXOO SRZHU DPSOLnHUV WKDQ LQ FODVV�$ SRZHU DPSOLnHUV�
+RZHYHU WKH EDQGZLGWK PD\ EH OLPLWHG E\ WKH WUDQVIRUPHU SHUIRUPDQFH�
7KH SHDN RXWSXW SRZHU REWDLQDEOH IURP FODVV�$% � FODVV�% VWDJH LV VLPLODU
WR WKH FODVV�$ FDVH EXW ZLWK D KLJKHU GUDLQ HpFLHQF\� $OVR GXH WR WKH QHJ�
OLJLEOH RU ]HUR GLVVLSDWLRQ ZLWK QR LQSXW GULYH� WKH WKHUPDO SHUIRUPDQFH RI
WKH GHYLFH LV XVXDOO\ EHWWHU WKDQ LQ WKH FODVV�$ FDVH�

����� 2WKHU FODVVHV

&ODVV�& DPSOLnHUV DUH VLPLODU WR WKH FODVV�% WXQHG SRZHU DPSOLnHU ZLWK
WKH GHYLFH ELDVHG GHHS LQWR FXW�Rm UHJLRQ� VR WKDW WKH FRQGXFWLRQ DQJOH IRU
D VLQXVRLGDO ZDYHIRUP LV OHVV WKDQ ���p� +LJKHU HpFLHQFLHV DUH REWDLQHG
E\ ORZHULQJ WKH FRQGXFWLRQ DQJOH� XS WR D WKHRUHWLFDO OLPLW RI ���� ZLWK �p

FRQGXFWLRQ DQJOH� &ODVV�'�( DUH VZLWFKHG PRGH SRZHU DPSOLnHUV� ZKHUH WKH
GHYLFH LV RSHUDWHG DV D VZLWFK� 7KH ORDG QHWZRUNV DUH FKRVHQ WR PLQLPL]H WKH
FXUUHQW DQG YROWDJH ZDYHIRUP RYHUODS DFURVV WKH GHYLFH� UHVXOWLQJ LQ KLJKHU
HpFLHQF\� %XW� DJDLQ DV LQ WKH FDVH RI FODVV�% WXQHG SRZHU DPSOLnHUV� WKHVH
FODVVHV DV ZHOO DV RWKHU FODVVHV OLNH )� *� + HWF� XVH D UHVRQDWRU DW WKH RXWSXW
WR REWDLQ WKH IXQGDPHQWDO SRZHU DQG DUH RI QR VLJQLnFDQFH LQ EURDGEDQG
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)LJXUH ���� 7UDQVIRUPHU FRQnJXUDWLRQ IRU WUXH FODVV�% SXVK�SXOO RSHUDWLRQ�
�D� VHULHV � VKXQW FRQQHFWLRQ DQG �E� VHULHV � VHULHV FRQQHFWLRQ ZLWK HYHQ
PRGH WHUPLQDWLRQ�



��� /LPLWDWLRQ RQ ORDG LPSHGDQFH ��

DPSOLnHUV�
:LWK WKHVH OLPLWDWLRQ RQO\ FODVV�$ DQG SXVK�SXOO FODVV�$%�% DUH VXLWHG

IRU EURDGEDQG RSHUDWLRQ� 7KLV VHWV D WKHRUHWLFDO OLPLW RI ����� RQ WKH
GUDLQ HpFLHQF\ RQH FDQ DFKLHYH RYHU EURDG EDQGZLGWKV� +RZHYHU PRVW
GHFDGH EDQGZLGWK DPSOLnHUV LQ OLWHUDWXUH RSHUDWH LQ FODVV�$ PRGH DQG KDYH
W\SLFDOO\ ��� HpFLHQF\� WKH UHDVRQV IRU ZKLFK ZLOO EH H[SODLQHG LQ FKDSWHU ��
,Q PRVW RI WKLV ZRUN ZH KDYH OLPLWHG RXUVHOYHV WR FODVV�$ SRZHU DPSOLnHUV�
WKRXJK D IHZ SXVK�SXOO FODVV�$% GHVLJQV ZHUH DQDO\]HG DQG DUH GLVFXVVHG
LQ FKDSWHU ��

��� /LPLWDWLRQ RQ ORDG LPSHGDQFH

7KH VHFRQG OLPLWDWLRQ� FDOOHG WKH ORDG LPSHGDQFH OLPLW� OLPLWV WKH UDQJH RI
ORDG UHVLVWDQFH WKDW FDQ EH XVHG LQ EURDGEDQG DPSOLnHUV� $V ZH KDG VHHQ
HDUOLHU LQ WKLV FKDSWHU WKH PD[LPXP RXWSXW SRZHU �HT� ���� YDULHV URXJKO\
DV WKH VTXDUH RI WKH EUHDNGRZQ YROWDJH ��9

EU

b9
N

�� z 9 �
EU

� DQG LQYHUVHO\ DV
WKH RSWLPXP ORDG UHVLVWDQFH� 5

/�RSW

� 7KXV IRU REWDLQLQJ KLJKHU SRZHU ZH
UHTXLUH KLJKHU EUHDNGRZQ YROWDJH DQG ORZHU ORDG LPSHGDQFH� /LPLWDWLRQV
RQ WKH EUHDNGRZQ YROWDJH ZLOO EH GLVFXVVHG LQ WKH QH[W VHFWLRQ� %XW IRU
D JLYHQ GHYLFH WHFKQRORJ\ DQG KHQFH D JLYHQ 9

EU

� KLJKHU SRZHU FRXOG EH
REWDLQHG E\ XVLQJ VPDOOHU 5

/�RSW

� 7KLV FRXOG EH GRQH E\ VFDOLQJ WKH WRWDO
GHYLFH SHULSKHU\ DQG KHQFH WKH QHW ,
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�HT� ����� %XW� WKLV LPSOLHV WKDW
ZH QHHG D LPSHGDQFH WUDQVIRUPDWLRQ QHWZRUN DW WKH RXWSXW WR WUDQVIRUP
=
R

 ��l� WKH QRPLQDO V\VWHP � DQWHQQDH LPSHGDQFH WR 5
/�RSW

� 7KLV LV
ZKHUH EURDG EDQGZLGWK LPSRVHV D UHVWULFWLRQ RQ WKH VPDOOHVW 5

/�RSW

RQH FDQ
XVH� DQG KHQFH WKH ODUJHVW SRZHU RQH FDQ REWDLQ�
,Q QDUURZEDQG PLFURZDYH SRZHU DPSOLnHUV� WKHUH LV D PLQLPXP IHD�

VLEOH ORDG UHVLVWDQFH �W\SLFDOO\ �l� VHW E\ UHDOL]DELOLW\ DQG ORVV LVVXHV LQ
WUDQVPLVVLRQ�OLQH LPSHGDQFH WUDQVIRUPDWLRQ QHWZRUNV� ,Q EURDGEDQG PL�
FURZDYH SRZHU DPSOLnHUV� WKH OLPLW LV PRUH VHYHUH� ,PSHGDQFH�WUDQVIRUPDWLRQ
QHWZRUNV HmHFWLYH RYHU D ���� *+] EDQGZLGWK DUH QRW FRPSDWLEOH ZLWK
PRQROLWKLF IDEULFDWLRQ� 7R EH IHDVLEOH DW DOO� VXFK EURDGEDQG WUDQVIRUP�
HUV PXVW EH IDEULFDWHG Rm�ZDIHU� (YHQ WKHQ� VXFK Rm�ZDIHU EURDGEDQG
LPSHGDQFH�WUDQVIRUPDWLRQ QHWZRUNV ZLOO EH YHU\ ODUJH� DV LW ZLOO LQYROYH
PXOWLSOH VHFWLRQV RI TXDUWHU�ZDYH OLQHV DW WKH FHQWHU IUHTXHQF\� 6XFK ORQJ
OLQHV DUH LQYDULDEO\ ORVV\� ,W VKRXOG EH QRWHG KHUH WKDW D � G% ORVV LQ D ���
LPSHGDQFH WUDQVIRUPDWLRQ QHWZRUN PHDQV WKDW DQ\ SRZHU JDLQHG GXH WR WKH



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

VPDOOHU 5
/�RSW

LV ORVW LQ WKH RXWSXW QHWZRUN DQG KHQFH WKHUH LV QR VLJQLnFDQW
LPSURYHPHQW LQ WKH QHW RXWSXW SRZHU ZKLOH WKH HpFLHQF\ LV D IDFWRU RI �
OHVVHU�

&ODVVLFDOO\� EURDGEDQG ORDG WXQLQJ LQ 5) SRZHU DPSOLnHUV LV SHUIRUPHG
E\ IHUULWH�ORDGHG WUDQVIRUPHUV� EXW WKHVH DUH QRW SUHVHQWO\ DYDLODEOH DW
WKH IUHTXHQFLHV RI LQWHUHVW� +HQFH� WKH DPSOLnHU PXVW KDYH W\SLFDOO\ D
5

/�RSW

 =
R

 ��l ORDG LPSHGDQFH IRU D GHFDGH EDQGZLGWK DQG FRXOG
EH WUDQVIRUPHG GRZQ WR ��l IRU WZR RFWDYHV RI EDQGZLGWK ZLWK DFFHSWDEOH
ORVVHV LQ LPSHGDQFH WUDQVIRUPDWLRQ� 7KH PD[LPXP RXWSXW SRZHU LV WKHQ
JLYHQ E\�

3
RXW�PD[

� �9
EU

b 9
N

��

�=
R

� �����

DQG WKH QHW GHYLFH SHULSKHU\ �: � LV FKRVHQ WR SURYLGH D WRWDO VDWXUDWHG
GUDLQ FXUUHQW �,

'66

� GHFLGHG E\�

,
'66

 
�9

EU

b 9
N

�

=
R

� �����

7KH WDEOH ��� JLYHV WKH W\SLFDO EURDGEDQG SRZHU RQH FRXOG H[SHFW IURP
YDULRXV GHYLFH WHFKQRORJLHV DQG WKH GHYLFH SHULSKHU\ QHHGHG� EDVHG RQ WKH
DERYH OLPLWDWLRQV�

7DEOH ���� 7\SLFDO SRZHU REWDLQDEOH IURP YDULRXV GHYLFH WHFKQRORJLHV GULY�
LQJ D =

R

 ��l ORDG�

GHYLFH W\SLFDO W\SLFDO W\SLFDO GHYLFH W\SLFDO
WHFKQRORJ\ 9

EU

9
N

,
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SHULSKHU\ 3
RXW�PD[

�9� �9� �P$�PP� �PP� �:�
e *D$V 0(6)(7 >�@ �� � ��� ���� ���
[,Q3 3+(07 >��@ �� � ��� ���� ���
\*D1 +(07 �� � ��� ��� ���
]*D1 +(07 ��� � ���� ��� ���

e 7ULTXLQW� [ +5/� \ 8&6% FXUUHQW� ] 8&6% SURMHFWHG



��� 3RZHU�IUHTXHQF\ OLPLW ��

��� 3RZHU�IUHTXHQF\ OLPLW

7KH WKLUG OLPLWDWLRQ FDOOHG WKH SRZHU�IUHTXHQF\ �SI �� OLPLW UHODWHV WR WKH
LQKHUHQW OLPLW RQ WKH EUHDNGRZQ YROWDJH D KLJK IUHTXHQF\ GHYLFH WHFKQRORJ\
FDQ DFKLHYH� 7KLV OLPLWV WKH RXWSXW SRZHU RQH FDQ REWDLQ IURP D JLYHQ GHYLFH
WHFKQRORJ\ HVSHFLDOO\ RYHU EURDG EDQGZLGWKV� 7KH SI� OLPLW� ZHOO�NQRZQ LQ
PLFURZDYH SRZHU WUDQVLVWRU GHVLJQ� LPSRVHV SDUWLFXODUO\ VHYHUH SHUIRUPDQFH
OLPLWV RQ EURDGEDQG PLFURZDYH SRZHU DPSOLnHUV�
,Q KLJK IUHTXHQF\ WUDQVLVWRUV� ZKHWKHU +(07 RU +%7� WKHUH LV D KLJK�

nHOG GULIW UHJLRQ VHSDUDWLQJ WKH FRQWURO UHJLRQ �WKH +(07 FKDQQHO� WKH
+%7 EDVH� IURP WKH RXWSXW WHUPLQDO� ,Q +(07V LW LV WKH H[WHQVLRQ RI WKH
JDWH GHSOHWLRQ UHJLRQ ODWHUDOO\ WRZDUGV WKH GUDLQ FRQWDFW� ZKLOH LQ D +%7
WKLV GULIW UHJLRQ LV WKH FROOHFWRU GHSOHWLRQ OD\HU� ,I WKH OHQJWK RI WKLV UHJLRQ
LV '

GULIW

� DQG WKH VHPLFRQGXFWRU EUHDNGRZQ HOHFWULF nHOG LV (
PD[

� WKHQ WKH
WUDQVLVWRU EUHDNGRZQ YROWDJH LV�

9
EU

 (
PD[

'
GULIW

� �����

7KLV GULIW OD\HU LQWURGXFHV VSDFH�FKDUJH WUDQVLW WLPH� ,I WKH HOHFWURQ YHORFLW\
LV Y

VDW

� WKHQ WKH VSDFH FKDUJH WUDQVLW WLPH �~
WUDQVLW

� LV

~
WUDQVLW

 
'

GULIW

�Y
VDW

� �����

DQG �LJQRULQJ DOO RWKHU WUDQVLW GHOD\V� WKH XQLW\ FXUUHQW�JDLQ FXWRm IUH�
TXHQF\ LV

I
~

� Y
VDW

{'
GULIW

� �����

&RPELQLQJ HT� ��� DQG ���� ZH JHW

I
~

9
EU

� (
PD[

Y
VDW

{
� �����

ZKLFK LV SXUHO\ GHSHQGHQW RQ WKH PDWHULDO SDUDPHWHUV� 6R� WKH WUDQVLVWRU
I
~

DQG 9
EU

KDYH WR EH WUDGHG DJDLQVW HDFK RWKHU� ZLWK H[WHQGHG GULIW UHJLRQV
JLYLQJ KLJK EUHDNGRZQ YROWDJHV EXW ORZ I

~

DQG WKLQ GULIW UHJLRQV JLYLQJ
ORZ EUHDNGRZQ YROWDJHV EXW KLJK I

~

>��@� $ WUDGHRm EHWZHHQ EUHDNGRZQ
YROWDJH DQG FXUUHQW�JDLQ FXWRm IUHTXHQF\ GRHV QRW IXQGDPHQWDOO\ PHDQ
WKDW KLJK�IUHTXHQF\ GHYLFHV PXVW EH ORZ�SRZHU GHYLFHV� $V ZDV PHQWLRQHG
LQ WKH ODVW VHFWLRQ KLJK SRZHU FRXOG EH REWDLQHG RYHU QDUURZ EDQGZLGWKV DW
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KLJK IUHTXHQFLHV E\ WUDQVIRUPLQJ WR ORZ 5
/�RSW

� %XW IRU D EURDGEDQG SRZHU
DPSOLnHU ZLWK 5

/�RSW

 =
R

ZH KDYH IURP HT� ��� DQG ����

3
RXW

{ 9 �
EU

�=
R

� �(
PD[

Y
VDW

��

�{�=
R

I�
~

� �����

2Q UHDUUDQJLQJ WKH WHUPV ZH JHW�

3
RXW

I �
~

� �(
PD[

Y
VDW

��

�{�=
R

� ������

��� /LPLWDWLRQ RQ EDQGZLGWK

7KH IRXUWK OLPLWDWLRQ LV D FRQVHTXHQFH RI WKH SI � OLPLW� WKH ORDGOLQH OLPLW
DQG WKH OLPLWDWLRQV ZLWK WKH LQSXW WXQLQJ QHWZRUN� 6LQFH WKH FXUUHQW�JDLQ
FXWRm IUHTXHQF\ YDULHV LQYHUVHO\ ZLWK EUHDNGRZQ �HT� ����� D KLJK�SRZHU
EURDGEDQG DPSOLnHU PXVW XVH ORZ�I

~

SRZHU WUDQVLVWRUV� $OVR ODUJH GHYLFH
SHULSKHULHV DUH UHTXLUHG� DV GHWHUPLQHG E\ HT� ���� WR PDWFK D =

R

 ��l
ORDGOLQH� &RQVHTXHQWO\� WKH WUDQVLVWRU KDV D ODUJH LQSXW FDSDFLWDQFH �&

JV

��
JLYHQ E\

&
JV

 
*

P

�{I
~

� ������

ZKHUH *
P

LV WKH GHYLFH LQWULQVLF ODUJH VLJQDO WUDQVFRQGXFWDQFH� JLYHQ E\

*
P

 
,
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9
S

� ������

'LpFXOWLHV ZLWK WKH GHVLJQ RI EURDGEDQG LQSXW PDWFKLQJ QHWZRUNV WKHQ
OLPLW WKH DPSOLnHU EDQGZLGWK� $V WKH LQSXW FDSDFLWDQFH LV GLUHFWO\ SUR�
SRUWLRQDO WR *

P

RQH SRVVLEOH ZD\ RI LQFUHDVLQJ EDQGZLGWK LV WR GHFUHDVH
WKH GHYLFH H[WULQVLF WUDQVFRQGXFWDQFH �*

P�H[W

� DQG KHQFH WKH JDLQ E\ XVLQJ
HLWKHU FDSDFLWLYH RU UHVLVWLYH GHJHQHUDWLRQ� 7KRXJK WKHVH WZR WHFKQLTXHV RI�
IHU RQH GHJUHH RI IUHHGRP WR WUDGH�Rm JDLQ IRU EDQGZLGWK� DQG LV IUHTXHQWO\
XVHG LQ EURDGEDQG SRZHU DPSOLnHUV� LW ZLOO EH VHHQ LQ FKDSWHU � WKDW WKH\
GR QRW SURYLGH DQ\ LPSURYHPHQW LQ JDLQ EDQGZLGWK SURGXFW� ZKLFK LV VWLOO
OLPLWHG E\ I

~

�



��� /LPLWDWLRQ RQ JDLQ ��

��� /LPLWDWLRQ RQ JDLQ

7KH QHHG IRU KLJK JDLQ LQ SRZHU DPSOLnHUV ZLOO EHFRPH DSSDUHQW RQFH ZH
XQGHUVWDQG WKH RYHUDOO HpFLHQF\ VSHFLnFDWLRQV RI WKH DPSOLnHU� :H ZLOO
nUVW GHnQH WKH HpFLHQFLHV W\SLFDOO\ XVHG IRU TXDQWLI\LQJ SRZHU DPSOLnHU
SHUIRUPDQFH �

�� 'UDLQ HpFLHQF\ �'(�� RU '�&� WR 5) FRQYHUVLRQ HpFLHQF\ LV GHnQHG
DV WKH UDWLR RI 5�)� RXWSXW SRZHU �3

RXW

� WR WKH '�&� SRZHU GUDZQ IURP
WKH GUDLQ VXSSO\ �3

'&�'

�H[SUHVVHG DV D SHUFHQWDJH �

'(�  
3
RXW

3
'&�'

c ���� � ������

'UDLQ HpFLHQF\ UHSUHVHQWV ZKDW IUDFWLRQ RI WKH '�&� SRZHU LV FRQ�
YHUWHG LQWR 5�)� RXWSXW SRZHU�

�� 3RZHU $GGHG (pFLHQF\ �3$(�� LV GHnQHG DV WKH UDWLR RI WKH GLI�
IHUHQFH LQ WKH 5�)� RXWSXW WR LQSXW SRZHU� WR WKH WRWDO '�&� SRZHU
GUDZQ IURP DOO ELDV VXSSOLHV �3

'&

��

3$(�  
3
RXW

b 3
LQ

3
'&

c ���� s 3
RXW

3
'&

t
�b �

*

u
c ���� � ������

ZKHUH 3
LQ

LV WKH 5) LQSXW SRZHU� DQG * LV WKH SRZHU JDLQ� $V 3$(
DOVR DFFRXQWV IRU WKH LQSXW 5�)� GULYH SRZHU UHTXLUHG IRU WKH DPSOLnHU
LW LV UHSUHVHQWDWLYH RI KRZ WKH SRZHU DPSOLnHU RXWSXW VWDJH LV JRLQJ
WR LPSDFW WKH RYHUDOO V\VWHP HpFLHQF\�

,Q VKRUW� D ORZ 3$( GXH WR D KLJK LQSXW GULYH �ORZ SRZHU JDLQ� ZRXOG
LPSO\� HpFLHQF\ RI WKH GULYHU VWDJH LV DOVR JRLQJ WR VLJQLnFDQWO\ DmHFW WKH
RYHUDOO HpFLHQF\� 6R DW OHDVW D SRZHU JDLQ RI �� ��� G%� LV UHTXLUHG WR
REWDLQ KLJK 3$( �VD\ XS WR ��� IRU WKH FODVV�$ FDVH�� 7KLV HQVXUHV WKDW
WKH V\VWHP HpFLHQF\ LV SULPDULO\ GHWHUPLQHG E\ WKH HpFLHQF\ RI WKH RXWSXW
VWDJH DQG WKH GULYHU VWDJHV GRHV QRW VLJQLnFDQWO\ DmHFW WKH RYHUDOO HpFLHQF\�

��� ,PSOLFDWLRQV RQ GHYLFH WHFKQRORJ\ DQG

FLUFXLWV

+DYLQJ XQGHUVWRRG WKH OLPLWDWLRQV RQ GHFDGH EDQGZLGWK KLJK SRZHU DPSOL�
nHUV� WKH IROORZLQJ LPSOLFDWLRQV RQ WKH FKRLFH RI FLUFXLWV DQG GHYLFH WHFKQRO�



�� &KDSWHU �� /LPLWDWLRQV RQ ZLGH EDQGZLGWK SRZHU DPSOLnHU GHVLJQV

RJ\ DUH DSSDUHQW �

�� FLUFXLWV PXVW RSHUDWH LQ FODVV�$ PRGH�

�� SXVK�SXOO FODVV � $%�% RSHUDWLRQ LV IHDVLEOH LQ WKH SUHVHQFH RI HpFLHQW
EURDGEDQG WUDQVIRUPHU RU FRPSOHPHQWDU\ GHYLFHV�

�� GHVLJQV PXVW EH IRU D =
R

 ��l ORDG IRU D GHFDGH EDQGZLGWK DQG DW
OHDVW �� l IRU D EDQGZLGWK RI WZR RFWDYHV�

�� GHVLJQV PXVW EH IRU DW OHDVW �� G% JDLQ WR HQVXUH KLJK 3$(�

�� FLUFXLWV PXVW KDYH EDQGZLGWKV XS WR D KLJK IUDFWLRQ RI WKH GHYLFH I
~

IRU KLJK EDQGZLGWK�

�� FLUFXLWV PXVW XVH D GHYLFH WHFKQRORJ\ ZLWK KLJK I
~

9
EU

SURGXFW�

$OO WKHVH LPSOLFDWLRQV KDYH EHHQ DGGUHVVHG LQ WKLV ZRUN� 7KRXJK DOO WKH
FLUFXLW UHVXOWV DUH IURP FODVV�$ RSHUDWLRQ� WKH IHDVLELOLW\ RI LPSOHPHQWLQJ HI�
nFLHQW EURDGEDQG WUDQVIRUPHUV �EDOXQV� DQG TXDVL�FRPSOHPHQWDU\ VWDJHV DW
PLFURZDYH IUHTXHQFLHV IRU HpFLHQW FODVV�$% RSHUDWLRQ LV DGGUHVVHG� &LUFXLWV
WKDW REWDLQ EDQGZLGWK XS WR KLJK IUDFWLRQV RI I

~

KDYH EHHQ GHYHORSHG DQG
ZHUH GHVLJQHG IRU �� G% JDLQ ZKLOH GULYLQJ �� RU �� l ORDG� &LUFXLWV ZHUH
IDEULFDWHG LQ D KLJK I

~

9
EU

*D1 � $O*D1 +(07 WHFKQRORJ\� DQG IXUWKHU
LPSURYHPHQWV XVLQJ KLJK I

~

� KLJK 9
EU

IDVW�VORZ FDVFRGHV XVLQJ WZR GHYLFH
WHFKQRORJLHV RU XVLQJ GXDO�JDWH GHYLFHV ZLWK VPDOO DQG ODUJH JDWH OHQJWKV
IRU WKH WZR JDWHV DUH LQ SURJUHVV�



&KDSWHU �

:LGHEDQG SRZHU DPSOLnHU
EDVLFV

7+,6 FKDSWHU H[DPLQHV FRQYHQWLRQDO PLFURZDYH DPSOLnHU WRSRORJLHV LQ
OLWHUDWXUH DQG HYDOXDWHV WKHLU SHUIRUPDQFH LQ WHUPV RI WKH EDQGZLGWK�

RXWSXW SRZHU DQG HpFLHQFLHV WKH\ FDQ DFKLHYH� 7KLV ZLOO SURYLGH VXp�
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,Q WKH SUHVHQFH RI GHJHQHUDWLRQ� WKH GHJHQHUDWHG YDOXH RI *
P

�HT� ���� RU
����� VKRXOG EH XVHG LQ WKH DERYH HTXDWLRQV�

7KH EDQGZLGWK DQG JDLQ�EDQGZLGWK SURGXFWV DUH VLPLODU WR WKH FRPPRQ
VRXUFH FDVH �HT� ��� DQG ����� 8QOLNH WKH RWKHU DPSOLnHUV FRQVLGHUHG DERYH�
UHVLVWLYH IHHGEDFN DPSOLnHUV SURYLGH JRRG RXWSXW UHoHFWLRQ FRHpFLHQWV ZKLOH
SURYLGLQJ FORVH WR FODVV�$ OLPLWHG HpFLHQFLHV �IRU KLJK JDLQ GHVLJQV��

��� 'LVWULEXWHG DPSOLnHU

8QOLNH WKH IUHTXHQF\ VHOHFWLYH LPSHGDQFH PDWFKLQJ FLUFXLWV FRQVLGHUHG HDU�
OLHU� WKDW SURYLGH HpFLHQW FRXSOLQJ WR D GHYLFH RYHU QDUURZ EDQGZLGWKV�
GLVWULEXWHG FLUFXLWV >��� ��� ��� ��@ DOORZV HpFLHQW FRXSOLQJ WR D JURXS RI
GHYLFHV RYHU EURDG EDQGZLGWKV� 'LVWULEXWHG RU WUDYHOLQJ�ZDYH DPSOLnHUV
�7:$V� �nJ� ���� REWDLQ KLJK EDQGZLGWK E\ DEVRUELQJ WKH WUDQVLVWRU LQSXW
FDSDFLWDQFHV �&

JV

� LQWR D V\QWKHWLF LQSXW �JDWH� WUDQVPLVVLRQ OLQH� 7KLV LQ�
SXW V\QWKHWLF OLQH LQWURGXFHV UHODWLYH GHOD\V EHWZHHQ WKH GULYH YROWDJHV RI
WKH YDULRXV WUDQVLVWRUV ZLWKLQ WKH 7:$� $ VLPLODU V\QWKHWLF RXWSXW �GUDLQ�
WUDQVPLVVLRQ OLQH SURYLGHV FRPSHQVDWLQJ GHOD\V LQ WKH RXWSXW FLUFXLW� VR
WKDW $�&� GUDLQ FXUUHQWV RI WKH LQGLYLGXDO WUDQVLVWRUV DGG LQ�SKDVH DW WKH
ORDG�

:KLOH WKH WUDQVLVWRU RXWSXW FDSDFLWDQFH �&
GV

� LV DOVR DEVRUEHG LQWR WKH
RXWSXW V\QWKHWLF OLQH� +(07V W\SLFDOO\ KDYH &

GV

~ &
JV

� DQG WKH KLJK
EDQGZLGWKV �nJ� ����� REVHUYHG ZLWK 7:$V UHVXOWV IURP LQFRUSRUDWLRQ
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)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D GLVWULEXWHG DPSOLnHU�

RI &
JV

LQWR WKH LQSXW V\QWKHWLF OLQH� 7KH RXWSXW V\QWKHWLF OLQH LV SUHVHQW
SULPDULO\ IRU GHOD\ HTXDOL]DWLRQ�

,Q 7:$V ZLWK V\QWKHWLF RXWSXW WUDQVPLVVLRQ OLQHV� WKH $�&� GUDLQ FXU�
UHQW RI HDFK WUDQVLVWRU FRQWULEXWHV HTXDOO\ WR IRUZDUG DQG UHYHUVH ZDYHV RQ
WKH RXWSXW OLQH� $W ORZ IUHTXHQFLHV� WKH OHQJWKV RI WKH GHOD\ OLQHV DUH QHJ�
OLJLEOH DQG HDFK GHYLFH LV PDWFKHG WR LWV RSWLPXP ORDG� +RZHYHU GXH WR
WKH UHYHUVH WHUPLQDWLRQ ZKLFK FRQVXPHV KDOI WKH RXWSXW SRZHU� HpFLHQF\ LV
OLPLWHG WR ��� LQ FODVV�$ RSHUDWLRQ� $W KLJKHU IUHTXHQFLHV ZKHUH WKH OLQH
GHOD\V DUH VLJQLnFDQW WKH UHYHUVH ZDYHV GR QRW DGG XS LQ SKDVH� 6R WKH
SRZHU ORVW LQ WKH UHYHUVH WHUPLQDWLRQ LV VPDOOHU >��@� +RZHYHU WKH ORDGOLQHV
VHHQ E\ WKH GHYLFHV DUH IDU IURP RSWLPXP GXH WR WKH VDPH UHDVRQ� UHVXOWLQJ
LQ OHVVHU RXWSXW SRZHU DQG HpFLHQF\� 5HSRUWHG PRQROLWKLF SRZHU 7:$V
W\SLFDOO\ KDYH ������ 3$(� 7KRXJK PRGLnFDWLRQV WR WKLV WRSRORJ\ OLNH WKH
WDSHUHG�GUDLQ�OLQH 7:$ >��@ KDYH EHHQ VXJJHVWHG WKDW FDQ SURYLGH WKHR�
UHWLFDO FODVV�$ HpFLHQF\ DSSURDFKLQJ ���� WKH\ DUH GLpFXOW WR UHDOL]H LQ
PRQROLWKLF IRUP HVSHFLDOO\ IRU KLJK SRZHUV� 7KLV DQG LPSURYHG GLVWULEXWHG
DUFKLWHFWXUHV IRU KLJK SRZHU� OLNH WKH FDVFRGH�GHOD\�PDWFKHG GLVWULEXWHG
DPSOLnHUV DUH WKH WRSLF RI GLVFXVVLRQ LQ FKDSWHU ��

7KXV WR REWDLQ KLJK RXWSXW SRZHU RYHU EURDG EDQGZLGWKV ZH PXVW GH�
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)LJXUH ����� 7\SLFDO IUHTXHQF\ UHVSRQVH RI D GLVWULEXWHG DPSOLnHU FRPSDUHG
WR OXPSHG DPSOLnHUV�

YHORS SRZHU DPSOLnHUV ZKRVH EDQGZLGWK LV QRW OLPLWHG E\ I
~

� LQ D KLJK
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PDWHULDO V\VWHP OLNH *D1� ,Q FKDSWHUV � ZH ZLOO ORRN DW WKH PDWHULDOV
DQG SURFHVVLQJ DVSHFWV RI WKH *D1 �$O*D1 +(07 WHFKQRORJ\ DQG SUHVHQW
GHYLFH UHVXOWV IURP WKH ZDIHUV XVHG IRU WKH FLUFXLW UXQV� ,Q FKDSWHU � DQG
�� ZH SUHVHQW DOWHUQDWH OXPSHG DQG GLVWULEXWHG EURDGEDQG SRZHU DPSOL�
nHU WRSRORJLHV ZKRVH EDQGZLGWK DUH QRW OLPLWHG E\ WKH GHYLFH I

~

DQG FDQ
SURYLGH HpFLHQFLHV XS WR WKH FODVV�$ OLPLW�



&KDSWHU �

3URFHVVLQJ DQG GHYLFH UHVXOWV

$/*$1 � *$1 +(07V XVHG LQ WKLV ZRUN ZHUH JURZQ E\ 0HWDO 2U�
JDQLF &KHPLFDO 9DSRU 'HSRVLWLRQ �02&9'� RQ & � SODQH VDSSKLUH

VXEVWUDWH� 'XH WR WKH SRRU WKHUPDO FRQGXFWLYLW\ RI WKH VDSSKLUH VXEVWUDWH�
ODUJH SHULSKHU\ GHYLFHV ZHUH oLS FKLS ERQGHG RQ WR D $O1 FDUULHU ZDIHU
>��� ��@� 7KH $O1 VXEVWUDWH DFWV DV D WKHUPDO FDUULHU SURYLGLQJ D ORZ
LPSHGDQFH WKHUPDO SDWK IRU HpFLHQW KHDW VLQNLQJ�

7KH FLUFXLW SURFHVV FRQVLVWV RI VL[ PDVN VWHSV IRU WKH *D1 ZDIHU DQG
VL[ PDVN VWHSV IRU WKH $O1 VXEVWUDWHV� $Q L � OLQH VWHSSHU OLWKRJUDSK\ ����
QP ZDYHOHQJWK� FDSDEOH RI SURGXFLQJ ��� xP IHDWXUHV ZDV XVHG IRU ERWK
SURFHVVHV� 7KH VDSSKLUH ZDIHU FRQWDLQV WKH DFWLYH GHYLFHV DQG RQH OHYHO RI
LQWHUFRQQHFW� 7KH $O1 VXEVWUDWH FRQWDLQV DOO WKH SDVVLYH HOHPHQWV LQFOXGLQJ
UHVLVWRUV� 6L

�
1
�
FDSDFLWRUV� LQGXFWRUV UHDOL]HG XVLQJ KLJK LPSHGDQFH OLQHV

DQG FRQWUROOHG LPSHGDQFH FRSODQDU ZDYHJXLGH �&3:� WUDQVPLVVLRQ OLQHV�
$X ERQG SDGV� ��� xP LQ WKLFNQHVV ZHUH HYDSRUDWHG RQ ERWK WKH VDSSKLUH
DQG $O1 VXEVWUDWHV IRU WKH oLS FKLS ERQGLQJ� 7KH *D1 DQG $O1 ZDIHUV DUH
WKHQ GLFHG DQG ERQGHG WRJHWKHU� 7KH GHWDLOV IRU WKH *D1 � $O*D1 +(07V
DQG $O1 VXEVWUDWH SURFHVVHV DUH SUHVHQWHG LQ WKLV FKDSWHU DORQJ ZLWK WKH
'�&� DQG 5�)� WHVW GHYLFH GDWD IURP WKH GLmHUHQW SURFHVV UXQV XVHG IRU
FLUFXLW IDEULFDWLRQ� $SSHQGL[ $ SUHVHQWV D VXPPDU\ RI WKH SURFHVV VWHSV�
'HWDLOHG *D1 DQG $O1 VXEVWUDWH SURFHVV oRZV DUH DYDLODEOH LQ DSSHQGL[ %
DQG & UHVSHFWLYHO\�

��
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��� *D1 +(07 SURFHVV

7KH VDSSKLUH VXEVWUDWH SURFHVV FRQVLVWV RI VL[ PDVN VWHSV� 7KH\ LQFOXGH
WKH VWDQGDUG IRXU PDVN SURFHVV VWHS IRU WKH *D1 +(07V FRQVLVWLQJ RI WKH
VRXUFH DQG GUDLQ RKPLF FRQWDFWV� JDWH SDG LVRODWLRQ� JDWH nQJHU 6FKRWWN\
FRQWDFWV DQG PHVD LVRODWLRQ RI WKH GHYLFHV� $Q LQWHUFRQQHFW PHWDO OD\HU DQG
DQ HYDSRUDWHG ERQG SDG OD\HU ZHUH DGGHG IRU WKH FLUFXLW SURFHVV�

����� *URZWK

Sapphire substrate

200 A GaN nucleation layer

1 µm I - GaN buffer

30 A UID AlxGa1-xN spacer

120 A Si doped AlxGa1-xN

100 A UID AlxGa1-xN cap

)LJXUH ���� 7\SLFDO OD\HU VWUXFWXUH RI DQ $O*D1 � *D1 +(07 ZDIHU�

)LJ� ��� VKRZV D W\SLFDO OD\HU VWUXFWXUH RI DQ $O*D1 � *D1 +(07
ZDIHU� 7KH JURZWK VWDUWV ZLWK D ��� y$ *D1 QXFOHDWLRQ OD\HU RQ D &�SODQH
VDSSKLUH VXEVWUDWH� 7KLV LV IROORZHG E\ D ��� xP WKLFN LQVXODWLQJ *D1
EXmHU JURZQ XQGHU ORZ SUHVVXUH� RU D ELOD\HU ,�*D1 FRQVLVWLQJ RI � xP ORZ
SUHVVXUH ,�*D1 DQG � xP DWPRVSKHULF SUHVVXUH ,�*D1 DV WKH GHYLFH EXmHU
OD\HU� 7KH $O

����
*D

����
1 JDWH VWUXFWXUH FRQVLVWV RI D �� y$ VSDFHU� D ��� y$

6L�GRSHG FKDUJH OD\HU �Q  � d ���� FPb�� DQG D ��� y$ XQLQWHQWLRQDOO\
GRSHG FDS� 7KH EDFNJURXQG GRSLQJ LQ D 8,' $O

����
*D

����
1 LV z � d ����



��� *D1 +(07 SURFHVV ��

FPb�� +LJKHU $O FRQWHQW XS WR �� � LQ WKH $O*D1 OD\HU LV NQRZQ WR LPSURYH
GHYLFH SHUIRUPDQFH >��@ DQG LV XVHG LQ VRPH RI WKH JURZWKV� 7KH LPSURYHG
SHUIRUPDQFH LV GXH WR WKH ODUJHU EDQGJDS DQG WKH LQFUHDVHG FRQGXFWLRQ
EDQG GLVFRQWLQXLW\ �c(

F

� UHVXOWLQJ LQ ODUJHU EUHDNGRZQ nHOG DQG EHWWHU
FDUULHU FRQnQHPHQW� DOORZLQJ KLJK PRELOLWLHV DQG ODUJH FDUULHU GHQVLWLHV�

����� 2KPLF FRQWDFWV

7KH IDEULFDWLRQ VWDUWV ZLWK WKH IRUPDWLRQ RI RKPLF FRQWDFWV E\ GHSRVLWLQJ
7L�$O�1L�$X RI WKLFNQHVV ���������������� y$ UHVSHFWLYHO\� 6WDQGDUG H�
EHDP HYDSRUDWLRQ DQG OLIW�Rm SURFHVV ZDV XVHG IRU DOO PHWDOL]DWLRQ LQ WKH
*D1 ZDIHU� 7L LV NQRZQ WR IRUP 7L1 RQ DQQHDOLQJ� UHVXOWLQJ LQ 1 GHnFLHQF\
LQ *D1� ZKLFK LV HTXLYDOHQW WR Q�W\SH GRSLQJ� 7KH Q��*D1 LQWHUIDFH DORQJ
ZLWK WKH FRQGXFWLYH 7L1 IRUPV H[FHOOHQW RKPLF FRQWDFWV� 7KH $X OD\HU LV
IRU EHWWHU FRQGXFWLYLW\ DQG IRU SUHYHQWLQJ R[LGDWLRQ RI WKH $O� ZKLOH WKH
1L LV IRU UHGXFLQJ WKH $X�$O PL[LQJ� 8VXDO SUHFDXWLRQDU\ PHDVXUHV GXULQJ
*D1 SURFHVVLQJ� OLNH DYRLGLQJ .2+ EDVHG GHYHORSHUV �ZKLFK DUH NQRZQ WR
HWFK $O*D1 VORZO\� ZHUH IROORZHG�
5HDFWLYH ,RQ (WFKLQJ �5,(� ZLWK &O

�
IRU �� VHFRQGV DW � y$�V� LV XVHG

WR GDPDJH WKH RKPLF UHJLRQ SULRU WR PHWDO HYDSRUDWLRQ� 7KH $O*D1 OD\HU
LV WKLQQHG WR z��� y$ DV SUHYLRXV VWXG\ KDYH VKRZQ WKH UHDFWLRQ GHSWK RI
7L RQ *D1 WR EH DERXW ��� y$� 7KH UHDFWLRQ GHSWK RQ $O*D1 LV H[SHFWHG
WR EH VLPLODU RU OHVVHU� $ VXUIDFH FOHDQLQJ ZLWK 1+

�
2+ � +

�
2 RI � � �� LV

XVHG WR ORZHU WKH VSHFLnF RKPLF UHVLVWDQFH IXUWKHU�
$IWHU HYDSRUDWLRQ DQG OLIW�Rm WKH ZDIHU LV DQQHDOHG DW ��� p& IRU ��

VHFRQGV LQ D 5DSLG 7KHUPDO $QQHDOHU �57$�� $W WKHVH WHPSHUDWXUHV WKH
57$ KDV RFFDVLRQDOO\ VKRZQ UDQGRP WHPSHUDWXUH oXFWXDWLRQV RI XS WR ��
p ZKLFK VHYHUHO\ GHJUDGHV WKH RKPLF FRQWDFWV �nJ� ����� $OVR DGGLWLRQDO
SUHFDXWLRQ LV QHFHVVDU\ ZKLOH ORDGLQJ WKH ZDIHU LQWR WKH FKDPEHU� DV WKH
VDSSKLUH VXEVWUDWH VOLGHV IUHHO\ RQ VPRRWK 6L ZDIHU RQ ZKLFK LW LV ORDGHG�
&RQWDFW UHVLVWDQFHV z ���� l�PP �nJ� ���� ZHUH PHDVXUHG XVLQJ 7UDQVPLV�
VLRQ /LQH 0HDVXUHPHQWV �7/0� SDWWHUQV RQ WKH EHVW ZDIHUV�

����� *DWH SDG LVRODWLRQ

6L2
�
LV WKHQ XVHG WR LVRODWH WKH JDWH FRQWDFW SDG DQG HOLPLQDWH DQ\ H[WUD

VXEVWUDWH FDSDFLWDQFH� 5,( ZLWK &O
�
IRU �� VHFRQGV DW �� y$�V LV XVHG WR
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)LJXUH ���� 0LFURJUDSK RI D EDG VRXUFH DQG GUDLQ RKPLF DQQHDO GXH WR
WHPSHUDWXUH LQVWDELOLWLHV LQ WKH 57$�
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)LJXUH ���� 7\SLFDO FRQWDFW UHVLVWDQFHV REWDLQHG IURP 7/0 PHDVXUHPHQWV
�ZDIHU � ������)%��
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HWFK WKH *D1 FDS DQG $O*D1 OD\HUV� 6L2
�
LV HYDSRUDWHG WR nOO WKH HWFKHG

UHJLRQV VR WKDW WKH JDWH nQJHUV UXQ RYHU GRZQ IURP WKH JDWH FRQWDFW SDG�
$ VORZ UDWH RI HYDSRUDWLRQ �� � � y$�V� LV SUHIHUUHG� DV WKH R[LGH KDV EHHQ
REVHUYHG WR SHHO Rm DIWHU KLJKHU UDWHV RI HYDSRUDWLRQ�

����� 6FKRWWN\ JDWHV

7KH WKLUG DQG PRVW FULWLFDO VWHS LQ WKH SURFHVV LV WKH JDWH nQJHU PHWDOL]DWLRQ
VWHS� ,Q WKH FLUFXLW SURFHVV WKH JDWH nQJHUV DQG WKH JDWH LQWHUFRQQHFW PHWDO
ZHUH VSOLW RQ WR VHSDUDWH OD\HUV� 7KLV HQKDQFHV WKH OLIW�Rm RI ODUJH SHULSKHU\
PXOWL�nQJHU GHYLFHV �nJ� ����� HVSHFLDOO\ WKH GXDO JDWH GHYLFHV ZKLFK ZLOO
KDYH LQWHUGLJLWDWHG nQJHUV �nJ� ���� DFFHVVHG IURP HLWKHU VLGH RI WKH DFWLYH
OD\HU�

)LJXUH ���� 0LFURJUDSK RI JDWH nQJHUV LQ ODUJH SHULSKHU\ *D1 +(07 GH�
YLFHV�

$ EL�OD\HU UHVLVW SURFHVV ZLWK 635 ������� DQG &RQWUDVW (QKDQFHPHQW
0DWHULDO OD\HU� FDSDEOH RI GHnQLQJ ��� xP IHDWXUHV RQ SODQH VXEVWUDWHV ZLWK
WKH L � OLQH VWHSSHU� LV XVHG� +RZHYHU FRQVLVWHQW KLJK \LHOGLQJ ODUJH SHULSKHU\
GHYLFHV W\SLFDOO\ KDYH ���z � xP SHULSKHU\� 7KLV LV EHFDXVH WKH JDWH nQJHUV
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)LJXUH ���� 0LFURJUDSK RI D ��� xP JDWH OHQJWK nQJHUV LQ ODUJH SHULSKHU\
GXDO�JDWH GHYLFHV�

DUH EHLQJ GHnQHG EHWZHHQ WKH VRXUFH DQG GUDLQ SDGV ZKLFK DUH z ���� y$
WKLFN� $OVR WKH KLJK WHPSHUDWXUH DQQHDOLQJ RI WKH RKPLF FRQWDFWV OHDYHV
MDJJHG VRXUFH DQG GUDLQ HGJHV PDNLQJ WKH DOLJQPHQW KDUGHU� *DWH UHFHVV LV
QRW GRQH DV 5,( LQWURGXFHV GDPDJH WR WKH VXUIDFH DQG UHGXFHV EUHDNGRZQ
YROWDJHV�

*D1 VKRZV ORZ H[WHQW RI EDUULHU SLQQLQJ E\ VXUIDFH WUDSV� DQG H[KLELWV
6FKRWWN\ EHKDYLRU ZLWK GLmHUHQW PHWDOV ZKLFK JHQHUDOO\ IROORZV ZRUN IXQF�
WLRQ GLmHUHQFH� :LWK UHSRUWHG HOHFWURQ DpQLW\ RI z��� H9� $O �j z ���
H9� DOZD\V IRUPV D QDWXUDO RKPLF FRQWDFW RQ FOHDQ Q�*D1 VXUIDFHV� $X�
3W DQG 1L �j  � z ��� H9� KDV UHODWLYHO\ KLJK 6FKRWWN\ EDUULHUV RI ���
z ��� H9 RQ Q�*D1 DQG DUH SRWHQWLDO FDQGLGDWHV IRU JDWH PHWDO RQ *D1
DQG $O*D1� $ VXUIDFH FOHDQLQJ ZLWK 1+

�
2+ � +

�
2 RI � � �� ZDV XVHG WR

UHPRYH WKH WKLQ OD\HU RI VXUIDFH LQVXODWRU EHOLHYHG WR H[LVW� 1L�$X�1L RI
WKLFNQHVV ������������ y$ LV XVHG IRU WKH JDWH nQJHUV� 7KH nUVW OD\HU RI 1L
LV WR LPSURYH WKH DGKHVLRQ RI $X� 6LQFH 7L IRUPV 7L1 ZKLFK LV RKPLF LW LV
HVVHQWLDO WKDW WKH 1L VRXUFH EH FRQWDPLQDWLRQ IUHH� ,W LV DGYLVDEOH WR KDYH
D VHSDUDWH 1L VRXUFH IRU WKH JDWH nQJHU HYDSRUDWLRQ� 7KH $X WKLFNQHVV LV
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FKRVHQ WR EH DEOH WR FDUU\ WKH 5�)� JDWH FXUUHQW DW KLJK IUHTXHQFLHV� 7KH
VHFRQG 1L OD\HU DFWV DV D HWFK PDVN IRU WKH PHVD LVRODWLRQ VWHS�

����� 0HVD LVRODWLRQ

&O
�
5,( LV DJDLQ XVHG WR GU\ HWFK *D1 DQG $O*D1 VXUIDFHV WR LVRODWH WKH

GHYLFH PHVDV� $ � xP WKLFN OD\HU RI KDUG EDNHG 635 ����$ SURWHFWV WKH
DFWLYH DUHD GXULQJ WKH HWFK� 7KH HWFK UDWHV KDYH EHHQ SUHYLRXVO\ REVHUYHG
WR GHSHQG RQ WKH '&�ELDV WKDQ RQ WKH &O

�
SUHVVXUH� LQGLFDWLQJ WKH HWFKLQJ

LV KLJKO\ HQHUJ\ GULYHQ� (WFKLQJ LV GRQH IRU � z � PLQXWHV DW WKH UDWH RI
�� y$�V� 7KLV LV IROORZHG E\ D ZHW HWFK XVLQJ D +12

�
EDVHG 1L HWFKDQW WR

UHPRYH WKH 1L RQ WRS RI WKH JDWH nQJHU DFFHVV SDG� 7KLV VWHS ZDV QRW XVHG
LQ WKH nUVW SURFHVV UXQ� <LHOG RI WKH ODUJH SHULSKHU\ GHYLFHV ZDV ORZ LQ WKDW
UXQ GXH WR ODUJH QXPEHU RI RSHQ JDWHV� 7KLV LV DWWULEXWHG WR SRRU RKPLF
FRQWDFW EHWZHHQ WKH LQWHUFRQQHFW PHWDO OD\HU DQG WKH JDWH nQJHU DFFHVV SDG�
GXH WR WKH R[LGDWLRQ RI 1L RQ WRS RI WKH JDWH nQJHUV�

����� ,QWHUFRQQHFWV

2QH OD\HU RI LQWHUFRQQHFW ZDV DGGHG WR WKH *D1 +(07 SURFHVV ZKLFK
VHUYHV WKH IROORZLQJ SXUSRVHV�

q WR SURYLGH D FRQWLQXRXV JURXQG SODQH DURXQG WKH DFWLYH GHYLFHV� 7KLV
KHOSV LQ PDLQWDLQLQJ JURXQG SODQH FRQWLQXLW\ EHWZHHQ WKH LQSXW DQG
RXWSXW RQ WKH $O1 VXEVWUDWH� 6LQFH LW LV QRW SRVVLEOH WR XVH DLU�EULGJHV
RQ $O1 XQGHUQHDWK WKH ERQGHG *D1 GLH� WKLV LQWHUFRQQHFW OD\HU ZDV
XVHG IRU JURXQG SODQH FURVV�RYHU DERXW WKH VLJQDO DQG ELDV FRQQHFWLRQV
�nJ� �����

q DV ZDV PHQWLRQHG HDUOLHU� FRQQHFWLRQV EHWZHHQ LQGLYLGXDO JDWH nQJHUV
ZDV PRYHG WR WKLV OD\HU WR IDFLOLWDWH HDV\ OLIW�Rm RI LQWHUGLJLWDWHG nQ�
JHUV LQ ODUJH SHULSKHU\ GXDO�JDWH GHYLFHV �nJ� �����F���

q WR FRQQHFW WKH GUDLQV WRJHWKHU� 6RPH FLUFXLWV KDYH RQO\ WKH VRXUFHV
oLS�FKLS ERQGHG WR PLQLPL]H GUDLQ WR VRXUFH FDSDFLWDQFH� ,Q WKHVH
FLUFXLWV WKH GUDLQV DUH FRQQHFWHG WRJHWKHU XVLQJ WKLV LQWHUFRQQHFW OD\HU
DQG WKHQ oLS ERQGHG XVLQJ D VLQJOH ERQG SDG �nJ� �����D�E���



�� &KDSWHU �� 3URFHVVLQJ DQG GHYLFH UHVXOWV

(a) (b)

(c) (d)

)LJXUH ���� 0LFURJUDSK RI WKH *D1 +(07 GLFH IRU �D� I
~

�GRXEOHU� �E�
UHVLVWLYH IHHGEDFN I

~

�GRXEOHU� �F� UHVLVWLYH IHHGEDFN I
~

�GRXEOHU ZLWK VRXUFH
DQG GUDLQ ERQGV� DQG �G� GXDO�JDWH FDVFRGH I

~

�GRXEOHU SRZHU DPSOLnHUV�



��� $O1 VXEVWUDWH SURFHVV ��

7L�$X�7L RI ������������ y$ WKLFNQHVV ZDV XVHG IRU PHWDOL]DWLRQ� 7KH
WKLFNQHVV DQG ZLGWK ZHUH GHFLGHG EDVHG RQ D SHDN '�&� FXUUHQW GHQVLW\ RI
� P$�xP� VHW E\ WKH HOHFWUR�PLJUDWLRQ OLPLWV RI $X� $IWHU WKH OLIW�Rm WKH
WUDQVLVWRUV ZHUH WHVWHG IRU '�&� DQG 5�)� SHUIRUPDQFH EHIRUH SURFHHGLQJ WR
WKH QH[W PDVN VWHS�

����� %RQG SDG PHWDOL]DWLRQ

$ EL�OD\HU UHVLVW SURFHVV LV XVHG WR HYDSRUDWH DQG OLIW�Rm ��� xP WKLFN PHWDO
ERQG SDGV� (OHFWUR�SODWLQJ ZDV WULHG LQ WKH nUVW UXQ WR GHSRVLW WKLFN PHWDO�
EXW ZDV VXEVHTXHQWO\ GLVFRQWLQXHG GXH WR XQHYHQ VXUIDFH PRUSKRORJ\ ZLWK
WKH HOHFWUR�SODWHG $X� ��� xP WKLFN GHHS�89 VHQVLWLYH 30*,�6)�� UHVLVW
LV nUVW VSXQ DQG EDNHG� /LWKRJUDSK\ XVLQJ � xP WKLFN 635 ������� LV WKHQ
GRQH� 7KLV LV IROORZHG E\ GHHS � 89 H[SRVXUH DQG GHYHORSPHQW RI 30*, WR
REWDLQ ��� xP WKLFN UHVLVW SDWWHUQ ZLWK D OLIW�Rm SURnOH� (YDSRUDWLRQ LV GRQH
ZLWK WKH ZDIHU NHSW DW D GLVWDQFH RI ���� FP IURP WKH VRXUFH �E\ ORZHULQJ
WKH ZDIHU PRXQW� WR LQFUHDVH WKH HYDSRUDWLRQ UDWH� /LIW�Rm RI WKH WRS UHVLVW
OD\HU LV IROORZHG E\ H[SRVXUH DQG GHYHORSPHQW RI 30*, XQGHUQHDWK�

����� 'LFLQJ

7KH ZDIHU LV WKHQ SURWHFWHG ZLWK SKRWRUHVLVW DQG ERQGHG WR D 6L FDUULHU
EHIRUH GLFLQJ� $ EURZQ ERQGLQJ ZD[ LV XVHG WR SURYLGH EHWWHU DGKHVLRQ
FRPSDUHG WR WKH FU\VWDOERQG � ��� PRXQWLQJ ZD[� )RU GLH VL]HV RI z � PP
d � PP FU\VWDOERQG � ��� PRXQWLQJ ZD[ ZDV IRXQG WR EH LQVXpFLHQW IRU
KROGLQJ WKH GLFH RQ WKH FDUULHU VXEVWUDWH� %RQGLQJ WR WKH 6L VXEVWUDWH VKRXOG
EH GRQH ZLWK FDXWLRQ WR SUHYHQW WKH UHVLVW IURP EHLQJ RYHU EDNHG GXULQJ
WKH ERQGLQJ� $OVR VXpFLHQW SUHVVXUH PXVW EH DSSOLHG GXULQJ ERQGLQJ WR
UHPRYH DQ\ DLU EXEEOHV LQ WKH PROWHQ ZD[ WKDW FRXOG OHDG WR GLFH SHHOLQJ
Rm GXULQJ GLFLQJ� 2QFH GLFHG WKH GLHV DUH LQGLYLGXDOO\ FOHDQHG LQ XOWUDVRQLF
WR UHPRYH WKH VDZ GXVW GHSRVLWHG GXULQJ WKH GLFLQJ� 7KH GLFH WKHQ oLS FKLS
ERQGHG DV GHVFULEHG LQ SDJH ���

��� $O1 VXEVWUDWH SURFHVV

7KH $O1 VXEVWUDWH SURFHVV FRQVLVWV RI VL[ PDVN VWHSV� 7KLV LQFOXGHV QLFKURPH
UHVLVWRUV� WZR OD\HUV RI LQWHUFRQQHFW PHWDOV� PHWDO�LQVXODWRU�PHWDO �0,0�



�� &KDSWHU �� 3URFHVVLQJ DQG GHYLFH UHVXOWV

FDSDFLWRUV� ERQG SDG PHWDO DQG DLU�EULGJHV�

����� 5HVLVWRUV

1LFKURPH UHVLVWRUV RI VKHHW UHVLVWLYLW\ z�� l ( DUH REWDLQHG E\ HYDSRUDWLQJ
z ��� y$ RI 1L&U� 6LQFH WKH VRXUFH LV SURQH WR VSLWWLQJ HYDSRUDWLRQ PXVW EH
GRQH ZLWK FDXWLRQ� 7KH VKHHW UHVLVWLYLW\ ZDV IRXQG WR YDU\ GHSHQGLQJ RQ
KRZ ORQJ WKH VRXUFH KDV EHHQ XVHG DQG WKH VXUIDFH PRUSKRORJ\ RI WKH VXE�
VWUDWH� 6R FDOLEUDWLRQ XVLQJ D WHVW VXEVWUDWH ZDV IRXQG QHFHVVDU\ HVSHFLDOO\
ZLWK QHZ VRXUFHV� 2[\JHQ SODVPD GHVFXP GXULQJ IXUWKHU SURFHVVLQJ FRXOG
DOVR FKDQJH WKH UHVLVWLYLW\ GXH WR WKH 1L JHWWLQJ R[LGL]HG RQ WKH VXUIDFH�
6R WKH VHFRQG JHQHUDWLRQ FLUFXLWV XVHG D 6L

�
1
�
SURWHFWLYH FRDWLQJ RYHU WKH

UHVLVWRUV� 7KH UHVLVWRUV ZHUH FRQWDFWHG XVLQJ 0HWDO � � LQWHUFRQQHFW OD\HU�
%XUQ LQ WHVWV RI UHVLVWRUV VKRZHG SHDN '�&� FXUUHQW GHQVLW\ FDSDELOLW\ RI �
z � P$�xP DQG SHDN SRZHU GHQVLWLHV XS WR z ��� P:�xP�� 7KH UHVLVWRUV
LQ FLUFXLWV ZHUH GHVLJQHG IRU D SHDN FXUUHQW GHQVLW\ RI � P$�xP�

����� 0HWDO � �

)LUVW LQWHUFRQQHFW PHWDO OD\HU �0HWDO � �� ZDV GHSRVLWHG E\ HYDSRUDWLRQ
DQG OLIW�Rm RI 7L�$X�7L RI WKLFNQHVV ������������� y$ UHVSHFWLYHO\� 7KH
WZR OD\HUV RI 7L DUH XVHG IRU EHWWHU DGKHVLRQ RI $X WR WKH VXEVWUDWH DQG RI
WKH SKRWRUHVLVW LQ WKH ODWHU SURFHVV VWHSV WR $X� (YDSRUDWLRQ PXVW EH GRQH
ZLWK FDXWLRQ WR DYRLG VSLWWLQJ DV VXUIDFH URXJKQHVV FRXOG FDXVH VKRUWV LQ
0,0 FDSDFLWRUV WR EH GHSRVLWHG LQ WKH QH[W VWHS� 7KH UHVLVWRUV DUH WHVWHG
IRU WKHLU VKHHW UHVLVWLYLW\ DIWHU WKLV VWHS�

����� &DSDFLWRUV

6L
�
1
�
IRU FDSDFLWRUV LV GHSRVLWHG E\ 3ODVPD (QKDQFHG &KHPLFDO 9DSRU 'H�

SRVLWLRQ �3(&9'�� 7KH SURFHVV LV GRQH LQ WZR VWHSV RI ���� y$ DQG ����
y$ ZLWK VXUIDFH FOHDQLQJ DQG RULHQWDWLRQ FKDQJH LQ EHWZHHQ� WR SUHYHQW WKH
IRUPDWLRQ RI DQ\ WKURXJK SLQ KROHV LQ WKH QLWULGH� 7KLV LV LPPHGLDWHO\
IROORZHG E\ SKRWROLWKRJUDSK\ DQG 5,( XVLQJ 6)

�
WR HWFK WKH QLWULGH IURP

HYHU\ZKHUH H[FHSW ZKHUH FDSDFLWRUV DUH UHTXLUHG� $V ZDV PHQWLRQHG HDUOLHU
LQ WKH VHFRQG JHQHUDWLRQ FLUFXLWV 6L

�
1
�
ZDV XVHG IRU SURWHFWLQJ WKH 1L&U

UHVLVWRUV� $OVR LW ZDV XVHG DV D SURWHFWLYH FRYHULQJ IRU WKH VLJQDO FRQGXF�



��� $O1 VXEVWUDWH SURFHVV ��

WRUV XQGHUQHDWK WKH DLU�EULGJHV WR SUHYHQW DFFLGHQWDO VKRUWLQJ RI DQ\ IDOOHQ
EULGJHV GXULQJ GLFLQJ DQG GLH KDQGOLQJ�
���� y$ WKLFN QLWULGH LV H[SHFWHG WR JLYH D FDSDFLWDQFH SHU XQLW DUHD RI

����� I)�xP�� +RZHYHU LQ VRPH RI WKH SURFHVV UXQV XS WR D ��� KLJKHU
FDSDFLWDQFHV ZDV REWDLQHG� 7KLV LV DWWULEXWHG WR WKH SRRU TXDOLW\ RI WKH
QLWULGH GHSRVLWHG E\ 3(&9' GXULQJ WKDW SHULRG� 7KH V\VWHP ZDV VXEVH�
TXHQWO\ RYHUKDXOHG DQG UHFDOLEUDWHG�

����� 0HWDO � �

6HFRQG LQWHUFRQQHFW PHWDO OD\HU �0HWDO � �� LV XVHG IRU WKH WRS PHWDO LQ
0,0 FDSDFLWRUV� $GGLWLRQDOO\ VHFWLRQV RI VLJQDO OLQHV DQG JURXQG SODQHV
LQ WKH &3: OD\RXW ZHUH GHSRVLWHG LQ WKH PHWDO � � VWHS �nJ� ����� 7KLV
VSOLW RI LQWHUFRQQHFWV DQG JURXQG SODQHV EHWZHHQ PHWDO � � DQG � ZDV GRQH
WR HQVXUH WKDW WKHUH DUH QR HQFORVHG IHDWXUHV LQ HLWKHU PDVN VWHSV� ZKLFK
FRXOG OHDG WR OLIW�Rm IDLOXUH� $JDLQ 7L�$X�7L RI WKLFNQHVV �������������
y$ UHVSHFWLYHO\ ZDV XVHG� 7KH ZDIHU LV PRXQWHG RQ D URWDWLQJ FKXFN� VHW DW
DQ DQJOH RI ��p ZLWK UHVSHFW WR WKH VRXUFH� WR JHW D VWHS FRYHUDJH RI PHWDO
� � RYHU WKH ���� y$ WKLFN 6L

�
1
�
� 7KH FDSDFLWRUV DUH WHVWHG IRU VKRUWV DIWHU

WKLV VWHS� 7\SLFDO FDSDFLWRU EUHDNGRZQ YROWDJHV DUH LQ H[FHVV RI ��� 9 �nJ�
���� DQG VR WKH\ FRXOG EH XVHG IRU ELDV GHFRXSOLQJ LQ WKH UHVLVWLYH IHHGEDFN
QHWZRUN� DV ZHOO DV D VKXQW HOHPHQW LQ WKH RXWSXW PDWFKLQJ QHWZRUNV�

����� %RQG SDG PHWDOL]DWLRQ

$ EL�OD\HU UHVLVW SURFHVV VLPLODU WR WKH *D1 ERQG SDG PHWDOL]DWLRQ LV XVHG WR
HYDSRUDWH DQG OLIW�Rm ��� xP WKLFN PHWDO ERQG SDGV� 7KH VDPH PDVN LV DOVR
XVHG WR GHnQH WKH SRVW OD\HU IRU WKH DLU�EULGJHV� (DUOLHU SURFHVV UXQV XVHG
VHSDUDWH PDVN VWHSV IRU WKH ERQG SDGV DQG IRU WKH DLU�EULGJH SRVWV �WRWDO RI
VHYHQ PDVN VWHSV�� 7KH SURFHVV GHVFULEHG KHUH LV WKH QHZHU VL[ PDVN VWHS
SURFHVV� ��� xP WKLFN GHHS�89 VHQVLWLYH 30*,�6)�� UHVLVW LV nUVW VSXQ
DQG EDNHG� /LWKRJUDSK\ XVLQJ � xP WKLFN 635 ������� LV WKHQ GRQH WR
GHnQH ERQG SDGV DV ZHOO DV DLU�EULGJH SRVWV� 7KLV LV IROORZHG E\ GHHS � 89
H[SRVXUH DQG GHYHORSPHQW RI 30*, WR REWDLQ ��� xP WKLFN UHVLVW SDWWHUQ
ZLWK D OLIW�Rm SURnOH� (YDSRUDWLRQ LV GRQH ZLWK WKH ZDIHU NHSW DW D GLVWDQFH
RI ���� FP IURP WKH VRXUFH �E\ ORZHULQJ WKH ZDIHU PRXQW� WR LQFUHDVH WKH
HYDSRUDWLRQ UDWH� /LIW�Rm LV SHUIRUPHG LQ DFHWRQH ZKLFK UHPRYHV 635 ����



�� &KDSWHU �� 3URFHVVLQJ DQG GHYLFH UHVXOWV

(a) (b)

(c) (d)

)LJXUH ���� 0LFURJUDSK RI WKH $O1 VXEVWUDWH GLFH IRU �D� I
~

�GRXEOHU� �E�
UHVLVWLYH IHHGEDFN I

~

�GRXEOHU� �F� UHVLVWLYH IHHGEDFN I
~

�GRXEOHU ZLWK VRXUFH
DQG GUDLQ ERQGV� DQG �G� GXDO�JDWH FDVFRGH I

~

�GRXEOHU SRZHU DPSOLnHUV�



��� $O1 VXEVWUDWH SURFHVV ��

)LJXUH ���� 0HDVXUHG EUHDNGRZQ YROWDJHV LQ H[FHVV RI ��� 9 IRU ���� y$
WKLFN 6L

�
1
�
0,0 FDSDFLWRUV�

��� OHDYLQJ EHKLQG 30*, ZKLFK LV LPSHUYLRXV WR DFHWRQH� 7KH 30*, OD\HU
LV XVHG IRU WKH QH[W DLU�EULGJH PDVN VWHS�

����� 3ODWHG DLU�EULGJHV

$IWHU D � VHFRQG HWFK LQ D GLOXWHG $X HWFKDQW WR URXJKHQ WKH VXUIDFH RI WKH
SRVWV� D oDVK OD\HU RI 7L�$X�7L RI WKLFNQHVV ������������ y$ LV HYDSRUDWHG
XVLQJ DQJOH URWDWHG HYDSRUDWLRQ WR REWDLQ VWHS FRYHUDJH RYHU WKH VLGH ZDOOV
RI WKH 30*,� 7KLV LV IROORZHG E\ SKRWROLWKRJUDSK\ WR GHnQH WKH DLU�EULGJHV
DQG $X SODWLQJ WR D WKLFNQHVV RI � xP� 7KH WRS OD\HU RI UHVLVW LV UHPRYHG
LQ DFHWRQH� DQG WKH oDVK OD\HUV RI 7L�$X�7L LV HWFKHG LQ EXmHUHG +) DQG
$X HWFKDQWV� 7KH ERWWRP 30*, OD\HU LV UHWDLQHG XQWLO GLFLQJ LV FRPSOHWHG
WR SURYLGH VWDELOLW\ WR WKH DLU�EULGJHV ZKLOH GLFLQJ�

����� 'LFLQJ

7KH ZDIHU LV WKHQ SURWHFWHG ZLWK SKRWRUHVLVW DQG ERQGHG WR D 6L FDUULHU
XVLQJ FU\VWDOERQG � ��� PRXQWLQJ ZD[ EHIRUH GLFLQJ� %RQGLQJ WR WKH 6L



�� &KDSWHU �� 3URFHVVLQJ DQG GHYLFH UHVXOWV

VXEVWUDWH VKRXOG EH GRQH ZLWK FDXWLRQ WR SUHYHQW WKH UHVLVW IURP EHLQJ RYHU
EDNHG GXULQJ WKH ERQGLQJ� 2QFH GLFHG WKH GLHV DUH LQGLYLGXDOO\ FOHDQHG LQ
DFHWRQH WR UHPRYH WKH WRS SKRWRUHVLVW OD\HU DQG LQ ZDUP ���� WR UHPRYH
WKH ERWWRP 30*, OD\HU�

����� )OLS FKLS ERQGLQJ

&LUFXLWV DQG ODUJH SHULSKHU\ GHYLFHV DUH oLS FKLS ERQGHG >��@ EHIRUH WHVWLQJ�
7KH *D1 DQG $O1 GLFH WR EH ERQGHG DUH WKRURXJKO\ FOHDQHG WR UHPRYH DQ\
GLUW DFFXPXODWHG GXULQJ GLFLQJ� &DOLEUDWLRQ RI WKH oLS FKLS ERQGHU LV GRQH
nUVW WR DOLJQ WKH WRS DQG ERWWRP FDPHUD SUREHV� 7KH GLFH DUH YDFXXP KHOG
RQ WKH WRS DQG ERWWRP FKXFNV DQG YLVXDO DOLJQPHQW LV GRQH XVLQJ WKH FDP�
HUD SUREHV DQG DOLJQPHQW PDUNV RQ WKH GLFH� 6LQFH WKH RSWLPXP ERQGLQJ
WHPSHUDWXUH DQG SUHVVXUH GHSHQGV RQ WKH QXPEHU DQG FURVV�VHFWLRQDO DUHD
RI WKH ERQG SDGV� D IHZ WHVW UXQV DUH SHUIRUPHG nUVW ZLWK EDG GLHV� 7\SL�
FDOO\ D SUHVVXUH RI ���� J � ���� PP� WRWDO ERQG SDG DUHD� DW D WHPSHUDWXUH
RI ��� p ZRUNV ZHOO� $XWRPDWLF ERQGLQJ VHTXHQFH LV LQLWLDWHG WR FRPSOHWH
WKH ERQGLQJ� 7KH ERQGHG GLH LV YLVXDOO\ FKHFNHG XQGHU D PLFURVFRSH IRU
DOLJQPHQW �WKH VDSSKLUH VXEVWUDWH EHLQJ WUDQVSDUHQW� DQG SODQDULW\ RI WKH
ERQGLQJ� IROORZHG E\ D '�&� WHVWLQJ WR YHULI\ FRQQHFWLYLW\� 5�)� WHVWLQJ LV
GRQH DIWHU ERQGLQJ WKH $O1 VXEVWUDWH WR D &X KHDW VLQN XVLQJ VLOYHU HSR[\�
7KH &X KHDW VLQN LV IXUWKHU PHFKDQLFDOO\ PRXQWHG RQ WR WKH SUREH VWDWLRQ
GXULQJ WHVWLQJ�

��� 'HYLFH '�&� DQG 5�)� PHDVXUHPHQWV

'�&� DQG 5�)� PHDVXUHPHQWV DUH SHUIRUPHG RQ WKH WHVW GHYLFHV ZLWKRXW
oLS FKLS ERQGLQJ� 6LQFH WKH WHVW GHYLFHV DUH PHDVXUHG RQ�ZDIHU� VPDOOHU
SHULSKHU\ LV XVHG WR DYRLG WKHUPDOO\ OLPLWHG SHUIRUPDQFH� ��� xP SHULSKHU\
�nJ� ���� LV FKRVHQ EDVHG RQ WKH SRZHU OLPLWLQJ FDSDELOLW\ RI WKH FXUYH WUDFHU�
*DWH OHQJWKV RI ��� � ��� xP PDVN GLPHQVLRQV ZHUH XVHG IRU WKH WHVW GHYLFHV�
7KH W\SLFDO PDVN GLPHQVLRQV IRU WKH ODUJH SHULSKHU\ GHYLFHV LQ WKH FLU�

FXLWV ZHUH JDWH WR VRXUFH VHSDUDWLRQ RI /
JV

 ��� xP� JDWH OHQJWK RI /
J

 
��� xP DQG GUDLQ WR JDWH VHSDUDWLRQ RI /

JG

 ��� xP� 7KH OD\RXW RI WKH GH�
YLFH LQFOXGLQJ WKH VHSDUDWLRQ EHWZHHQ WKH JDWH nQJHUV DQG WKH WRWDO GHYLFH
SHULSKHU\ SHU XQLW DUHD ZHUH FKRVHQ EDVHG RQ H[WHQVLYH WKHUPDO PRGHOLQJ
RI oLS FKLS ERQGHG GHYLFHV� GRQH E\ RWKHUV >��@�



��� 'HYLFH '�&� DQG 5�)� PHDVXUHPHQWV ��

)LJXUH ���� 0LFURJUDSK RI D ��� xP JDWH OHQJWK [ ��� xP ZLGH WHVW GHYLFH�

)LJ� ���� VKRZV D W\SLFDO '�&� ,�9 SORW IURP D JRRG ZDIHU� 3HDN FXUUHQWV
RI XS WR ��� P$�PP �DW 9

JV

 � 9� KDYH EHHQ REWDLQHG ZLWK 9
S

 �� 9 DQG
9
N

 � 9 DQG EUHDNGRZQ YROWDJHV JUHDWHU WKDQ �� 9 ZLWK PHDVXUHG OHDNDJH
FXUUHQWV �� P$�PP DW 9

GV

 �� 9� 7KH QHJDWLYH UHVLVWDQFH RQ WKH ,�9
FXUYH LV DWWULEXWHG WR WKH VHOI KHDWLQJ GXH WR WKH SRRU WKHUPDO FRQGXFWLYLW\
RI WKH VDSSKLUH VXEVWUDWH�

0LFURZDYH SRZHU PHDVXUHPHQWV ZHUH SHUIRUPHG DW � *+] ZLWK DQ DX�
WRPDWHG ORDG SXOO V\VWHP� 7KH LQSXW PDWFK ZDV RSWLPL]HG WR PD[LPL]H WKH
GHOLYHUHG SRZHU DQG WKH RXWSXW WR PD[LPL]H WKH RXWSXW SRZHU� $OWKRXJK
WKH EUHDNGRZQ YROWDJHV DUH JUHDWHU WKDQ �� 9� D FRPSURPLVHG FODVV�$%
'�&� ELDV ZLWK 9

GV

 �� 9 DQG ,
G

 �� P$ ZDV XVHG WR DYRLG WKHUPDO
GHJUDGDWLRQ� ,Q WKH EHVW ZDIHU� PD[LPXP RXWSXW SRZHU RI ���� G%P ZDV
REWDLQHG DW DQ LQSXW SRZHU RI ���� G%P� WUDQVODWLQJ WR D SRZHU GHQVLW\ RI
���� :�PP ZLWK �� � 3$( �nJ� ������ 7KH OLQHDU VPDOO VLJQDO OLQHDU JDLQ
ZDV �� G%� 'HYLFH SHUIRUPDQFH LV WKHUPDOO\ OLPLWHG DQG GHJUDGHV DW KLJKHU
ELDVHV�

)LYH *D1 SURFHVV UXQV IRU WKH FLUFXLWV ZHUH FDUULHG RXW WR FRPSOHWLRQ�
7DEOH ��� RQ SDJH �� OLVWV WKH W\SLFDO '�&� DQG EHVW 5�)� SRZHU SHUIRUPDQFH
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Ileakage 
< 6 mA/mm

100

Ids

Vds, V

500 Vds, V

990610FC

Ids

W = 150 µm
VGS = 1V .. -5V
ID (VGS=1) : 875 mA/mm

990610FC

(a)

(b)

)LJXUH ����� 7\SLFDO '�&� ,�9 SORW IRU D ��� xP SHULSKHU\ GHYLFH �ZDIHU �
������)&� VKRZLQJ �D� SHDN VDWXUDWLRQ FXUUHQW DQG �E� OHDNDJH FXUUHQW�
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990610FC
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input power,  dBm

27.7 dBm
~3.92 W/mm

)LJXUH ����� 5�)� SRZHU SHUIRUPDQFH RI D ��� xP SHULSKHU\ GHYLFH �ZDIHU
� ������)&��

RI WKH WHVW GHYLFHV LQ WKH YDULRXV SURFHVV UXQV� DQG GHWDLOV RI WKH FLUFXLWV
ERQGHG DQG WHVWHG� 7KH SRZHU SHUIRUPDQFH IURP WKH LQLWLDO UXQV ZHUH SRRU
LQVSLWH RI JRRG '�&� SHUIRUPDQFH LQ VRPH FDVHV� 7KLV KDV EHHQ DWWULEXWHG
WR VWURQJ '�&� WR 5�)� GLVSHUVLRQ LQ WKRVH ZDIHUV� SRVVLEO\ GXH WR WKH SUHV�
HQFH RI VXUIDFH WUDSV >��@� 9DULRXV FDXVHV IRU WKLV KDYH EHHQ UHSRUWHG LQ
OLWHUDWXUH LQFOXGLQJ JURZWK UHODWHG DQG SURFHVV UHODWHG LVVXHV� DQG LV VWLOO
D LQWHQVH WRSLF RI UHVHDUFK� +RZHYHU� WKLV ZRUN GRHV QRW LQWHQG WR DGGUHVV
WKDW SUREOHP� 2[\JHQ SODVPD GHVFXP KDV EHHQ VXJJHVWHG WR GHJUDGH WKH
5�)� SHUIRUPDQFH� DQG WKH DGGLWLRQDO SURFHVV VWHSV IRU WKH FLUFXLW SURFHVV
FRXOG KDYH ZRUVHQHG WKH SHUIRUPDQFH� ,Q WKH ODWHU UXQV PLQLPXP GHVFXP
WLPH ZDV XVHG WR PLQLPL]H WKLV GHJUDGDWLRQ�

7KH FLUFXLW UHVXOWV SUHVHQWHG LQ WKH QH[W WZR FKDSWHUV DUH IURP ZDIHUV
�������)' DQG �������)$� 7KH GHYLFH \LHOG LQ ZDIHU �������)' ZDV
SRRU GXH WR WKH R[LGDWLRQ RI 1L EHWZHHQ WKH JDWH nQJHU PHWDOL]DWLRQ DQG
LQWHUFRQQHFW PHWDO� OHDGLQJ WR RSHQ JDWHV DW SODFHV� 7KLV R[LGH EUHDNV GRZQ
RQ DSSO\LQJ � z �� 9� DQG WKH FLUFXLWV ZHUH ERQGHG DQG WHVWHG DIWHU WKDW�
)LUVW JHQHUDWLRQ I

~

�GRXEOHU FLUFXLW UHVXOWV SUHVHQWHG DUH IURP WKLV ZDIHU�
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7DEOH ���� '�&� DQG 5�)� SRZHU SHUIRUPDQFH RI WKH WHVW GHYLFHV LQ WKH
FRPSOHWHG SURFHVV UXQV� DQG GHWDLOV RI WKH FLUFXLWV ERQGHG DQG WHVWHG
ZDIHU � ,

PD[

3
RXW

FRPPHQWV FLUFXLWV
�P$�PP� �:�PP� WHVWHG

������)' ��� ���� ORZ GHYLFH \LHOG � I
~

GRXEOHUV
RSHQ JDWHV�

GLVSHUVLRQ� OHDNDJH
������)% ��� ^ SRRU RKPLFV � ^

57$ LQVWDELOLWLHV
������)% ��� � KLJK GLVSHUVLRQ ^

������)$ ��� ���� GLVSHUVLRQ� I
~

GRXEOHUV
ORZ FLUFXLW \LHOG �
6L2

�
SHHOLQJ Rm

������)& ��� ���� JRRG ZDIHU I
~

GRXEOHUV
&'0 7:$V

7KH ODWHU SURFHVV UXQV XVHG D 1L HWFK VWHS WR DOOHYLDWH WKLV SUREOHP� $OVR
VXEVWDQWLDO OHDNDJH FXUUHQWV XS WR ��� P$�PP DW �� 9 9

GV

�nJ� �����
ZDV REVHUYHG LQ WKLV UXQ IXUWKHU GHJUDGLQJ WKH SRZHU SHUIRUPDQFH RI WKH
FLUFXLWV�

'XH WR WHPSHUDWXUH LQVWDELOLWLHV DQG WKH ZDIHU VOLGLQJ ZLWKLQ WKH 57$�
WKH RKPLF FRQWDFWV ZHUH SRRU LQ ZDIHU �������)% DV LV VHHQ LQ WKH OLQHDU
UHJLRQ RI WKH GHYLFH ,�9 �nJ� ������ 7KH GUDLQ VDWXUDWLRQ FXUUHQWV ZHUH WRR
VPDOO WR ZDUUDQW SRZHU PHDVXUHPHQWV RU ERQGLQJ FLUFXLWV�

:DIHU �������)% H[KLELWHG JRRG '�&� FKDUDFWHULVWLFV ZLWK ��� P$�PP
SHDN FXUUHQW EXW SHDN 5�)� RXWSXW SRZHU RI RQO\ � :�PP DW ��� 3$(
DQG �� G% VPDOO VLJQDO JDLQ �nJ� ����� LQGLFDWH VLJQLnFDQW GLVSHUVLRQ�

:DIHU �������)$ KDG H[FHOOHQW '�&� FKDUDFWHULVWLFV ZLWK ��� P$�PP
SHDN FXUUHQW DQG DYHUDJH 5�)� SHUIRUPDQFH ZLWK XS WR ���� :�PP RXWSXW
SRZHU DW ��� 3$( DQG �� G% VPDOO VLJQDO JDLQ �nJ� ������ +RZHYHU WKH
\LHOG ZDV ORZ GXH WR WKH JDWH SDG R[LGH SHHOLQJ Rm DW SODFHV� I

~

�GRXEOHU
FLUFXLWV ZHUH ERQGHG DQG WHVWHG XVLQJ GHYLFHV IURP WKLV UXQ�

:DIHU �������)& KDG JRRG '�&� FKDUDFWHULVWLFV ZLWK ��� P$�PP SHDN
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��� 'HYLFH '�&� DQG 5�)� PHDVXUHPHQWV ��

FXUUHQW DQG � �P$�PP OHDNDJH DW �� 9 9
GV

� �nJ� ����� DQG H[FHOOHQW 5�)�
SHUIRUPDQFH ZLWK XS WR ���� :�PP RXWSXW SRZHU DW ��� 3$( DQG �� G%
VPDOO VLJQDO JDLQ �nJ� ������ 7KH UHVXOWV IURP WKH VHFRQG JHQHUDWLRQ RI
I
~

�GRXEOHU FLUFXLWV DQG FDVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV
SUHVHQWHG LQ FKDSWHUV � DQG � DUH IURP WKLV SURFHVV UXQ�
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&KDSWHU �

I~�PXOWLSOLHU SRZHU DPSOLnHUV

,1 FKDSWHU � ZH VDZ WKDW VLPSOH OXPSHG EURDGEDQG DPSOLnHUV KDYH JDLQ�EDQGZLGWK SURGXFWV OLPLWHG E\ WKH WUDQVLVWRU FXUUHQW�JDLQ FXW�Rm IUH�
TXHQF\� I

~

� :H DOVR VDZ WKDW GLVWULEXWHG DPSOLnHUV FRXOG SURYLGH JDLQ�
EDQGZLGWK SURGXFWV XS WR WKH SRZHU�JDLQ FXWRm IUHTXHQF\� I

PD[

>��@� >��@
EXW KDYH SRRU HpFLHQF\ DQG RFFXSLHV ODUJH GLH DUHDV�

,Q WKLV FKDSWHU ZH ORRN DW DQ DOWHUQDWLYH OXPSHG EURDG�EDQG SRZHU DP�
SOLnHU EDVHG RQ WKH I

~

� GRXEOHU WRSRORJ\ >��@� I
~

� GRXEOHU VPDOO�VLJQDO DP�
SOLnHUV KDYH VKRZQ JDLQ�EDQGZLGWK SURGXFWV DSSURDFKLQJ WZLFH WKH WUDQVLV�
WRU I

~

>��� ��@� $V D SRZHU DPSOLnHU I
~

� GRXEOHU FLUFXLWV FDQ SURYLGH KLJKHU
HpFLHQF\ DQG VPDOOHU GLH DUHD WKDQ FRQYHQWLRQDO GLVWULEXWHG DPSOLnHUV� 5H�
VXOWV IURP I

~

�GRXEOHU SRZHU DPSOLnHUV LQ *D$V 0(6)(7 WHFKQRORJ\ >��� ��@
DQG IURP *D1 +(07 WHFKQRORJ\ >��@ DUH SUHVHQWHG�

I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU 00,&V LQ D *D$V 0(6�
)(7 WHFKQRORJ\ RmHULQJ �� *+] I

~

DQG �� 9 EUHDNGRZQ DFKLHYHG� ��� � �
*+] EDQGZLGWK� �� G% JDLQ� RYHU �� G%P RXWSXW SRZHU� DQG PRUH WKDQ ��
� SRZHU�DGGHG�HpFLHQF\� 7KHVH FLUFXLWV KDYH JDLQ�EDQGZLGWK SURGXFWV RI
z ���cI

~

DQG DUH PRUH HpFLHQW WKDQ GLVWULEXWHG SRZHU DPSOLnHUV�

)LUVW JHQHUDWLRQ RI *D1 EDVHG I
~

�GRXEOHU EURDG�EDQG SRZHU DPSOLnHUV
\LHOGHG� z�� G% JDLQ� ��� � ��� *+] EDQGZLGWK DPSOLnHUV ZLWK z��� : RXW�
SXW SRZHU DQG XS WR ��� 3$(� 7KH SRRU 5) RXWSXW SRZHU LV DWWULEXWHG
WR WKH VWURQJ '&�5) GLVSHUVLRQ REVHUYHG LQ WKDW ZDIHU� 6HFRQG JHQHUDWLRQ
RI FLUFXLWV DFKLHYHG z�� G% VPDOO VLJQDO JDLQ� � � ��� *+] EDQGZLGWK DP�
SOLnHUV ZLWK ���� : SHDN RXWSXW SRZHU DQG XS WR ��� 3$(� :LWK EHWWHU
GHYLFHV� LPSURYHG WKHUPDO KHDW VLQNLQJ� DQG EHWWHU PRGHOLQJ VLJQLnFDQWO\

��
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�PXOWLSOLHU SRZHU DPSOLnHUV

LPSURYHG SHUIRUPDQFH FRXOG EH DFKLHYHG IURP WKHVH FLUFXLWV�

��� 'DUOLQJWRQ SRZHU DPSOLnHUV
H

21
, d

B

normalized frequency, f/f

f - doubler stage

Darlington stage
common - source stage

τ

τ

0.1 1 2 10

0

)LJXUH ���� 6KRUW FLUFXLW FXUUHQW JDLQ +
��
IRU FRPPRQ�VRXUFH� 'DUOLQJWRQ

DQG I
~

�GRXEOHU FRQnJXUDWLRQV�

,Q FKDSWHU � ZH VDZ WKDW D VLPSOH EURDGEDQG FRPPRQ�VRXUFH SRZHU
DPSOLnHU ZLWKRXW LQSXW WXQLQJ KDV D JDLQ EDQGZLGWK SURGXFW RI I

~

�HT� ���
RQ SDJH ���� 7KLV LV EHFDXVH WKH VKRUW FLUFXLW FXUUHQW JDLQ RI D FRPPRQ�
VRXUFH FRQnJXUDWLRQ� XVLQJ D VLPSOLnHG )(7 PRGHO RI nJ� ��� RQ SDJH ���
LV

+
���&6
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DQG UHDFKHV XQLW\ DW I
~

�nJ� ����� $V ZDV VHHQ LQ FKDSWHU � FDSDFLWLYH
>��@ RU UHVLVWLYH GHJHQHUDWLRQ SURYLGHV KLJKHU EDQGZLGWK DW ORZHU JDLQ ZLWK
FRQVWDQW JDLQ�EDQGZLGWK SURGXFW� 7R REWDLQ VXpFLHQWO\ KLJK 3$( �XS WR
����� JDLQV ! �� G% DUH UHTXLUHG� OLPLWLQJ EDQGZLGWK WR I

�G%
� I

~

 �� :LWK
RWKHU SDUDVLWLFV FRQVLGHUHG� EDQGZLGWK IDOOV VLJQLnFDQWO\ EHORZ I

~

 ��
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)LJXUH ���� $�&� VFKHPDWLFV RI �D� EDVLF 'DUOLQJWRQ� �E� I
~

�GRXEOHU FRQnJ�
XUDWLRQV DQG �F� FDVFRGH I

~

�GRXEOHU FRQnJXUDWLRQV�

'DUOLQJWRQ DPSOLnHUV KDYH KLJKHU EDQGZLGWK >��@ WKDQ FRPPRQ�VRXUFH
DPSOLnHUV EXW SURYLGH OHVVHU HpFLHQF\� ,I WKH GUDLQ RI WKH FRPPRQ�GUDLQ
GHYLFH LV FRQQHFWHG WR WKH DPSOLnHU RXWSXW �nJ� ����D��� WKHQ WKH FXUUHQW
JDLQ

+
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SHDN � SHDN RXWSXW YROWDJH� 9
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�PXOWLSOLHU SRZHU DPSOLnHUV

$W ORZ IUHTXHQFLHV� WUDQVLVWRU 4
�
SURYLGHV WKH HQWLUH $�&� RXWSXW FXUUHQW�

7KXV� D 'DUOLQJWRQ DPSOLnHU GHVLJQHG IRU WKH VDPH SRZHU OHYHO DV WKH
FRPPRQ�VRXUFH SRZHU DPSOLnHU PXVW KDYH ,

'66�
 9

R�SbS
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�
 : �

WKH VDPH SHULSKHU\ DV WKH GHYLFH LQ WKH FRPPRQ�VRXUFH FDVH� $W KLJK IUH�
TXHQFLHV � RI WKH RUGHU RI I

~

� WKH $�&� RXWSXW FXUUHQW LV SURYLGHG HTXDOO\ E\
4
�
DQG 4

�
� 7KXV� ZH PXVW KDYH ,
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LQ WKH 'DUOLQJWRQ SRZHU DPSOLnHU� WKH WRWDO GHYLFH SHULSKHU\ DQG WKH QHW
ELDV FXUUHQW DUH D IDFWRU RI ��� KLJKHU WKDQ LQ D FRPPRQ�VRXUFH SRZHU DP�
SOLnHU GHVLJQHG IRU WKH VDPH $�&� RXWSXW FXUUHQW� '�&� SRZHU FRQVXPSWLRQ
LV D IDFWRU RI ��� KLJKHU DQG WKH 3$( LV LPSDLUHG� ,PSURYHG EDQGZLGWK LV
REWDLQHG DW WKH FRVW RI ORZHU 3$(� 3RWHQWLDO LQVWDELOLW\ GXH WR QHJDWLYH
LQSXW UHVLVWDQFH
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�PXOWLSOLHU SRZHU DPSOLnHUV

I’’

ds2

I’’

ds1

0

I
DSS

V
br

V
k

V
k+

 2
V

p

V
k+

 0
.5

V
p

V
k+

 1
.5

V
p

V
ds

I ds

drain - source voltage,

dr
ai

n 
cu

rr
en

t,

)LJXUH ���� /RDG�OLQHV VHHQ E\ WKH WZR GHYLFHV� 4
��

�
DQG 4

��

�
LQ D FDVFRGH

I
~

�GRXEOHU SRZHU DPSOLnHU� VXSHU�LPSRVHG RQ WKH GHYLFH ,
GV

b 9
GV

SORW�

QR ORQJHU KDV D QHJDWLYH UHVLVWDQFH�

%HFDXVH WKH I
~

�GRXEOHU WRSRORJ\ DOOHYLDWHV WKH EDQGZLGWK OLPLWDWLRQ GXH
WR &

JV

� WKH SDUDVLWLF &
JG

DQG &
GV

PD\ WKHQ EHFRPH VLJQLnFDQW� $GGLWLRQ
RI D FRPPRQ�JDWH VWDJH WR IRUP D FDVFRGH I

~

�GRXEOHU �nJ� ��� �F�� UHGXFHV
WKH HmHFW RI &

JG

VXEVWDQWLDOO\� ,Q WKLV FDVH� VLQFH WKH I
~

�GRXEOHU LV GULYLQJ D
ORZ LQSXW LPSHGDQFH FRPPRQ�JDWH VWDJH� WKH WZR GHYLFHV 4

��

�
DQG 4

��

�
GULYH

ZLGHO\ GLmHUHQW ORDGV RI � *
P

DQG � *
P

UHVSHFWLYHO\ �nJ� ����� +RZHYHU
WKH SRZHU GLVVLSDWHG LQ4

��

�
DQG4

��

�
LV D VPDOO IUDFWLRQ RI WKH QHW RXWSXW SRZHU

DV LQ WKH FDVH RI D FDVFRGH �FRPPRQ�VRXUFH � FRPPRQ�JDWH� DPSOLnHU�

)RU DOO WKH FRQnJXUDWLRQV FRQVLGHUHG DERYH� WKH FDSDFLWDQFHV &
JG

DQG &
GV

ORDG WKH DPSOLnHU RXWSXW� 7KH GHYLFH $�&� ORDGOLQH WKHQ GHYLDWHV DW KLJK
IUHTXHQFLHV IURP WKDW UHTXLUHG IRU SHDN 3$( >��@� :H ZLOO VHH LQ FKDSWHU �
WKDW LQGXFWLYH QHWZRUNV FRXOG EH XVHG WR SDUWLDOO\ FRPSHQVDWH IRU WKH HmHFW
RI &

JG

DQG &
GV

RQ RXWSXW ORDGLQJ� LPSURYLQJ WKH HpFLHQF\� 7KHVH QHWZRUNV
DUH HmHFWLYH RYHU D EDQGZLGWK RI DW PRVW I

RXW

 ,
'66

 �{&
GV

9
EU

�



��� *D$V 0(6)(7 I
~

�GRXEOHU SRZHU DPSOLnHUV ��

��� *D$V 0(6)(7 I~�GRXEOHU SRZHU DPSOL�
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)LJXUH ���� &RPSOHWH VFKHPDWLF RI *D$V I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU�

6FDOH PRGHO *D$V 0(6)(7 I
~

�GRXEOHU SRZHU DPSOLnHUV ,&V ZHUH IDEUL�
FDWHG XVLQJ WKH 7ULTXLQW 6HPLFRQGXFWRU� ,QF�� 7475[ SURFHVV WR YHULI\ WKH
FLUFXLW FRQFHSW� 7475[ LV D ��� xP 0(6)(7 SURFHVV ZKLFK KDV HQKDQFH�
PHQW DQG GHSOHWLRQ PRGH 0(6)(7V ZLWK WKUHH OD\HU JROG LQWHUFRQQHFW RQ
D ORZ�q GLHOHFWULF VXEVWUDWH >�@� 1LFKURPH UHVLVWRUV� 0,0 FDSDFLWRUV DQG
KLJK�4 VSLUDO LQGXFWRUV DUH DOVR DYDLODEOH� &LUFXLWV ZHUH VLPXODWHG XVLQJ
720� ODUJH VLJQDO 0(6)(7 PRGHOV�
)LJ� ��� VKRZV WKH FLUFXLW GLDJUDP RI WKH I

~

�GRXEOHU SRZHU DPSOLnHU�
5HVLVWLYH IHHGEDFN ZDV XVHG WR PDWFK WKH LQSXW DQG RXWSXW LPSHGDQFHV WR
�� l ZLWKRXW VLJQLnFDQW ORVV RI HpFLHQF\� %URDG�EDQG {�VHFWLRQV DW WKH LQ�
SXW DQG RXWSXW LPSURYH PDWFKLQJ� +LJK 4 VSLUDO LQGXFWRUV ZHUH REWDLQHG
E\ XVLQJ WZR OD\HUV RI PHWDOL]DWLRQ� ([WHUQDO ELDV WHHV ZHUH XVHG WR LQGH�
SHQGHQWO\ ELDV WKH WZR GHYLFHV� 7KH VRXUFH RI WKH nUVW GHYLFH ZDV JURXQGHG
IRU '�&� WKURXJK D ELDV WHH� 7KLV DOVR IDFLOLWDWHV PRQLWRULQJ WKH GHYLFH ELDV
FXUUHQWV� 7KH VRXUFH ORDGLQJ ZDV VSOLW LQWR WKUHH SDUDOOHO VHFWLRQV� ZLWK WKH
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�PXOWLSOLHU SRZHU DPSOLnHUV
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�GRXEOHU SRZHU DPSOLnHUV ��

ELDV WHH
V �� l $�&� SRUWV SURYLGLQJ SDUW RI WKH 5) WHUPLQDWLRQ�

7KH VLPXODWHG ORDG�OLQH IRU WKH WZR GHYLFHV �nJ� ���� DW � *+] VKRZV D
QHDUO\ HTXDO FXUUHQW GLYLVLRQ� 7KH FDSDFLWLYH FXUUHQW VHHQ LQ WKH ORDG�OLQH
LV GXH WR WKH GHYLFH SDUDVLWLF FDSDFLWDQFH DW WKH GUDLQ� 0HDVXUHG SRZHU
SHUIRUPDQFH �RXWSXW SRZHU� WUDQVGXFHU SRZHU JDLQ DQG 3$(� DW � *+]�
�nJ� ���� VKRZV D SHDN RXWSXW SRZHU RI �� G%P ZLWK ��� 3$(�
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)LJXUH ���� &RPSOHWH VFKHPDWLF RI WKH *D$V FDVFRGH I
~

�GRXEOHU UHVLVWLYH
IHHGEDFN SRZHU DPSOLnHU�

)LJ� ��� VKRZV WKH FLUFXLW GLDJUDP RI WKH FDVFRGH I
~

�GRXEOHU SRZHU
DPSOLnHU� $ VHFRQGDU\ 5& IHHGEDFN QHWZRUN� HmHFWLYH DW KLJK IUHTXHQF\�
SURYLGHV XQFRQGLWLRQDO VWDELOLW\�

)LJ� ��� VKRZV WKH VLPXODWHG ORDG�OLQH IRU WKH WKUHH GHYLFHV DW � *+]�
0HDVXUHG SRZHU SHUIRUPDQFH DW � *+] �nJ� ����� VKRZV D SHDN RXWSXW
SRZHU RI �� G%P ZLWK ��� 3$(�
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�PXOWLSOLHU SRZHU DPSOLnHUV
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�GRXEOHU SRZHU DPSOLnHUV ��
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(c)

)LJXUH ����� &KLS SKRWRJUDSK RI WKH *D$V �D� FRPPRQ�VRXUFH � �E� I
~

�
GRXEOHU DQG �F� FDVFRGH I

~

�GRXEOHU SRZHU DPSOLnHUV�
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�PXOWLSOLHU SRZHU DPSOLnHUV

4

6

8

10

12

14

0 1 2 3 4 5 6 7 8

tr
an

sd
uc

er
 g

ai
n,

 d
B

frequency, GHz

f
τ
-doubler / cascode

common source

f
τ
-doubler

)LJXUH ����� 0HDVXUHG WUDQVGXFHU JDLQ RI WKH *D$V 0(6)(7 DPSOLnHUV DV
D IXQFWLRQ RI IUHTXHQF\�

0

10

20

30

40

50

0 1 2 3 4 5 6 7 8

po
w

er
-a

dd
ed

-e
ffi

ci
en

cy
 (

P
A

E
),

 %

frequency, GHz

f
τ
-doubler / cascode

common source

f
τ
-doubler

)LJXUH ����� 0HDVXUHG SRZHU�DGGHG�HpFLHQF\ RI WKH *D$V 0(6)(7 DP�
SOLnHUV DV D IXQFWLRQ RI IUHTXHQF\�
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�GRXEOHU SRZHU DPSOLnHUV ��

&RPPRQ�VRXUFH SRZHU DPSOLnHUV ZHUH DOVR IDEULFDWHG IRU FRPSDULVRQ�
7KH GLH DUHD �nJ� ����� IRU WKH FRPPRQ�VRXUFH � I

~

�GRXEOHU DQG FDVFRGH
I
~

�GRXEOHU DPSOLnHUV DUH ���� PP d ���� PP� ��� PP d ��� PP DQG
���� PP d ���� PP UHVSHFWLYHO\� 7KH I

~

�GRXEOHU RFFXSLHV VLPLODU GLH DUHD
DV WKH FRPPRQ�VRXUFH SRZHU DPSOLnHUV� I

~

�GRXEOHU SRZHU DPSOLnHUV XVLQJ
GXDO�JDWH )(7V VKRXOG SURYLGH VLPLODU SHUIRUPDQFH DV FDVFRGH I

~

�GRXEOHU
SRZHU DPSOLnHUV ZLWKRXW WKH H[FHVV GLH DUHD�
)LJ� ����� ����� ���� FRPSDUHV WKH SRZHU SHUIRUPDQFH RI WKH WKUHH FLU�

FXLWV PHDVXUHG RYHU ��� � � *+] � 7KH FRPPRQ�VRXUFH 3$ SURYLGHV ! ��
G%P RXWSXW SRZHU RYHU � *+] EDQGZLGWK ZLWK ! ��� 3$(� 7KH I

~

�
GRXEOHU 3$ DQG WKH FDVFRGH I

~

�GRXEOHU 3$ SURYLGH ! �� G%P RXWSXW
SRZHU RYHU ��� � � *+] DQG ��� � � *+] EDQGZLGWK UHVSHFWLYHO\ ZLWK ! ���
3$(� 7KH UROO�Rm LQ WKH RXWSXW SRZHU DQG 3$( LV DWWULEXWHG WR WKH )(7
RXWSXW FDSDFLWDQFH RI ���� S)�PP UHVXOWLQJ LQ DQ RXWSXW SROH DW z ��
*+]� &LUFXLWV ZLWK PXOWL�VHFWLRQ /& nOWHUV DW WKH RXWSXW VKRXOG SURYLGH
LPSURYHG 3$( DW WKH XSSHU EDQG�HGJH DQG ZHUH LQFRUSRUDWHG LQ ODWHU *D1
EDVHG GHVLJQV�
&RPSDUHG WR WKLV FRPPHUFLDO 'DUOLQJWRQ UHVLVWLYH IHHGEDFN DPSOLnHUV >�@

DUH DYDLODEOH IRU �� G%P RXWSXW SRZHU� ZLWK � G% JDLQ RYHU '�&� � � *+]
EDQGZLGWK LQ 6L*H +%7 WHFKQRORJ\ IHDWXULQJ � xP HPLWWHUV DQG RmHULQJ
�� *+] I

~

� +LJKHU SRZHUV XS WR �� G%P DW ��� 3$( DUH DYDLODEOH� ZLWK
�� G% JDLQ DQG '�&� � ��� *+] EDQGZLGWK >��@ LQ 6L*H +%7 WHFKQRORJ\
ZLWK �� *+] I

~

�
7ZR JHQHUDWLRQV RI I

~

�GRXEOHU SRZHU DPSOLnHUV ZHUH IDEULFDWHG LQ *D1 �
$O*D1 +(07 WHFKQRORJ\� 7KH SURFHVV GHWDLOV DQG WKH GHYLFH SHUIRUPDQFH
ZHUH SUHVHQWHG LQ FKDSWHU �� 'HWDLOV RI FLUFXLW GHVLJQV DQG PHDVXUHPHQW
UHVXOWV DUH GHVFULEHG KHUH�

��� )LUVW JHQHUDWLRQ *D1 +(07 I~�GRXEOHU

SRZHU DPSOLnHUV

7KH nUVW JHQHUDWLRQ FLUFXLWV ZHUH GHVLJQHG XVLQJ D VLPSOLnHG GHYLFH PRGHO
VKRZQ LQ nJ� ���� IRU D ��� xP JDWH OHQJWK GHYLFH� $ WRWDO GHYLFH SHULSKHU\
RI :  ��� PP ZDV XVHG WR GULYH XS WR � $ FXUUHQW LQWR D ��l ORDG� WR
REWDLQ � : RXWSXW SRZHU�
7KH VLQJOH JDWH I

~

�GRXEOHU SRZHU DPSOLnHU �nJ� ����� XVHV UHVLVWLYH IHHG�



�� &KDSWHU �� I
~

�PXOWLSOLHU SRZHU DPSOLnHUV

• Imax = 500 mA/mm
• Vp  = -5 V
• Gm  = 80 mS/mm

•  fτ   = 25 GHz
• 1/λ = 200 V
• Vbr = 50 V
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)LJXUH ����� /DUJH VLJQDO PRGHO RI D ��� xP JDWH OHQJWK � PP SHULSKHU\
GHYLFH XVHG IRU VLPXODWLRQV�

EDFN WR PDWFK WKH LQSXW DQG RXWSXW WR ��l� 9HUVLRQV RI WKLV FLUFXLW KDYLQJ
RQO\ WKH VRXUFHV RI WKH )(7V ERQGHG WR $O1 ZHUH LQFOXGHG WR PLQLPL]H &

GV

DQG LPSURYH HpFLHQF\ DW KLJKHU IUHTXHQFLHV �FKDSWHU ���

7KH GXDO�JDWH FDVFRGH I
~

�GRXEOHU SRZHU DPSOLnHU �nJ� ����� XVHV FD�
SDFLWLYH GLYLVLRQ >��@ WR GHFUHDVH JDLQ DQG LPSURYH EDQGZLGWK� 7KLV GHVLJQ
XVHV D UHVLVWLYH GLYLGHU DV D ORVV\ LQSXW PDWFKLQJ QHWZRUN� 7KH GLYLGHU DOVR
SURYLGHV D ORZ LPSHGDQFH SDWK IRU WKH JDWH ELDV SUHYHQWLQJ ELDV VKLIWV DW
KLJK 5) GULYH�

%LDVLQJ DQG {�VHFWLRQ PDWFKLQJ QHWZRUNV ZHUH LPSOHPHQWHG VLPLODU WR
WKH *D$V 0(6)(7 GHVLJQV� ,QGXFWDQFHV ZHUH LPSOHPHQWHG XVLQJ D �� l
&3: WUDQVPLVVLRQ OLQH DW WKH LQSXW DQG XVLQJ D �� l OLQH DW WKH RXWSXW WR
DFFRPRGDWH WKH KLJKHU FXUUHQW FDSDFLW\ DW WKH RXWSXW� 7UDQVPLVVLRQ OLQHV
ZHUH GHVLJQHG WR FDUU\ D SHDN '�&� FXUUHQW GHQVLW\ OHVV WKDQ � P$�xP� WR
HOLPLQDWH HOHFWUR�PLJUDWLRQ SUREOHPV� 7KH QLFKURPH UHVLVWRUV ZHUH GHVLJQHG
IRU D VKHHW UHVLVWLYLW\ RI �� l ( DQG D SHDN FXUUHQW GHQVLW\ OHVV WKDQ �
P$�xP� 6LPXODWLRQV SUHGLFWHG �� G% JDLQ DQG ��� � �� *+] EDQGZLGWK
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�GRXEOHU SRZHU DPSOLnHUV ��
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�PXOWLSOLHU SRZHU DPSOLnHUV

IRU WKH VRXUFH RQO\ ERQGHG FLUFXLWV�

7KH FLUFXLW OD\�RXW ZDV GRQH LQ D &3: ZLULQJ HQYLURQPHQW XVLQJ DLU�
EULGJHV WR VKXQW JURXQG SODQHV� 7KH *D1 GLH ZLWK WKH EXPS�ERQGV SURYLGHV
D VHFRQG SODQH RI ZLULQJ IRU FURVV�RYHUV XQGHUQHDWK WKH ERQGHG GLH� *D1
+(07V ZLWK ��� � � xP JDWH�OHQJWK ZHUH IDEULFDWHG RQ EDVHOLQH PDWHULDO
JURZQ E\ 02&9' RQ &�SODQH VDSSKLUH� $V ZDV HODERUDWHG LQ FKDSWHU �
WKH GHYLFHV ZHUH oLS�FKLS ERQGHG WR �� PLO WKLFN $O1 VXEVWUDWHV �nJ� �����
ZKLFK KDV WKH SDVVLYH FRPSRQHQWV �1L&U UHVLVWRUV� 6L

�
1
�
FDSDFLWRUV�� &3:

LQWHUFRQQHFWV� DQG SURYLGHV D ORZ UHVLVWDQFH WKHUPDO SDWK IRU HpFLHQW KHDW�
VLQNLQJ� 7KH *D1 GLH �nJ� ����� VL]H LV ��� PP d ��� PP IRU VRXUFH RQO\
ERQGHG FLUFXLWV DQG ��� PP d ���� PP IRU WKH FLUFXLWV ZLWK ERWK VRXUFH
DQG GUDLQ ERQGV� 7KH $O1 GLH VL]HV ZHUH ���� PP d ��� PP IRU DOO FLUFXLWV�
7KH $O1 VXEVWUDWHV ZHUH ERQGHG WR D FRSSHU EORFN XVLQJ VLOYHU HSR[\� 7KH
FRSSHU EORFN ZDV IXUWKHU PHFKDQLFDOO\ DWWDFKHG WR WKH SUREH VWDWLRQ WR
SURYLGH D JRRG WKHUPDO SDWK�

3RZHU PHDVXUHPHQWV ZHUH GRQH LQ D ��l V\VWHP �nJ� ����� ZLWKRXW DQ\
H[WHUQDO WXQLQJ� 7KH LQSXW QHWZRUN FRQVLVWV RI D V\QWKHVL]HU� GLUHFWLRQDO
FRXSOHU DQG D ELDV WHH� 7KH GLUHFWLRQDO FRXSOHU ZDV XVHG WR GHWHUPLQH
WKH LQSXW SRZHU WR WKH DPSOLnHU� $Q DPSOLnHU ZDV LQFOXGHG DW WKH LQSXW
ZKHQ KLJKHU LQSXW GULYHV ZHUH UHTXLUHG LQ WKH VHFRQG JHQHUDWLRQ FLUFXLWV�
7KH RXWSXW QHWZRUN FRQVLVWV RI D ELDV WHH� DWWHQXDWRUV� GLUHFWLRQDO FRXSOHU
DQG SRZHU PHWHU� 7KH GLUHFWLRQDO FRXSOHU ZDV FRQQHFWHG WR D VSHFWUXP
DQDO\]HU WR GHWHFW WKH SUHVHQFH RI DQ\ RVFLOODWLRQV DQG KDUPRQLF FRQWHQW
LQ WKH RXWSXW� /RVVHV LQ WKH H[WHUQDO QHWZRUNV ZHUH FDOLEUDWHG WR PHDVXUH
WKH RXWSXW SRZHU DFFXUDWHO\� $GGLWLRQDO ELDV WHHV ZHUH XVHG WR LQGLYLGXDOO\
ELDV WKH WZR GHYLFHV IRU PD[LPXP RXWSXW SRZHU� 7KH V\QWKHVL]HU� SRZHU
PHWHUV DQG DPPHWHUV ZHUH FRQWUROOHG XVLQJ D 3& LQWHUIDFH ZKLFK VZHHSV
WKH LQSXW SRZHU DQG IUHTXHQF\ DQG UHFRUGV WKH RXWSXW SRZHU DQG '�&� ELDV
FXUUHQWV� 7ZR SRUW VPDOO VLJQDO PHDVXUHPHQWV ZHUH GRQH XVLQJ +3����%
QHWZRUN DQDO\]HU�

0HDVXUHG VPDOO VLJQDO VFDWWHULQJ SDUDPHWHUV RI WKH UHVLVWLYH IHHGEDFN
SRZHU DPSOLnHUV �nJ� ����� VKRZV z�� G% VPDOO�VLJQDO JDLQ ZLWK ��� � ���
*+] EDQGZLGWK� 7KH DPSOLnHU SURYLGHV ! � : RXWSXW SRZHU RYHU � � ���
*+] ZLWK ! ��� 3$( �nJ� ������ $W � *+] WKH SHDN RXWSXW SRZHU DQG
SHDN 3$( DUH ��� : DQG ����� UHVSHFWLYHO\ �nJ� ������

7KH GXDO�JDWH FDVFRGH SRZHU DPSOLnHU SURYLGHz�� G% VPDOO�VLJQDO JDLQ
ZLWK ��� � � *+] EDQGZLGWK �nJ� ����� DQG ! � : RXWSXW SRZHU RYHU � �
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�GRXEOHU SRZHU DPSOLnHUV ��

(a)

(c)

(b)

)LJXUH ����� 'LH SKRWRJUDSK RI *D1 �D� I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU ZLWK VRXUFH ERQGV RQO\ �E� I

~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU
DPSOLnHU ZLWK VRXUFH DQG GUDLQ ERQGV DQG �F� GXDO � JDWH FDVFRGH I

~

�GRXEOHU
SRZHU DPSOLnHU�
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�PXOWLSOLHU SRZHU DPSOLnHUV

W
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DUT
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Directional
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Directional
coupler

Bias tee

Bias tee

Bias tee

Termination

Spectrum
Analyzer

Instrument
Control

Power meter

Power meter

)LJXUH ����� 6FKHPDWLF RI WKH WHVW VHWXS XVHG IRU SRZHU PHDVXUHPHQWV�
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�GRXEOHU SRZHU DPSOLnHUV ��
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��� *+] ZLWK ! ��� 3$( �nJ� ������ $W � *+] WKH SHDN RXWSXW SRZHU
DQG SHDN 3$( DUH ��� : DQG ��� UHVSHFWLYHO\ �nJ� ������
7KH EDQGZLGWK� PDWFKLQJ� RXWSXW SRZHU DQG 3$( REWDLQHG ZHUH SRRUHU

WKDQ ZKDW ZDV SUHGLFWHG IURP VLPXODWLRQV� 7KLV LV DWWULEXWHG WR YDULRXV
SURFHVVLQJ DQG GHYLFH LVVXHV GHWDLOHG HDUOLHU LQ FKDSWHU � DQG VXPPDUL]HG
KHUH �

q VWURQJ '�&� WR 5) GLVSHUVLRQ REVHUYHG IRU WKH *D1 +(07V �ZDIHU
�������)'� VHYHUHO\ GHJUDGHV WKH 5) RXWSXW SRZHU DQG HpFLHQF\
H[SHFWHG IURP WKH FLUFXLWV�

q VXEVWDQWLDO OHDNDJH FXUUHQWV DW KLJK YROWDJHV �FKDSWHU �� SDJH �����
SUHYHQWV FRPSOHWH FXW�Rm RI WKH FKDQQHO DW KLJK YROWDJHV� GHFUHDVLQJ
WKH DOORZHG 5) FXUUHQW VZLQJ�

q WR KDYH JRRG \LHOG RI ODUJH SHULSKHU\ GHYLFHV� JDWH OHQJWKV RI ���� xP
ZHUH REWDLQHG RQ ZDIHU FRPSDUHG WR ���xP PDVN GLPHQVLRQ� 7KLV
OHDGV WR D ODUJHU &

JV

� DQG VPDOOHU I
~

��� *+] LQVWHDG RI �� *+]��
GHFUHDVLQJ WKH EDQGZLGWK�

q ODUJHU &
JG

����� S)�PP LQVWHDG RI ��� S)�PP� WKDQ HVWLPDWHG GXULQJ
GHVLJQ GHFUHDVHV EDQGZLGWK IXUWKHU DQG DOVR DmHFWV WKH PDWFKLQJ�

q ODUJHU FDSDFLWDQFH SHU XQLW DUHD IRU WKH GHSRVLWHG 6L
�
1
�
WKDQ ZKDW ZDV

HVWLPDWHG UHVXOWHG LQ WKH EURDGEDQG PDWFKLQJ VHFWLRQV DW WKH LQSXW
DQG RXWSXW EHLQJ PLVWXQHG�

7KLV GLmHUHQFH EHWZHHQ WKH PHDVXUHG DQG VLPXODWHG SHUIRUPDQFH ZDV
PRUH VHYHUH IRU WKH VRXUFH RQO\ ERQGHG FLUFXLWV� ZKLFK H[KLELWHG D JUDGXDO
UROO�Rm LQ JDLQ VWDUWLQJ IURP � *+]� 6LPXODWLRQV ZHUH UHSHDWHG ZLWK H[�
WUDFWHG GDWD IRU WKH GHYLFHV DQG SDVVLYHV DQG FRPSDUHG ZLWK WKH PHDVXUHG
UHVXOWV� $ FRPSDULVRQ RI WKH 6�SDUDPHWHU GDWD IRU WKH I

~

�GRXEOHU UHVLVWLYH
IHHGEDFN SRZHU DPSOLnHU ZLWK VRXUFH ERQGV RQO\ �nJ� ����� ����� VKRZV D
FORVH FRUUHODWLRQ�
7R YHULI\ WKH SUHVHQFH RI '�&� WR 5) GLVSHUVLRQ LQ WKH GHYLFHV DQG WR

YHULI\ LI WKH GHYLFH LV RSHUDWLQJ DORQJ WKH RSWLPXP ORDGOLQH� YROWDJH ZDYH�
IRUP PHDVXUHPHQWV ZHUH SHUIRUPHG� 0HDVXUHPHQWV ZHUH GRQH DW � *+]
LQ RUGHU WR SUHVHUYH WKH KDUPRQLF FRQWHQW RI WKH ZDYHIRUP� VR WKDW VDWX�
UDWLRQ FRXOG EH REVHUYHG� $OVR WKH HmHFWV RI RXWSXW FDSDFLWDQFH FRXOG EH



��� )LUVW JHQHUDWLRQ *D1 +(07 I
~

�GRXEOHU SRZHU DPSOLnHUV ��

0

2

4

6

8

10

12

14

0 2 4 6 8 10
frequency, GHz

S
21

, d
B

simulated
measured

)LJXUH ����� &RPSDULVRQ RI VLPXODWHG DQG PHDVXUHG 6
��
IRU WKH *D1 I

~

�
GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU ZLWK VRXUFH ERQGV RQO\�

simulated
measured

S11

S22

)LJXUH ����� &RPSDULVRQ RI VLPXODWHG DQG PHDVXUHG 6
��
DQG 6

��
IRU WKH

*D1 I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU ZLWK VRXUFH ERQGV RQO\�



�� &KDSWHU �� I
~

�PXOWLSOLHU SRZHU DPSOLnHUV

0

10

20

30

40

50

0 0.5 1 1.5 2

V
ds

, V

time, ns

V
DS

 = 29.2 V V
DS

 = 14.6 V

)LJXUH ����� 5HFRQVWUXFWHG YROWDJH ZDYHIRUP DFURVV WKH GHYLFHV LQ D *D1
I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU IRU YDULRXV GUDLQ ELDV YROWDJHV�

0

200

400

600

800

1000

1200

0 10 20 30 40 50 60

I ds
, m

A

V
ds

, V

dispersion

Increased
leakage

D.C. I-V
RF I-V

)LJXUH ����� 5HFRQVWUXFWHG 5) ,�9 IRU WKH GHYLFH VKRZV VHYHUH '�&� WR 5)
GLVSHUVLRQ DQG OHDNDJH FXUUHQW OLPLWLQJ WKH SHDN RXWSXW SRZHU�
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�GRXEOHU SRZHU DPSOLnHUV ��

QHJOHFWHG DW WKHVH IUHTXHQFLHV� 6LQFH WKH ORDGOLQH LV n[HG DQG QHDUO\ OLQHDU�
NQRZLQJ WKH ELDV YROWDJH DQG WKH 5) YROWDJH VDWXUDWLRQ OLPLWV� ZH FRXOG UH�
FRQVWUXFW WKH YROWDJH DFURVV WKH GHYLFH �nJ� ������ 7KLV LV GRQH E\ LQFUHDVLQJ
WKH LQSXW GULYH DW HDFK ELDV WLOO WKH YROWDJH VWDUWV VDWXUDWLQJ� 7KH UHFRQ�
VWUXFWHG YROWDJHV QRZ UHSUHVHQW WKH SHDN VZLQJV OLPLWHG E\ GHYLFH SLQFK�Rm
�RU EUHDNGRZQ� DW RQH H[WUHPH DQG WKH VDWXUDWLRQ FXUUHQW �RU GHYLFH OLQHDU
UHJLRQ� DW WKH RWKHU H[WUHPH� 5HSHDWLQJ WKLV SURFHGXUH DW YDU\LQJ GUDLQ
ELDV ZH FRXOG UHFRQVWUXFW WKH GHYLFH 5) ,�9 �nJ� ����� FXUYHV FRUUHVSRQG�
LQJ WR VDWXUDWLRQ DQG SLQFK�Rm� 7KH PHDVXUHG SHDN RXWSXW SRZHU RI ��� :
FRUUHODWHV ZLWK ZKDW LV H[SHFWHG IURP WKH 5) ,�9 FXUYH�

��� 6HFRQG JHQHUDWLRQ *D1+(07 I~�GRXEOHU

SRZHU DPSOLnHUV

7KH nQDO VLPXODWLRQV RI WKH VHFRQG JHQHUDWLRQ FLUFXLWV ZHUH SHUIRUPHG XVLQJ
D PRUH UHDOLVWLF ODUJH SHULSKHU\ GHYLFH PRGHO VKRZQ LQ nJ� ���� IRU D ��� xP
JDWH OHQJWK GXDO JDWH GHYLFH� 7KH FLUFXLWV ZHUH GHVLJQHG IRU D �� l ORDG WR
PDNH XVH RI WKH ODUJHU FXUUHQWV DYDLODEOH IURP WKH GHYLFHV� DQG WR RSHUDWH
WKHP DW ORZHU YROWDJHV� 6R D EURDGEDQG LPSHGDQFH WUDQVIRUPDWLRQ IURP ��
WR �� l ZDV GRQH DW WKH RXWSXW XVLQJ IRXU TXDUWHU�ZDYH OLQH VHFWLRQV� $OVR
ZLWK WKH ORZHU I

~

� ODUJHU *
P

DQG FRQVLGHUDEO\ ODUJHU &
JV

REVHUYHG LQ WKH
HDUOLHU SURFHVV UXQV� VLPLODU LPSHGDQFH WUDQVIRUPDWLRQ ZDV UHTXLUHG DW WKH
LQSXW WR LPSURYH WKH XSSHU FXW�Rm IUHTXHQF\�

'XDO�JDWH FDVFRGH UHVLVWLYH IHHGEDFN I
~

�GRXEOHU SRZHU DPSOLnHU �nJ�
����� ZHUH GHVLJQHG IRU �� G% JDLQ� � � � *+] EDQGZLGWK DQG � : RXWSXW
SRZHU �nJ� ����� %LDVLQJ DQG {�VHFWLRQ PDWFKLQJ QHWZRUNV ZHUH LPSOH�
PHQWHG VLPLODU WR WKH HDUOLHU GHVLJQV�

7KH FLUFXLWV ZHUH OD\HG RXW� SURFHVVHG DQG ERQGHG VLPLODU WR WKH HDUOLHU
UXQ� 7KH *D1 DQG $O1 GLH VL]HV DUH ��� PP d ��� PP DQG ���� PP d
��� PP UHVSHFWLYHO\ �nJ� ������ 7KH JDWH OHQJWKV ZHUH FORVH WR ���� xP
GXH WR OLWKRJUDSKLF OLPLWDWLRQV� 3RZHU PHDVXUHPHQWV ZHUH SHUIRUPHG DIWHU
RSWLPL]LQJ WKH ELDV IRU SHDN RXWSXW SRZHU� 0HDVXUHG RXWSXW SRZHU LV ! �
: RYHU � � � *+] ZLWK �� G%P ����� :� DYDLODEOH SRZHU DW WKH LQSXW
�nJ� ������ 6DWXUDWHG RXWSXW SRZHU LV ! ��� : RYHU � � � *+] �nJ� ������
$W � *+] WKH SHDN RXWSXW SRZHU DQG SHDN 3$( DUH ���� : DQG �� �
UHVSHFWLYHO\ ZLWK �� G% VPDOO VLJQDO JDLQ �nJ� ������
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• Imax = 1 A/mm
• Vp  = -5 V
• Gm = 150 mS/mm
• fτ    = 18 GHz
• 1/λ = 200 V
• Vbr  > 50 V
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�GRXEOHU UHVLVWLYH
IHHGEDFN SRZHU DPSOLnHU�
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)LJXUH ����� 3RZHU SHUIRUPDQFH RI *D1 GXDO�JDWH FDVFRGH I
~

�GRXEOHU UH�
VLVWLYH IHHGEDFN SRZHU DPSOLnHU DW � *+]�

7KXV WKH I
~

�GRXEOHU WRSRORJ\ LV DQ DOWHUQDWLYH WR WKH GLVWULEXWHG DPSOL�
nHUV LQ UHDOL]LQJ ZLGH�EDQG SRZHU DPSOLnHUV LQ D VPDOOHU GLH DUHD� ([SHUL�
PHQWDO FLUFXLWV LQ D *D$V 0(6)(7 WHFKQRORJ\ RmHULQJ �� *+] I

~

DQG �� 9
EUHDNGRZQ� KDV DFKLHYHG ��� � � *+] EDQGZLGWK� z �� G% JDLQ� ! �� G%P
RXWSXW SRZHU DQG ��� SRZHU�DGGHG�HpFLHQF\� 7KH EDQGZLGWK LV ��� RI
I
~

DQG WKH JDLQ�EDQGZLGWK SURGXFW LV ��� cI
~

� 7ZR JHQHUDWLRQV RI FLUFXLWV
ZHUH IDEULFDWHG XVLQJ *D1 � $O*D1 +(07V WHFKQRORJ\ RmHULQJ D W\SLFDO
I
~

RI �� *+] DQG SHDN YROWDJH RSHUDWLRQ XS WR �� 9� 2XWSXW SRZHU ! ��
G%P DQG EDQGZLGWK XS WR � *+] ZHUH DFKLHYHG ZLWK �� G% JDLQ� 7KH
HpFLHQF\ DW KLJKHU IUHTXHQFLHV FDQ EH LPSURYHG IXUWKHU E\ XVLQJ LPSURYHG
EURDGEDQG RXWSXW QHWZRUNV�
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&KDSWHU �

&DVFRGH�GHOD\�PDWFKHG
GLVWULEXWHG SRZHU DPSOLnHUV

',675,%87(' FLUFXLWV KDYH EHHQ WUDGLWLRQDOO\ XVHG LQ ZLGH UDQJH RI
DSSOLFDWLRQV OLNH WUDYHOLQJ ZDYH DPSOLnHUV >��� ��� ��@� PLFURZDYH WUDY�

HOLQJ ZDYH WXEHV >��@� WUDYHOLQJ ZDYH SKRWRGHWHFWRUV >��@� WUDYHOLQJ ZDYH
HOHFWURRSWLF PRGXODWRUV >��@� QRQOLQHDU WUDQVPLVVLRQ OLQH EDVHG VDPSOLQJ
FLUFXLWV >��@� SDUDSKDVH DPSOLnHUV >��@ DQG OHYHO�VKLIWHUV >��@� 7KLV FKDSWHU
GLVFXVVHV WKH DSSOLFDWLRQ RI GLVWULEXWHG FLUFXLWV LQ PLFURZDYH SRZHU DPSOLn�
FDWLRQ WR SURYLGH EURDGEDQG� KLJK SRZHU� KLJK HpFLHQF\ DPSOLnHUV� 7KH ED�
VLF GHVLJQ HTXDWLRQV IRU D FRQYHQWLRQDO UHYHUVH WHUPLQDWHG GLVWULEXWHG SRZHU
DPSOLnHU LV SUHVHQWHG nUVW� 'LVDGYDQWDJHV RI WKLV WRSRORJ\ LQ SRZHU DP�
SOLnHUV DQG VXJJHVWHG VROXWLRQV DUH GLVFXVVHG QH[W� &DVFRGH�GHOD\�PDWFKHG
WUDYHOLQJ�ZDYH SRZHU DPSOLnHUV �&'07:$� DUH LQWURGXFHG ZKLFK RYHU�
FRPHV PRVW RI WKH SUREOHPV LQFOXGLQJ SRRU HpFLHQF\� XQHYHQ GULYH� DQG
00,& UHDOL]DELOLW\� 5HVXOWV IURP *D$V 0(6)(7 VFDOH PRGHO K\EULG DQG
*D$V 0(6)(7 � *D1 +(07 &'07:$ DUH SUHVHQWHG�

��� 'LVWULEXWHG SRZHU DPSOLnHUV

'LVWULEXWHG RU WUDYHOLQJ�ZDYH DPSOLnHU �7:$� �nJ� ����D�� LV D EURDGEDQG
FLUFXLW ZKRVH JDLQ�EDQGZLGWK SURGXFW LV OLPLWHG E\ I

PD[

>��� ��@� ,Q FKDSWHU
� �SDJH ��� WKH EDVLF RSHUDWLRQ RI D GLVWULEXWHG DPSOLnHU ZDV H[SODLQHG�
+HUH GHVLJQ HTXDWLRQV IRU D GLVWULEXWHG SRZHU DPSOLnHU DUH GHULYHG�

��
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����� 'LVWULEXWHG SRZHU DPSOLnHU GHVLJQ HTXDWLRQV

7KH WRWDO GHYLFH SHULSKHU\ �: � LQ D SRZHU 7:$ LV FKRVHQ WR PHHW WKH
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IRU D GRXEO\ WHUPLQDWHG GUDLQ OLQH �nJ� ����D��� 8VLQJ WKH VLPSOLnHG $�&�
PRGHO RI nJ� ��� �SDJH ��� IRU WKH WUDQVLVWRU� WKH LQGLYLGXDO GHYLFHV LQ D
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DQG DQ RXWSXW UHVLVWDQFH U
GV

 15
GV

�
$V LQ WKH FDVH RI WKH FRPPRQ VRXUFH SRZHU DPSOLnHU RI FKDSWHU � �SDJH

���� FDSDFLWLYH RU UHVLVWLYH GHJHQHUDWLRQ LV HVVHQWLDO WR REWDLQ DGGLWLRQDO
GHJUHH RI IUHHGRP LQ GHVLJQLQJ IRU D VSHFLnHG JDLQ DQG EDQGZLGWK� $GGLQJ
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7R GHWHUPLQH WKH EDQGZLGWK RI WKH 7:$� GHOD\V LQ WKH JDWH DQG GUDLQ
WUDQVPLVVLRQ OLQH PXVW EH LQFOXGHG LQ WKH DQDO\VLV� :DYH SURSDJDWLRQ LQ
D V\QWKHWLF OLQH ZLWK VHULHV LQGXFWDQFH O DQG VKXQW FDSDFLWDQFH F FDQ EH
H[SUHVVHG DV�
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ZKHUH m LV WKH DWWHQXDWLRQ SHU OLQH VHFWLRQ DQG n LV WKH SKDVH FRQVWDQW�
7KH V\QWKHWLF OLQH LV FKDUDFWHUL]HG E\ D FXW�Rm IUHTXHQF\ �FDOOHG %UDJJ
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$W IUHTXHQFLHV ZHOO EHORZ� I
%UDJJ

� WKH ORVVOHVV OLQH KDV D FKDUDFWHULVWLF LPSHG�
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7KH DPSOLnHU JDLQ LV FDOFXODWHG E\ DGGLQJ WKH FRQWULEXWLRQ IURP HDFK
�QWK� WUDQVLVWRU LQ WKH 7:$� )RU D 7:$ ZLWK 1 WUDQVLVWRUV� WKH JDLQ LV�
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$W ORZ IUHTXHQFLHV ZKHUH WKH WUDQVPLVVLRQ OLQH GHOD\V DUH VPDOO� WKH 7:$
LV HTXLYDOHQW WR WKH FRPPRQ VRXUFH SRZHU DPSOLnHU RI FKDSWHU � �SDJH ���
EXW ZLWK D GXPP\ WHUPLQDWLRQ DW WKH RXWSXW� 7KH ORZ IUHTXHQF\ YROWDJH
JDLQ DQG WUDQVGXFHU SRZHU JDLQ DUH n[HG DQG JLYHQ E\�
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UHVSHFWLYHO\� 7KXV IRU D JLYHQ QHW SHULSKHU\� JDLQ LV LQGHSHQGHQW RI WKH
QXPEHU RI FHOOV DQG FRXOG EH YDULHG RQO\ E\ GHJHQHUDWLRQ�
/LPLWDWLRQV RQ WKH 7:$ EDQGZLGWK DULVH GXH WR VHYHUDO UHDVRQV HQX�

PHUDWHG EHORZ�

q GHOD\ PLVPDWFK EHWZHHQ WKH JDWH DQG GUDLQ OLQHV �c~  ~
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ZKHUH KLJKHU RUGHU WHUPV RI Ic~ DUH LJQRUHG LQ WKH ODVW DSSUR[LPD�
WLRQ� 7KH JDLQ GHFUHDVHV DW KLJK IUHTXHQFLHV �1�{Ic~ z �� EHFDXVH



�� &KDSWHU �� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV

WKH WUDQVLVWRU RXWSXWV GR QRW DGG LQ SKDVH� 6R LW LV HVVHQWLDO WR GHVLJQ
WKH JDWH DQG GUDLQ OLQHV ZLWK c~  � RU ~
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WR HOLPLQDWH WKH EDQG�
ZLGWK OLPLWV DULVLQJ IURP GHOD\ PLVPDWFK� 7KLV LV GRQH E\ VHOHFWLQJ
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� )RU VWURQJ FRXSOLQJ EHWZHHQ WZR SURSDJDW�
LQJ ZDYHV WKH SKDVH PLVPDWFK ct PXVW EH VPDOO DW DOO IUHTXHQFLHV RI
LQWHUHVW� RU ct  1�{Ic~ � {�

q JDWH�OLQH DWWHQXDWLRQ � 7KH LQSXW YROWDJH RI WKH 1 WK WUDQVLVWRU LV
DWWHQXDWHG E\ Hb�1b� ��mJ � 7R NHHS WKH ORVV LQ WKH JDWH GULYH RI WKH
1 WK WUDQVLVWRU ZLWKLQ � G% ZH UHTXLUH�
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7KXV IRU D JLYHQ QHW SHULSKHU\� WKH JDWH OLQH DWWHQXDWLRQ OLPLWHG EDQG�
ZLGWK LV LQGHSHQGHQW RI WKH QXPEHU RI FHOOV DQG FRXOG EH YDULHG RQO\
E\ GHJHQHUDWLRQ�

q GUDLQ�OLQH DWWHQXDWLRQ� 7KH RXWSXW RI WKH nUVW WUDQVLVWRU LV DWWHQXDWHG
E\ Hb�1b� ��mG EHIRUH LW UHDFKHV WKH RXWSXW� 7R NHHS WKH DWWHQXDWLRQ
LQ WKH GUDLQ OLQH ZLWKLQ � G% ZH UHTXLUH�
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7KXV IRU D JLYHQ QHW SHULSKHU\� WKH GUDLQ OLQH DWWHQXDWLRQ LV LQGH�
SHQGHQW RI WKH QXPEHU RI FHOOV� 7KLV LV ZKHUH UHVLVWLYH GHJHQHUDWLRQ
LV DGYDQWDJHRXV FRPSDUHG WR FDSDFLWLYH GLYLVLRQ DV LW GHFUHDVHV WKH
GUDLQ OLQH ORVVHV� $OVR GXDO�JDWH RU FDVFRGH �FRPPRQ VRXUFH � FRP�
PRQ JDWH� GHYLFHV FDQ VLJQLnFDQWO\ GHFUHDVH WKH RXWSXW FRQGXFWDQFH
DQG PLQLPL]H WKH GUDLQ OLQH ORVVHV >��� ��@�

q JDWH DQG GUDLQ OLQH %UDJJ IUHTXHQFLHV � 7KH 7:$ JDLQ GURSV UDSLGO\
IRU I ! I

%UDJJ�J

RU I ! I
%UDJJ�G

� 6HOHFWLQJ ~
J

 ~
G

� DQG =
G

 =
J






��� 'LVWULEXWHG SRZHU DPSOLnHUV ��

T
O
J

 aF
JV

� WKH JDWH DQG GUDLQ %UDJJ IUHTXHQFLHV DUH JLYHQ E\�

I
%UDJJ�J

 I
%UDJJ�G


 �

{=
R

aF
JV

s 1

0

�

{=
R

&
JV

� ������

7KXV WKH %UDJJ IUHTXHQFLHV FDQ EH LQFUHDVHG DUELWUDULO\ E\ XVLQJ D
ODUJH QXPEHU FHOOV RU E\ XVLQJ ODUJHU GHJHQHUDWLRQ�

&RPELQLQJ HT� ���� DQG ���� � WKH 7:$ ODUJH VLJQDO JDLQ�EDQGZLGWK
SURGXFW FRXOG EH GHWHUPLQHG WR EH�

M6
��
MI

KLJK

 
t
0*

P

=
R

�

u�
�

�{0&
JV

S
5

L

=
R

�
 

I
~

�
T
5

L

 =
R

� ������

����� 'LVWULEXWHG SRZHU DPSOLnHU GHVLJQ SURFHGXUH

7KH GHVLJQ SURFHGXUH IRU SRZHU 7:$ DUH GLmHUHQW IURP VPDOO VLJQDO 7:$
>��� ��@� 7KH GHVLJQ HTXDWLRQV IRU D SRZHU 7:$ DUH nUVW VXPPDUL]HG EHORZ
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7KH QHW GHYLFH SHULSKHU\ LV nUVW FKRVHQ EDVHG RQ WKH ORDGOLQH FRQVWUDLQW� $V
VHHQ IURP WKH DERYH GHVLJQ HTXDWLRQV WKH QXPEHU RI FHOOV FKDQJHV RQO\ WKH
%UDJJ IUHTXHQF\� $VVXPLQJ QR GHJHQHUDWLRQ �0  ��� 1 LV FKRVHQ VR WKDW



�� &KDSWHU �� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV

WKH %UDJJ IUHTXHQF\ LV D OLWWOH ODUJHU WKDQ WKH JDWH OLQH FXW�Rm IUHTXHQF\
I
KLJK

� 'HJHQHUDWLRQ UDWLR �0� LV FKRVHQ WR WUDGH Rm JDLQ IRU EDQGZLGWK�
7KH W\SH RI GHJHQHUDWLRQ LV GHFLGHG EDVHG RQ KRZ GRPLQDQW WKH GUDLQ OLQH
ORVVHV DUH� WKH ORZHU FXW�Rm IUHTXHQF\ VSHFLnFDWLRQ� 'XDO�JDWH RU FDVFRGH
FHOOV PLJKW EH UHTXLUHG LI WKH GUDLQ OLQH DWWHQXDWLRQ LV VLJQLnFDQW�

����� I~ �PXOWLSOLHU FHOOV LQ GLVWULEXWHG SRZHU DPSOLnHUV

cd+cext

Zg → lg, cg
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6XEVWLWXWLQJ WKHVH EDFN LQ WKH GHVLJQ HTXDWLRQV HT� ����� ����� ���� DQG
����� ZH JHW D QHZ VHW RI GHVLJQ HTXDWLRQV IRU D GLVWULEXWHG SRZHU DPSOLnHU
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7KXV WKH I
~

�PXOWLSOLHU FHOOV LPSURYHV WKH JDWH OLQH DWWHQXDWLRQ OLPLWHG EDQG�
ZLGWK DW WKH FRVW RI JDLQ ZLWKRXW DQ\ FKDQJH LQ WKH GUDLQ OLQH ORVVHV RU JDLQ�
EDQGZLGWK SURGXFW� 7KLV WUDGH Rm LV LGHQWLFDO WR ZKDW FRXOG EH DFKLHYHG
XVLQJ GHJHQHUDWLRQ� 7KRXJK WKH I

~

�PXOWLSOLHU LQFUHDVHV WKH %UDJJ IUHTXHQF\
E\ D IDFWRU RI 3 �� LW FRXOG KDYH EHHQ DFKLHYHG E\ LQFUHDVLQJ WKH QXPEHU RI
FHOOV� )RU H[DPSOH� D I

~

�GRXEOHU SRZHU 7:$ �0  �� 3  �� 1� ZRXOG
KDYH VLPLODU SHUIRUPDQFH DV D FDSDFLWLYH GLYLVLRQ SRZHU 7:$ XVLQJ ���
FDSDFLWLYH GLYLVLRQ DQG WZLFH WKH QXPEHU RI FHOOV �0  ���� 3  �� �1��

����� 'HYLFH ORDGOLQH LQ GLVWULEXWHG SRZHU DPSOLnHUV

7R REWDLQ WKH PD[LPXP RXWSXW SRZHU IURP D 7:$ LW LV HVVHQWLDO WKDW HDFK
GHYLFH VHHV WKH RSWLPXP ORDGOLQH DW LWV RXWSXW DQG DQ HTXDO LQSXW GULYH



��� &KDSWHU �� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV

RYHU WKH HQWLUH EDQGZLGWK� +RZHYHU LW ZDV VHHQ WKDW WKH GULYH OHYHOV DW WKH
JDWH RI HDFK GHYLFH LV GLmHUHQW DW KLJK IUHTXHQFLHV EHFDXVH RI WKH IUHTXHQF\
GHSHQGHQW JDWH OLQH DWWHQXDWLRQ� 7KLV OHDGV WR WKH GHYLFH IDUWKHU DZD\
IURP WKH LQSXW QRW RSHUDWLQJ DW LWV SHDN RXWSXW ZKHQ WKH nUVW GHYLFH LV
RSWLPDOO\ GULYHQ� 6R WKHUH LV D GURS LQ HpFLHQF\ DW WKH KLJKHU IUHTXHQF\
HQG� 7KLV ORVV LQ HpFLHQF\ FRXOG EH LPSURYHG E\ XVLQJ RQH RI WKH IROORZLQJ
WKUHH WHFKQLTXHV �

�� FDSDFLWLYH WDSHULQJ DORQJ WKH JDWH OLQH >��@ � %\ VXLWDEO\ WDSHULQJ WKH
FDSDFLWLYH GLYLVLRQ YDOXH DORQJ WKH JDWH OLQH WKH GULYH OHYHOV DW HDFK
JDWH FRXOG EH HTXDOL]HG DW RQH IUHTXHQF\� 7KLV LV XVXDOO\ GRQH DW
WKH KLJKHVW IUHTXHQF\ RI LQWHUHVW �ZKHUH WKH PLVPDWFK LV PD[LPXP�
IRU WKH EHVW SHUIRUPDQFH� 9DU\LQJ FDSDFLWLYH GHJHQHUDWLRQ KRZHYHU
OHDGV WR SKDVH GLmHUHQFHV IRU WKH VLJQDOV SDVVLQJ WKURXJK WKH GLmHUHQW
)(7
V� 3KDVH FRUUHFWLRQ VKRXOG EH GRQH E\ XVLQJ FRUUHVSRQGLQJ OLQH
OHQJWKV LQ WKH GUDLQ VHFWLRQ� �nJ� ����

RF
OUT

Zo

Zo

RF
IN cdiv,1 cdiv,2 cdiv,3 cdiv,4

cdiv,4 > cdiv,3 > cdiv,2 > cdiv,1

τd,1 τd,2 τd,3 τd,4 τd,5

Vg

)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D 7:$ XVLQJ FDSDFLWLYH GHJHQHUDWLRQ�

�� JDWH OLQH WDSHULQJ >��@ � %\ VXLWDEO\ WDSHULQJ WKH JDWH OLQH VR WKDW
HDFK OLQH VHFWLRQ LV PDWFKHG WR WKH LPSHGDQFH RI WKH ORDGHG ORVV\ OLQH�
$JDLQ WKH GULYHV FRXOG EH HTXDOL]HG DW RQH IUHTXHQF\ RQO\� $V LQ WKH
HDUOLHU FDVH SKDVH FRUUHFWLRQ LQ WKH GUDLQ OLQH LV HVVHQWLDO� �nJ� ����

�� LQGHSHQGHQW ELDVLQJ RI VWDJHV � 7KH VWDJHV FRXOG EH $�&� FRXSOHG ZLWK
HDFK VWDJH LQGLYLGXDOO\ ELDVHG DW LWV RSWLPXP ELDV SRLQW FRUUHVSRQGLQJ



��� 'LVWULEXWHG SRZHU DPSOLnHUV ���

RF
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Zg5

Zo

RF
IN

Zg,1 = Zo Zg,2 Zg,3 Zg,4 Zg,5

Rin,g

Zg,n = Zg,(n+1) || Rin,g
Zg,1 = Zo

τd,1 τd,2 τd,3 τd,4 τd,5

)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D 7:$ XVLQJ WDSHUHG JDWH OLQH �=
J�Q

UHIHUV WR WKH ORDGHG OLQH LPSHGDQFH��

WR LWV SHDN RXWSXW YROWDJH VZLQJ� 7KH RXWSXW YROWDJH VZLQJV DUH
IUHTXHQF\ GHSHQGHQW� VR WKH RSWLPL]DWLRQ LV XVXDOO\ GRQH DW PLGEDQG�

(YHQ ZLWK WKHVH PRGLnFDWLRQV EUHDNGRZQ RI GHYLFHV GXH WR XQHTXDO ORDGLQJ
LV D VHULRXV FRQFHUQ ZKLFK VHYHUHO\ OLPLWV WKHLU XVH QHDU WKHLU SHDN RXWSXW
SRZHU�
7KH RXWSXW SRZHU DQG HpFLHQF\ LV DOVR OLPLWHG E\ WKH DWWHQXDWLRQ LQ

WKH GUDLQ OLQH� 8VLQJ GXDO�JDWH RU FDVFRGH GHYLFHV FDQ VLJQLnFDQWO\ LQFUHDVH
WKH RXWSXW FRQGXFWDQFH RI WKH GHYLFH >��� ��@ WR LPSURYH RXWSXW SRZHU DQG
HpFLHQF\�
7KRXJK DOO WKH WHFKQLTXHV GLVFXVVHG DERYH WU\ WR LPSURYH HpFLHQF\ E\

HTXDOL]LQJ WKH GHYLFH GULYHV� HpFLHQF\ LV VWLOO OLPLWHG WR ��� GXH WR WKH
UHYHUVH WHUPLQDWLRQ �FKDSWHU �� SDJH ���� ,Q WKH TXHVW IRU KLJKHU HpFLHQFLHV�
QXPHURXV YDULDWLRQV KDYH EHHQ H[SORUHG LQ WKH SDVW LQFOXGLQJ

�� GLVWULEXWHG SRZHU DPSOLnHU XVLQJ D :LONLQVRQ FRPELQHU >��@�

�� WDSHUHG GUDLQ OLQH GLVWULEXWHG DPSOLnHU >��@�

�� GLVWULEXWHG SRZHU DPSOLnHU XVLQJ FRUSRUDWH SRZHU FRPELQHU >��� ��@�

�� &ODVV�% SXVK�SXOO GLVWULEXWHG DPSOLnHU XVLQJ D GLVWULEXWHG SDUDSKDVH
FRQYHUWHU >��@�



��� &KDSWHU �� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV

6RPH RI WKHVH WRSRORJLHV WUDGH�Rm EDQGZLGWK �FDVH �� IRU KLJKHU HpFLHQF\�
+HUH ZH ORRN DW WDSHUHG�GUDLQ�OLQH GLVWULEXWHG DPSOLnHU ZKLFK LV WKH WRSRO�
RJ\ XVHG LQ PRVW FRPPHUFLDO EURDGEDQG SRZHU DPSOLnHU 00,&V >��� ��@�

��� 7DSHUHG�GUDLQ�OLQH GLVWULEXWHG DPSOLnHUV

7KH WDSHUHG�GUDLQ�OLQH 7:$ >��@ HOLPLQDWHV WKH GUDLQ�OLQH UHYHUVH ZDYH E\
VXLWDEOH WDSHULQJ RI WKH GUDLQ OLQH� DQG KDV WKHRUHWLFDO FODVV�$ HpFLHQF\
DSSURDFKLQJ ���� &RQVLGHULQJ WKH IRXU VWDJH GHVLJQ RI nJ� ���� LQ WKH
DEVHQFH RI WKH UHYHUVH WHUPLQDWLRQ DOO WKH FXUUHQW IURP WKH nUVW GHYLFH �L

G

�
oRZV LQ WKH IRUZDUG GLUHFWLRQ LQWR WKH OLQH ZLWK FKDUDFWHULVWLF LPSHGDQFH
=
G��
� %\ FKRRVLQJ =

G��
 =

G��
 �� RQH WKLUG RI WKH FXUUHQW �bL

G

 �� LV UHoHFWHG
EDFN DW WKH MXQFWLRQ RI =

G��
DQG =

G��
� 7KH FXUUHQW oRZLQJ IURP WKH VHFRQG

GHYLFH VSOLWV DV �L
G

 �� LQ WKH UHYHUVH ZDYH DQG ��L
G

 �� LQ WKH IRUZDUG ZDYH�
7KXV WKH UHYHUVH FXUUHQW FDQFHOV ZLWK WKH UHoHFWHG FXUUHQW HOLPLQDWLQJ WKH
UHYHUVH ZDYH� )RU WKLV WR RFFXU DW HYHU\ GUDLQ OLQH VHFWLRQ WKH GUDLQ OLQH
LPSHGDQFHV VKRXOG EH �=

R

� �=
R

 �� �=
R

 � DQG =
R
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)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D � FHOO WDSHUHG�GUDLQ�OLQH 7:$�

,Q JHQHUDO D 7:$ ZLWK 1 FHOOV DQG ORDG =
R

UHTXLUHV RXWSXW OLQH VHFWLRQV
RI LPSHGDQFH XS WR 1=

R

� $ ��FHOO 7:$ ZLWK ��l ORDGLQJ UHTXLUHV ���l
LPSHGDQFH OLQHV ZKLFK DUH GLpFXOW WR UHDOL]H LQ PRQROLWKLF IRUP� 2Q ,,,�
9 VXEVWUDWHV� VXFK WUDQVPLVVLRQ�OLQHV KDYH RQO\ D IHZ xP ZLGWK� UHVXOWLQJ
LQ KLJK VNLQ�HmHFW ORVVHV DQG YHU\ ORZ FXUUHQW�FDUU\LQJ FDSDELOLW\ �ZLWK z



��� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG DPSOLnHUV ���

� P$�xP� HOHFWUR PLJUDWLRQ OLPLW�� 6R SDUWLDO WDSHULQJ RI WKH GUDLQ�OLQH
LPSHGDQFH LV FRPPRQO\ XVHG WR UHGXFH WKH UHTXLUHG OLQH LPSHGDQFHV EHORZ
1=

R

>��� ��@ DW WKH H[SHQVH RI ORZHU HpFLHQF\� 3$( LV XVXDOO\ EHORZ ���
>��@�

��� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG DP�

SOLnHUV

&DVFRGH�GHOD\�PDWFKHG WUDYHOLQJ�ZDYH DPSOLnHU �&'07:$� >��@ LV D GLV�
WULEXWHG DPSOLnHU KDYLQJ QR RXWSXW V\QWKHWLF WUDQVPLVVLRQ OLQH� 7KH GUDLQ�
OLQH UHYHUVH ZDYH LV HOLPLQDWHG� DQG FODVV�$ HpFLHQFLHV FDQ DSSURDFK ����
'HOD\ HTXDOL]DWLRQ LV LQVWHDG SURYLGHG E\ LPSHGDQFH�PDWFKHG OLQH VHFWLRQV
�nJ� ���� EHWZHHQ WKH FRPPRQ�VRXUFH �&6� DQG FRPPRQ�JDWH �&*� GHYLFHV
ZLWKLQ D FDVFRGH FHOO� ZKHUH KLJK LPSHGDQFH OLQHV DUH QRW UHTXLUHG� 7KH
HTXDOL]LQJ OLQH VHFWLRQV KDYH GHOD\ LQFUHPHQWV RI ~

V

 ~
J

� WKH ORDGHG GHOD\
SHU VHFWLRQ RI WKH JDWH OLQH �HT� �����

Zo

RF
OUT

Zs =Vp / iDSS = NZoVp / Vbr

RF
IN

loaded delay = τg

Zo

Zo

delay = 4τg+τ

delay = 3τg+τ

delay = 2τg+τ

delay = τg+τ

delay = τ

Vg2
Vg1

cdiv

)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D FDVFRGH�GHOD\�PDWFKHG SRZHU 7:$�

,Q WKH DEVHQFH RI WKH UHYHUVH WHUPLQDWLRQ� WKH WRWDO GHYLFH SHULSKHU\ LV
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VHOHFWHG WR PHHW WKH ORDG OLQH ,
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� 6R HDFK &* GHYLFH LQ D
1 VWDJH &'07:$ KDV D PD[LPXP FXUUHQW FDSDELOLW\ RI L
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7R DYRLG UHVRQDQFHV� WKH HTXDOL]LQJ GHOD\ OLQHV PXVW EH WHUPLQDWHG LQ WKHLU
FKDUDFWHULVWLF LPSHGDQFH� =

V

 =
LQ�V

� &RPSDULQJ WKLV ZLWK 1=
R

LQ WKH FDVH
RI WKH WDSHUHG�GUDLQ�OLQH 7:$� WKH OLQH LPSHGDQFH LV ORZHUHG E\ D IDFWRU
�9

S

 �9
EU

b 9
N

��� )RU ERWK *D$V 0(6)(7V DQG *D1 +(07V XVHG LQ WKLV
ZRUN WKLV IDFWRU LV z��� +HQFH LQ D ��FHOO 7:$ GULYLQJ D ��l ORDG WKH
HTXDOL]LQJ OLQHV PXVW KDYH ��l FKDUDFWHULVWLF LPSHGDQFH� ��l LPSHGDQFH
OLQHV DUH UHDGLO\ UHDOL]HG RQ 00,&V DQG FRXOG EH GHVLJQHG WR FDUU\ VHY�
HUDO DPSHUHV RI FXUUHQW� 2WKHU FLUFXLW GHVLJQ GHWDLOV LQFOXGLQJ JDWH OLQH
%UDJJ IUHTXHQF\� JDWH OLQH DWWHQXDWLRQ OLPLWV DQG FDSDFLWLYH GHJHQHUDWLRQ
DUH VLPLODU WR HDUOLHU 7:$ DQDO\VLV�
7KLV DUFKLWHFWXUH FRXOG EH IXUWKHU WKRXJKW RI DV D WDSHUHG�GUDLQ OLQH

7:$ ZLWK D EURDGEDQG LPSHGDQFH WUDQVIRUPDWLRQ DW WKH RXWSXW� $V ZDV
GLVFXVVHG LQ WKH ODVW VHFWLRQ WKH ELJJHVW GLVDGYDQWDJH ZLWK WKH WDSHUHG�GUDLQ
OLQH 7:$ LV WKH UHDOL]DELOLW\ RI KLJK LPSHGDQFH GUDLQ OLQHV ZKHQ GHVLJQHG
IRU D ��l ORDG� ,W LV D SHUIHFWO\ IHDVLEOH WRSRORJ\ IRU ORZHU LPSHGDQFH ORDGV�
7KH &* VWDJH LQ D &'07:$ DFWV DV D EURDGEDQG DFWLYH WUDQVIRUPHU ZLWK
DQ LPSHGDQFH WUDQVIRUPDWLRQ UDWLRQ RI �9

S

 �9
EU

b9
N

��� DQG D EDQGZLGWK RI
I
~

� %\ FRQQHFWLQJ WKH HTXLSRWHQWLDO QRGHV RI D &'07:$ WKDW DUH PDWFKHG
LQ SKDVH DQG DPSOLWXGH �nJ� ����� ZH DUULYH DW WKH WDSHUHG�GUDLQ OLQH 7:$
GULYLQJ D EURDGEDQG DFWLYH WUDQVIRUPHU�
7KXV WKH FDVFRGH�GHOD\�PDWFKHG 7:$ LV D WUDQVDGPLWWDQFH � WUDQVLPSHGDQFH

SDLU FRQVLVWLQJ RI D WDSHUHG GUDLQ�OLQH GLVWULEXWHG WUDQVDGPLWWDQFH VWDJH
GULYLQJ D ORZ LQSXW LPSHGDQFH FRPPRQ�JDWH WUDQVLPSHGDQFH VWDJH� 6XF�
FHVVLYH FDVFDGLQJ RI WUDQVDGPLWWDQFH DQG WUDQVLPSHGDQFH VWDJHV� UHVXOWV LQ
VWURQJ LPSHGDQFH PLVPDWFKLQJ EHWZHHQ VWDJHV� 7KLV SULQFLSOH RI LPSHGDQFH
PLVPDWFKLQJ LV IUHTXHQWO\ XVHG LQ KLJK VSHHG FLUFXLW DUFKLWHFWXUHV >��� ��@
WR UHDOL]H KLJK JDLQ � EURDGEDQG V\VWHPV� ,PSHGDQFH PLVPDWFKLQJ PDNHV
WKH LQWHUPHGLDWH QRGHV ORZ LPSHGDQFH LQ QDWXUH� WKHUHE\ PLQLPL]LQJ WKH
5& FKDUJLQJ WLPHV DQG LPSURYLQJ WKH EDQGZLGWK�
%HVLGHV WKH KLJKHU HpFLHQF\ WKH &'07:$ KDV RWKHU DGYDQWDJHV� ,Q

D FDVFRGH FHOO PRVW RI WKH RXWSXW YROWDJH VZLQJ DSSHDUV DFURVV WKH &*
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)LJXUH ���� $�&� FLUFXLW VFKHPDWLF RI D FDVFRGH�GHOD\�PDWFKHG 7:$ �D� DV
D WDSHUHG�GUDLQ OLQH 7:$ ZLWK D FRPPRQ JDWH RXWSXW VWDJH �E��

GHYLFH� 7KH &6 GHYLFH GULYHV WKH JDWH�VRXUFH MXQFWLRQ RI WKH &* GHYLFH
DQG KDV D SHDN�SHDN 9

GV

VZLQJ RI 9
S

� ZKLOH WKH &* GHYLFH KDV D SHDN�SHDN
VZLQJ RI �9

EU

b 9
N

�� 7KLV DOORZV WKH XVH RI ORZ EUHDNGRZQ DQG SRVVLEO\
KLJK I

~

GHYLFHV IRU WKH &6 GLVWULEXWHG VWDJH DQG D KLJK EUHDNGRZQ GHYLFH
IRU WKH &* VWDJH� $OVR VLQFH WKH LQSXWV WR WKH &* GHYLFHV DUH SKDVH DQG
DPSOLWXGH PDWFKHG� DQG WKH GUDLQV DUH FRQQHFWHG WRJHWKHU �nJ� ����� LW
FRXOG DV ZHOO EH D VLQJOH OXPSHG ODUJH SHULSKHU\ GHYLFH� 6R WKH SUREOHPV LQ
SRZHU 7:$V GXH WR PLVPDWFK LQ ORDG DUH HOLPLQDWHG� +RZHYHU XQOLNH WKH
XQLIRUP GUDLQ OLQH 7:$ WKH RXWSXW FDSDFLWDQFHV FDQQRW EH DEVRUEHG LQWR
D V\QWKHWLF GUDLQ OLQH� (mHFWV RI WKH RXWSXW FDSDFLWDQFH RQ EDQGZLGWK DQG
HpFLHQF\ LV DQ LVVXH �DV ZLWK WKH I

~

�GRXEOHU FLUFXLWV� DQG ZLOO EH DQDO\]HG
LQ GHWDLO LQ FKDSWHU ��



��� &KDSWHU �� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG SRZHU DPSOLnHUV

��� *D$V 0(6)(7 &'0 GLVWULEXWHG SRZHU

DPSOLnHUV

$V D nUVW GHPRQVWUDWLRQ� D � VWDJH K\EULG &'07:$ ZDV FRQVWUXFWHG XVLQJ
GLVFUHWH /�EDQG SDFNDJHG *D$V )(7V �)XMLWVX )68��/*� PRXQWHG RQ D
���PLO GXURLG PLFURVWULS VXEVWUDWH �nJ ����� �� G%P RI RXWSXW SRZHU ZDV
H[SHFWHG ZLWK � *+] EDQGZLGWK�

)LJXUH ���� 6FDOH PRGHO FDVFRGH�GHOD\�PDWFKHG 7:$ XVLQJ GLVFUHWH *D$V
0(6)(7V�

0HDVXUHG VPDOO�VLJQDO JDLQ LV ! �� G% ZLWK ��� *+] EDQGZLGWK DQG
LQSXW UHoHFWLRQ FRHpFLHQW � ��� G% �nJ� �����
)LJ� ���� VKRZV RXWSXW SRZHU DQG 3$( IRU �� G%P LQSXW� 7KH RXWSXW

SRZHU LV ! �� G%P DQG WKH 3$( LV ��h� � EHWZHHQ ��� � ��� *+]� )LJ� ����
VKRZV 3$( DW IUHTXHQFLHV RI ���� ��� DQG ��� *+]� 7KH SHDN 3$( DW WKHVH
IUHTXHQFLHV DUH ���� ��� DQG ��� UHVSHFWLYHO\� 7KH UROO�Rm LQ WKH RXWSXW
SRZHU DQG 3$( LV DWWULEXWHG WR WKH )(7 RXWSXW FDSDFLWDQFH &

GV

� &LUFXLWV
ZLWK LPSURYHG RXWSXW EURDG�EDQG PDWFKLQJ VKRXOG SURYLGH LPSURYHG 3$(
DW WKH XSSHU EDQG�HGJH� 3HUIRUPDQFH LV DOVR OLPLWHG E\ SDUDVLWLFV DULVLQJ
IURP KDQG DVVHPEO\�
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)LJXUH ����� 0HDVXUHG 3$( YV� LQSXW SRZHU DW ���� ��� DQG ��� *+]�

��� *D$V0(6)(7 � *D1+(07&'0 GLV�

WULEXWHG SRZHU DPSOLnHUV

,QLWLDO GHVLJQV RI &'07:$ ZHUH GRQH XVLQJ *D1 +(07V IRU WKH &6 DQG
&* GHYLFHV� +RZHYHU GXH WR WKH LPPDWXULW\ RI WKH GHYLFH WHFKQRORJ\� SRRU
\LHOG DQG JURVV QRQ�XQLIRUPLW\ RI WKH GHYLFHV ZLWKLQ D ZDIHU� EXLOGLQJ GLV�
WULEXWHG FLUFXLWV WKDW UHTXLUH ODUJHU GLH DUHD� XQLIRUP GHYLFHV DQG DFFXUDWH
PRGHOV VHHPHG D QLJKWPDUH� (YHQ WKRXJK WKH &* GHYLFH LV D OXPSHG ODUJH
SHULSKHU\ GHYLFH ZLWK VLPLODU GLH DUHD DV WKH I

~

�GRXEOHU FLUFXLWV� WKH GLV�
WULEXWHG QDWXUH RI WKH &6 VWDJH HLWKHU UHTXLUHV VHSDUDWH GLFH IRU HDFK GHYLFH
RU D ODUJH GLH FRQWDLQLQJ DOO GHYLFHV� 'XH WR WKH OLPLWDWLRQV RI GLFLQJ DQG
KDQGOLQJ GLFH � � PP� DUHD� VHSDUDWH GLFH IRU WKH &6 GHYLFHV ZRXOG LPSO\
DW OHDVW � PP� DUHD IRU D � FHOO &6 VWDJH� ,I DOO WKH &6 GHYLFHV DUH LQ D
VLQJOH GLH WKHQ WKH PLQLPXP VL]H OLPLWDWLRQ LV VHW E\ WKH VHSDUDWLRQ UHTXLUHG
EHWZHHQ DGMDFHQW KLJK LPSHGDQFH &3: JDWH OLQHV� 7KHVH LVVXHV FRPELQHG
ZLWK WKH SUREOHPV RI GHYLFH QRQ�XQLIRUPLW\ ZLWKLQ D ZDIHU KHLJKWHQHG WKH
ULVNV RI \LHOGLQJ ODUJHU FLUFXLWV�

6R D ORZ ULVN DSSURDFK ZDV LQVWHDG WDNHQ WKDW XVHV *D$V 0(6)(7V IURP



��� *D$V 0(6)(7 � *D1 +(07 &'0 GLVWULEXWHG SRZHU DPSOLnHUV ���

D FRPPHUFLDO SURFHVV IRU WKH &6 GHYLFH DQG *D1 +(07V IRU WKH &* GHYLFH�
$V ZDV PHQWLRQHG HDUOLHU LQ WKH FKDSWHU� KLJK SRZHU &'07:$ UHTXLUHV
KLJK EUHDNGRZQ GHYLFHV IRU WKH &* VWDJH DQG ORZHU EUHDNGRZQ �! 9

S

RI WKH
&* GHYLFH� LV VXpFLHQW IRU WKH &6 GHYLFHV� 8VLQJ *D$V 0(6)(7V �9

EU

 
�� 9� IURP 7ULTXLQW
V 7475[ SURFHVV DOVR PHDQW WKDW WKH GLVWULEXWHG &6
VWDJH FRXOG EH DFFXUDWHO\ GHVLJQHG DQG PRGHOHG� DQG DQ\ YDULDWLRQ LQ WKH
*D1 +(07 SHUIRUPDQFH ZRXOG RQO\ DmHFW WKH OXPSHG &* VWDJH�
)OLS�FKLS ERQGLQJ DSSURDFK DOORZV WKH LQFRUSRUDWLRQ RI GLmHUHQW PDWH�

ULDOV WHFKQRORJLHV LQ WKH VDPH FLUFXLW� 6LQFH 7ULTXLQW
V GHVLJQ JXLGHOLQHV >�@
GR QRW DOORZ DQ\ ERQG SDGV IRU oLS FKLS ERQGLQJ� WKUHH�OD\HU PHWDOL]DWLRQ
DYDLODEOH LQ WKHLU SURFHVV ZDV XVHG WR GHnQH WKH ERQG SDGV� 6HSDUDWH GUDLQ�
VRXUFH DQG JDWH ERQG SDGV ZHUH GHnQHG DQG ZHUH ORFDWHG DV FORVH WR WKH
GHYLFH DV DOORZHG E\ WKH GHVLJQ UXOHV �nJ� ������

)LJXUH ����� 0LFURJUDSK RI WKH *D$V 0(6)(7 XVHG WR oLS�FKLS ERQG WR
$O1�

$ �� FHOO GLVWULEXWHG VWDJH ZLWK D WRWDO GHYLFH SHULSKHU\ RI � PP IRU WKH
*D$V 0(6)(7 ZDV FKRVHQ WR SURYLGH � $ FXUUHQW VZLQJ� 7KH JDWH OLQH
LPSHGDQFH RI �� l ZDV XVHG� ZLWK D JDWH OLQH %UDJJ IUHTXHQF\ RI �� *+]�
�� � FDSDFLWLYH GLYLVLRQ ZDV XVHG WR JHW DQ RYHUDOO JDLQ RI �� G% DQG D
EDQGZLGWK RI �� *+]� ,QWHUVWDJH GHOD\ PDWFKLQJ ZDV GRQH XVLQJ �� l OLQHV
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WR PDWFK WR WKH LQSXW LPSHGDQFH RI WKH &* GHYLFH� 7KH LQWHUVWDJH GHOD\V
ZHUH VHW HTXDO WR WKH ORDGHG GHOD\V RI WKH JDWH OLQH� 7R SDUWLDOO\ DEVRUE
WKH SDUDVLWLFV RI WKH OXPSHG &* GHYLFH� LQGXFWLYH QHWZRUNV ZHUH XVHG DW LWV
VRXUFH DQG GUDLQ� 0XOWLSOH GHVLJQV ZHUH PDGH IRU D �� l ORDG DQG IRU D ��
l ORDG XVLQJ D IRXU VWDJH LPSHGDQFH WUDQVIRUPDWLRQ QHWZRUN�
7KH *D$V GLH KDV WKH 0(6)(7V� ELDVLQJ UHVLVWRUV DQG FDSDFLWLYH GLYL�

VLRQ FDSDFLWRUV� 7KH *D1 GLH FRQWDLQV RQO\ WKH +(07V� $OO &3: WUDQV�
PLVVLRQ OLQHV� PDWFKLQJ QHWZRUNV DQG DGGLWLRQDO ELDV DQG WHUPLQDWLRQ UH�
VLVWRUV DQG FDSDFLWRUV DUH RQ WKH $O1 VXEVWUDWH �nJ� ������ $LU�EULGJHV DUH
XVHG IRU FRQQHFWLQJ JURXQG SODQHV LQ WKH &3: OD\RXW� )RU UHJLRQV XQGHU
WKH ERQGHG GLFH� PHWDOL]DWLRQ RQ WKH GLH DORQJ ZLWK WKH EXPS ERQGV DUH
XVHG DV FURVV�RYHUV�

GaAs die
bonded 

here

GaN die
bonded

here

AlN 
substrate

)LJXUH ����� /D\RXW RI *D$V 0(6)(7 � *D1 +(07 &'0 7:$ VKRZLQJ
WKH JDWH OLQH DQG LQWHUVWDJH GHOD\ PDWFKLQJ QHWZRUNV�

7KH GLH DUHD IRU WKH *D1 +(07� *D$V 0(6)(7 DQG $O1 GLFH DUH ����
PP d ���� PP� ���� PP d ���� PP DQG ���� PP d ���� PP UHVSHFWLYHO\�



��� *D$V 0(6)(7 � *D1 +(07 &'0 GLVWULEXWHG SRZHU DPSOLnHUV ���

7KH *D$V GLFH ZHUH PLOOHG WR � PLOV DW 7ULTXLQW� 7KH *D$V GLH LV oLS FKLS
ERQGHG WR WKH $O1 VXEVWUDWH EHIRUH ERQGLQJ WKH *D1 GLH �nJ� ������ 6PDOO
VLJQDO DQG SRZHU PHDVXUHPHQWV DUH GRQH XVLQJ WKH VDPH VHWXS PHQWLRQHG
LQ FKDSWHU � RQ SDJH ���

)LJXUH ����� 'LH SKRWRJUDSK RI *D$V 0(6)(7 � *D1 +(07 &'0 7:$
ZLWK D �� l ORDG �*D$V 0(6)(7 GLH VKRZQ DV LQVHW��

0HDVXUHG VPDOO VLJQDO VFDWWHULQJ SDUDPHWHUV RI WKH &'07:$ ZLWK ��
l ORDG �nJ� ����� VKRZV z �� G% VPDOO�VLJQDO JDLQ RYHU � � � *+] EDQGZLGWK
ZLWK LQSXW UHoHFWLRQ FRHpFLHQW OHVVHU WKDQ ��� G%� DW D GUDLQ ELDV RI �� 9�
+RZHYHU DV WKH GUDLQ ELDV ZDV LQFUHDVHG EH\RQG �� 9 EUHDNGRZQ LQ WKH
*D$V 0(6)(7V ZDV REVHUYHG� )RU � � � : RSHUDWLRQ WKH FDVFRGHV KDYH WR
EH ELDVHG DW z �� 9 ELDV� $W D UHGXFHG GUDLQ ELDV RI �� 9� RXWSXW SRZHU !
�� G%P KDYH EHHQ PHDVXUHG RYHU � � � *+] ZLWK D oDW JDLQ RI �� G% DQG
! ��� 3$( �nJ� ������ $W � *+] WKH SHDN RXWSXW SRZHU DQG SHDN 3$(
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DUH ���� : DQG ��� UHVSHFWLYHO\ �nJ� ������ 7KH FLUFXLWV ZLWK �� l ORDG
KDG D VOLJKWO\ KLJKHU EDQGZLGWK RI �� *+] ZLWK � � �� G% VPDOO VLJQDO JDLQ
�nJ� ������
7KRXJK WKHVH RXWSXW SRZHUV DUH IDU OHVV WKDQ ZKDW LV H[SHFWHG DW KLJKHU

ELDV YROWDJHV� WKH\ FRUUHODWH ZHOO ZLWK ��� : PD[LPXP SRZHU H[SHFWHG IURP
�� 9 VZLQJV DW WKHVH ELDV� 7KH FDXVH RI WKH *D$V 0(6)(7 IDLOXUH DW KLJKHU
ELDV FRXOG EH GXH WR WZR UHDVRQV� 7KH 0(6)(7V GLFH DUH WKLQQHG WR � PLOV
DQG DUH GHVLJQHG IRU EHLQJ KHDW VXQN IURP WKH EDFN RI WKH GLH� 7KRXJK WKH
oLS FKLS ERQGLQJ DSSURDFK SURYLGHV D ORZ LQGXFWDQFH HOHFWULFDO FRQWDFW WR
WKH GHYLFHV� LW GRHV QRW SURYLGH D JRRG WKHUPDO SDWK DV WKH GHVLJQ UXOHV GR
QRW DOORZ ERQGV RQ WRS RI WKH GHYLFHV� 7KHUH LV DOVR D SRWHQWLDO EUHDNGRZQ
SUREOHP LI WKHUH LV XQHYHQ YROWDJH GLVWULEXWLRQ IURP ZKDW LV H[SHFWHG LQ
DQ LGHDO FDVFRGH SDLU� $Q\ OHDNDJH FXUUHQW IURP WKH &* GHYLFH FRXOG LQ�
FUHDVH WKH YROWDJH GURS DFURVV WKH &6 GHYLFH� 7KHUH FRXOG DOVR EH SRWHQWLDO
SUREOHPV RI RVFLOODWLRQV ZLWK &* GHYLFHV� WKRXJK LQ WKLV FDVH QR VLJQV RI
RVFLOODWLRQV ZHUH REVHUYHG GXULQJ DQ\ RI WKH PHDVXUHPHQWV�

7KH FDVFRGH�GHOD\�PDWFKHG GLVWULEXWHG DPSOLnHU WRSRORJ\ LV D SK\VL�
FDOO\ UHDOL]DEOH GLVWULEXWHG DPSOLnHU FDSDEOH RI SURYLGLQJ FODVV�$ OLPLWHG
HpFLHQF\� 7KLV WRSRORJ\ LV VXLWDEOH IRU HpFLHQW KLJK SRZHU EURDG�EDQG
00,& DPSOLnHUV� $Q H[SHULPHQWDO K\EULG LQ D *D$V 0(6)(7 WHFKQRO�
RJ\ DFKLHYHG JDLQ�EDQGZLGWK SURGXFW RI ���I

~

� ZLWK ��h� � SRZHU�DGGHG�
HpFLHQF\� *D$V 0(6)(7 � *D1 +(07 &'07:$ XVLQJ *D$V 0(6�
)(7V IRU WKH &6 GHYLFH DQG *D1 +(07V IRU WKH &* GHYLFH DFKLHYHG � �
�� *+] EDQGZLGWK ZLWK �� G% VPDOO VLJQDO JDLQ DQG ! � : RXWSXW SRZHU�
7KHVH ZHUH WKH nUVW FLUFXLWV WR LQFRUSRUDWH *D$V DQG *D1 GHYLFHV LQWR
D VLQJOH K\EULG DQG UHSUHVHQW WKH ODUJHVW JDLQ�EDQGZLGWK REWDLQHG XVLQJ
*D1 +(07V� )XUWKHU LPSURYHPHQWV LQ EDQGZLGWK� SRZHU DQG HpFLHQF\
DUH IHDVLEOH XVLQJ WHFKQLTXHV GHVFULEHG LQ WKH QH[W FKDSWHU�



&KDSWHU �

)XUWKHU LPSURYHPHQWV LQ
EDQGZLGWK� SRZHU DQG
HpFLHQF\

7+28*+ WKH FLUFXLW WHFKQLTXHV SUHVHQWHG LQ WKH FKDSWHUV � DQG � DUH
FDSDEOH RI SURYLGLQJ HpFLHQW EURDGEDQG KLJK SRZHU DPSOLnHUV WKH\

GR QRW PHHW WKH 215
V JRDO RI ��
V RI :DWWV RI SRZHU RYHU � � �� *+]�
)XUWKHU LPSURYHPHQWV DW ERWK WKH GHYLFH OHYHO DQG FLUFXLW OHYHO DUH HVVHQWLDO
WR LPSURYH WKH SHUIRUPDQFH RI WKH FLUFXLWV�

7KUHH NH\ LPSURYHPHQWV DUH GLVFXVVHG LQ WKLV FKDSWHU ZKLFK FRXOG EH
XVHG LQ FRQMXQFWLRQ ZLWK WKH FLUFXLWV GLVFXVVHG LQ WKH HDUOLHU FKDSWHUV� 7KHVH
LQFOXGH

�� %URDGEDQG RXWSXW QHWZRUN GHVLJQV IRU HmHFWLYH &
GV

DEVRUSWLRQ RYHU
EURDG EDQGZLGWKV� 7KLV VKRXOG LPSURYH HpFLHQFLHV HVSHFLDOO\ DW KLJK
IUHTXHQFLHV ZKHUH &

GV

=
R

WLPH FRQVWDQW VWDUWV GRPLQDWLQJ�

�� 'XDO � *DWH DQG VORZ�IDVW FDVFRGH GHVLJQV IRU LPSURYLQJ RXWSXW SRZHU
DQG EDQGZLGWK DYDLODEOH IURP D JLYHQ PDWHULDO WHFKQRORJ\�

�� %URDGEDQG SXVK�SXOO FODVV�$% GHVLJQV IRU LPSURYLQJ HpFLHQF\ EH\RQG
WKH FODVV�$ OLPLWV�

���
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Matching NetworkZL

Zo

Γout

Cout

)LJXUH ���� {�VHFWLRQ RXWSXW PDWFKLQJ QHWZRUNV IRU EURDG�EDQG SRZHU DP�
SOLnHUV�

��� %URDGEDQG RXWSXW QHWZRUNV IRU &GV DE�

VRUSWLRQ

,Q DOO DPSOLnHU FRQnJXUDWLRQV FRQVLGHUHG HDUOLHU� WKH GHYLFH SDUDVLWLF FD�
SDFLWDQFHV &

JG

DQG &
GV

ORDG WKH DPSOLnHU RXWSXW� ,Q QDUURZEDQG SRZHU
DPSOLnHUV WKH QHW RXWSXW FDSDFLWDQFH �&

RXW

� LV WXQHG RXW XVLQJ DQ LQGXFWLYH
HOHPHQW� VR DV WR SURYLGH WKH RSWLPXP ORDG WR WKH GHYLFH DW WKH IUHTXHQF\
RI LQWHUHVW� ([FHSW IRU WKH ORVVHV LQ WKH LQGXFWRUV RQH FRXOG REWDLQ WKH
PD[LPXP DYDLODEOH SRZHU IURP WKH GHYLFH DW RQH IUHTXHQF\� +RZHYHU LQ
EURDGEDQG GHVLJQV LW LV QRW IHDVLEOH WR WXQH &

RXW

RYHU DOO IUHTXHQFLHV RI LQ�
WHUHVW� 6R EURDGEDQG {�VHFWLRQV �nJ� ���� DUH XVHG WR SDUWLDOO\ DEVRUE &

RXW

DQG LPSURYH PDWFKLQJ� ,Q VPDOO VLJQDO DPSOLnHUV� WKHVH QHWZRUNV DUH GH�
VLJQHG WR PLQLPL]H WKH PDJQLWXGH RI WKH RXWSXW UHoHFWLRQ FRHpFLHQW �b

RXW

��
RYHU WKH EDQGZLGWK RI LQWHUHVW�

,Q SRZHU DPSOLnHUV KRZHYHU� WKH PDWFKLQJ QHWZRUN KDV WR EH GHVLJQHG
WR LPSURYH RXWSXW SRZHU DQG 3$( DW WKH XSSHU EDQG�HGJH� ,Q WKH DEVHQFH
RI WKH PDWFKLQJ QHWZRUN� WKH ORDG�OLQH GHYLDWHV IURP 5

/

ZLWK LQFUHDVLQJ
IUHTXHQF\ GXH WR &

RXW

� 7KLV GHYLDWLRQ FRXOG EH HDVLO\ XQGHUVWRRG E\ DV�
VXPLQJ D OLQHDU PRGHO IRU WKH GHYLFH RXWSXW� FRQVLVWLQJ RI D FXUUHQW VRXUFH
WKDW VZLQJV IURP � WR ,

'66

� LQ VKXQW ZLWK D FDSDFLWRU &
RXW

� 7KH DOORZHG
YROWDJH VZLQJ LV DVVXPHG WR EH EHWZHHQ � �9

N

QHJOHFWHG� DQG 9
EU

WR IXUWKHU
VLPSOLI\ WKH DQDO\VLV� 7KH ORZ IUHTXHQF\ RSWLPXP ORDG IRU VXFK D GHYLFH LV
=
R

 9
EU

 ,
'66

� $W KLJKHU IUHTXHQFLHV WKH LQWULQVLF GHYLFH VHHV WKH FRPELQD�
WLRQ RI &

RXW

DQG =
R

DV WKH ORDG DQG WKH ORDGOLQH LV QR ORQJHU UHVLVWLYH �nJ�



��� %URDGEDQG RXWSXW QHWZRUNV IRU &
GV

DEVRUSWLRQ ���

����D��� +HUH I
RXW

LV WKH RXWSXW SROH IUHTXHQF\ JLYHQ E\�

I
RXW

 
�

�{&
RXW

�9
EU

 ,
'66

�
� �����

7KLV LV WKH IUHTXHQF\ DW ZKLFK WKH RXWSXW SRZHU DQG 3$( IDOOV WR ���
RI WKHLU PLG�EDQG YDOXHV� LQ WKH DEVHQFH RI DQ\ RXWSXW PDWFKLQJ QHWZRUN�
$V LV VHHQ LQ nJ� ����D�� OLQHDU RSHUDWLRQ LV OLPLWHG E\ WKH SHDN DYDLODEOH
FXUUHQW VZLQJ ,

'66

DW KLJK IUHTXHQFLHV�
,Q WKH SUHVHQFH RI D ORVVOHVV PDWFKLQJ QHWZRUN �nJ� ����� OLQHDU RSHUDWLRQ

FRXOG EH OLPLWHG HLWKHU E\ WKH SHDN DYDLODEOH FXUUHQW VZLQJ ,
'66

RU E\ WKH
SHDN DYDLODEOH YROWDJH VZLQJ 9

EU

� ,Q JHQHUDO LI =
/

�I� LV WKH ORDG VHHQ E\
WKH LQWULQVLF GHYLFH� WKHQ LI M=

/

�I�M � =
R

OLQHDU RSHUDWLRQ LV OLPLWHG E\ ,
'66

DQG LI M=
/

�I�M ! =
R

OLQHDU RSHUDWLRQ LV OLPLWHG E\ 9
EU

>��@�
7KH PD[LPXP OLQHDU SRZHU LV FDOFXODWHG IRU HLWKHU FDVH DV IROORZV �

�� M=
/

�I�M � =
R

6LQFH WKH ORDGOLQH LV FXUUHQW OLPLWHG� LPDJLQLQJ WKH ORDG DV D VHULHV
LPSHGDQFH� WKH PD[LPXP OLQHDU SRZHU �3

RXW

�I�� FDQ EH H[SUHVVHG DV

3
RXW

�I�  
,�
'66

5HI=
/

�I�J
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�����

7KH PD[LPXP OLQHDU SRZHU LV QRZ OHVVHU WKDQ WKH ORZ IUHTXHQF\ FDVH
�3

RXW

 ,�
'66
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�� E\ D IDFWRU
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=
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�� M=
/

�I�M ! =
R

6LQFH WKH ORDGOLQH LV QRZ YROWDJH OLPLWHG� LPDJLQLQJ WKH ORDG DV D VKXQW
DGPLWWDQFH� �3

RXW

�I�� FDQ EH H[SUHVVHG DV

3
RXW

�I�  
9 �
EU

5HI<
/

�I�J
�

�����

7KH PD[LPXP OLQHDU SRZHU LV QRZ OHVVHU WKDQ WKH ORZ IUHTXHQF\ FDVH�
E\ D IDFWRU

3
RXW

�I�

3
RXW

 5HI<
/
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VLJQDO { QHWZRUN FRPSHQVDWLRQ�



��� %URDGEDQG RXWSXW QHWZRUNV IRU &
GV

DEVRUSWLRQ ���

RL,opt = Zo
Constant Pout contour
Constant |Γout| contour

)LJXUH ���� 'HVLJQ FRQVLGHUDWLRQ IRU RXWSXW PDWFKLQJ QHWZRUNV LQ VPDOO
VLJQDO DQG SRZHU DPSOLnHUV�
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)LJXUH ���� 7KHRUHWLFDO PD[LPXP GUDLQ HpFLHQF\ REWDLQDEOH ZLWK YDULRXV
PDWFKLQJ QHWZRUNV�
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6R WR REWDLQ WKH PD[LPXP RXWSXW SRZHU WKH PDWFKLQJ QHWZRUNV KDYH
WR EH GHVLJQHG WR PLQLPL]H ERWK ,PI=

/

�I�J DQG ,PI<
/

�I�J RYHU WKH EDQG�
ZLGWK� DV DJDLQVW PLQLPL]LQJ Mb

RXW

M LQ VPDOO VLJQDO GHVLJQV� )LJ� ��� VKRZV
WKH GLmHUHQFH EHWZHHQ WKH WZR GHVLJQV� 7KH FRQVWDQW Mb

RXW

M FRQWRXUV DUH FLU�
FOHV DERXW WKH FHQWHU RI WKH 6PLWK FKDUW XQOLNH WKH FRQVWDQW RXWSXW SRZHU
FRQWRXUV IRU D QRQ RSWLPXP ORDG�
)LJ� ��� VKRZV WKH YDULDWLRQ RI ORDGOLQH ZLWK IUHTXHQF\ IRU YDULRXV RXW�

SXW QHWZRUNV� 7KH EHVW RXWSXW QHWZRUNV �F���G� PDLQWDLQV DQ DOPRVW =
R

ORDG E\ VKLIWLQJ EHWZHHQ WKH FXUUHQW OLPLWHG FDVH DQG YROWDJH OLPLWHG FDVH�
&RPSDULQJ WKH GUDLQ HpFLHQF\ FRUUHVSRQGLQJ WR WKH PD[LPXP OLQHDU SRZHU
IRU HDFK FDVH� nJ� ��� VKRZV WKDW D WKUHH VHFWLRQ PDWFKLQJ QHWZRUN �G� FRXOG
WKHRUHWLFDOO\ REWDLQ PRUH WKDQ ��� GUDLQ HpFLHQF\ XS WR I

RXW

� )XUWKHU LP�
SURYHPHQW FRXOG EH REWDLQHG E\ LQFUHDVLQJ WKH QXPEHU RI VHFWLRQV LQ WKH
PDWFKLQJ QHWZRUN� $ VLPLODU DQDO\VLV IRU IHHGEDFN FLUFXLWV GHVLJQHG IRU D
YROWDJH JDLQ RI IRXU� LV VKRZQ LQ nJ� ��� DQG ����
:LWK WKHVH LPSURYHG EURDGEDQG PDWFKLQJ VHFWLRQV RQH FRXOG REWDLQ

KLJK HpFLHQFLHV XS WR I
RXW

� )RU WKH *D1 +(07V LQ FRPPRQ VRXUFH FRQnJ�
XUDWLRQ PRVW RI WKH RXWSXW FDSDFLWDQFH FRQWULEXWLRQ FRPHV IURP &

GV

� 7KH
GUDLQ WR VRXUFH FDSDFLWDQFH IRU oLS FKLS ERQGHG GHYLFHV LV QHDUO\ GRXEOHG�
DV $O1 KDV VLPLODU GLHOHFWULF FRQVWDQW DV *D1 �q

U�$O1

 ���� q
U�*D1

 ������
8VLQJ 7UDQOLQH >��� ��@ &

GV

IRU GHYLFHV ZKLFK KDYH ERWK VRXUFH DQG GUDLQ
ERQGHG DQG IRU GHYLFHV KDYLQJ RQO\ WKH VRXUFH ERQGHG �nJ� ���� ZHUH HVWL�
PDWHG WR EH ��� S)�PP DQG ��� S)�PP UHVSHFWLYHO\� 8VLQJ WKHVH YDOXHV
I
RXW

LV FDOFXODWHG WR EH �� *+] DQG ��� *+] UHVSHFWLYHO\� IRU WKH WZR FDVHV�
6R� WKH oLS�FKLS ERQGLQJ WHFKQLTXH QHHGV WR EH UH�H[DPLQHG HVSHFLDOO\

ZKHQ KLJKHU EDQGZLGWKV DUH UHTXLUHG� *D1 +(07V JURZQ RQ 6L& VXE�
VWUDWHV KDYLQJ VXSHULRU WKHUPDO FRQGXFWLYLW\ ZLOO DOORZ WKH IDEULFDWLRQ RI
WUXH 00,&V ZLWKRXW WKH QHHG IRU oLS�FKLS ERQGLQJ� ,Q VXFK FLUFXLWV EDQG�
ZLGWK VKRXOG EH SULPDULO\ OLPLWHG E\ WKH LQSXW SROH�

��� 'XDO�JDWH DQG VORZ�IDVW FDVFRGH GHVLJQV

7R DFKLHYH KLJK SRZHU RYHU EDQGZLGWKV RI � � �� *+] VLJQLnFDQW LPSURYH�
PHQWV DW WKH GHYLFH OHYHO LV UHTXLUHG� 2XWSXW SRZHU GHQVLW\ RI �z� :�PP
DW �� *+] KDYH EHHQ GHPRQVWUDWHG RQ 6L& VXEVWUDWHV >��@� 'HYLFHV ZLWK
I
~

z �� *+] DQG ZLWK I
PD[

RI ��� *+] KDYH DOVR EHHQ DFKLHYHG E\ VFDOLQJ
JDWH�OHQJWK /

J

z ���� P >��� ��@� +RZHYHU� DV /
J

LV UHGXFHG WR REWDLQ D
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)LJXUH ���� 7KHRUHWLFDO PD[LPXP GUDLQ HpFLHQF\ REWDLQDEOH ZLWK YDULRXV
PDWFKLQJ QHWZRUNV LQ UHVLVWLYH IHHGEDFN DPSOLnHUV GHVLJQHG IRU D YROWDJH
JDLQ RI ��
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)LJXUH ���� 2XWSXW FDSDFLWDQFH LQ oLS FKLS ERQGHG GHYLFHV �D� ZLWK VRXUFH
DQG GUDLQ ERQGHG DQG �E� ZLWK WKH VRXUFH RQO\ ERQGHG�
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KLJKHU I
~

� WKH EUHDNGRZQ YROWDJH GHFUHDVHV� $V ZDV PHQWLRQHG LQ FKDSWHU ��
�SDJH ��� WKH SURGXFW RI I

~

DQG 9
EU

FDQ EH ZULWWHQ DV (
PD[

Y
VDW

 { �HT� �����
D FRQVWDQW IRU D JLYHQ WHFKQRORJ\� ZKHUH (

PD[

DQG Y
VDW

DUH EUHDNGRZQ nHOG
DQG HOHFWURQ YHORFLW\ UHVSHFWLYHO\ >��@� ,QFUHDVHG I

~

LV REWDLQHG DW WKH H[�
SHQVH RI 9

EU

� DQG KLJK SRZHU OHYHOV DUH REWDLQHG DW WKH H[SHQVH RI DPSOLnHU
EDQGZLGWK�

 CS (high fτ , low Vbr)
• Small Lg1
• Limits bandwidth ~fτ1/Av
• Small Vbr1

CG (low fτ , high Vbr)
• Large Lg2 
• Introduces a pole at fτ2
• Large Vbr2
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)LJXUH ���� 'XDO�JDWH GHYLFH GHVLJQ IRU KLJK SRZHU EURDGEDQG DPSOLnHUV�

$ GXDO�JDWH GHYLFH LV HOHFWULFDOO\ HTXLYDOHQW WR D FRPPRQ�VRXUFH �&6� �
FRPPRQ�JDWH �&*� FDVFRGH SDLU >��@ �nJ� ����� 7KH FXUUHQW JDLQ +

��
�MI�

IRU D VLQJOH�JDWH DQG D FDVFRGH GHYLFH DUH I
~

 MI DQG �I
~�
 MI���� MI I

~�
�b�

UHVSHFWLYHO\� ZKHUH I
~�
DQG I

~�
DUH WKH FXUUHQW JDLQ FXW�Rm IUHTXHQFLHV RI

WKH &6 DQG &* GHYLFHV UHVSHFWLYHO\� )RU I � I
~�
� +

��
IRU D FDVFRGH LV

VLPLODU WR D VLQJOH�JDWH GHYLFH ZLWK FXW�Rm IUHTXHQF\ I
~�
� 6R WKH JDLQ�

EDQGZLGWK SURGXFW RI WKH FDVFRGH LV z I
~�
IRU EDQGZLGWKV � I

~�
� +HQFH

WKH VWDJH EDQGZLGWK LQ D FDVFRGH LV GHWHUPLQHG SULPDULO\ E\ WKH &6 GHYLFH
>��@� %UHDNGRZQ YROWDJH LQ FRQWUDVW LV GHWHUPLQHG E\ WKH &* GHYLFH DV WKH
DSSOLHG 9

GV

RI D &6 GHYLFH LV VPDOO� 7KXV D GXDO�JDWH GHYLFH GHVLJQHG ZLWK
WKH &6 GHYLFH KDYLQJ VKRUW /

J

IRU KLJK I
~

� DQG WKH &* GHYLFH KDYLQJ ODUJHU
/
J

IRU KLJK 9
EU

FDQ SURYLGH VLPXOWDQHRXV KLJK I
~

DQG 9
EU

UHTXLUHG IRU KLJK



��� &KDSWHU �� )XUWKHU LPSURYHPHQWV LQ EDQGZLGWK� SRZHU DQG HpFLHQF\

SRZHU EURDGEDQG DSSOLFDWLRQV� 7KLV GRHV QRW YLRODWH WKH -RKQVRQ OLPLW� EXW
MXVW VSOLWV WKH EDQGZLGWK DQG EUHDNGRZQ UHTXLUHPHQWV EHWZHHQ WKH &6 DQG
&* GHYLFHV�
'XDO�JDWH $O*D1 � *D1 +(07V ZLWK JDWH�OHQJWKV RI ���� xP DQG ����

xP IRU WKH nUVW DQG VHFRQG JDWHV UHVSHFWLYHO\� KDYH EHHQ GHYHORSHG XVLQJ
H�EHDP OLWKRJUDSK\� 7KHVH GHYLFHV KDYH DFKLHYHG I

~

! �� *+] ZLWK 9
EU

!
��� 9� FRPSDUHG WR � �� 9 EUHDNGRZQ DQG VLPLODU I

~

IRU ���� xP VLQJOH
JDWH GHYLFHV >��@� 2XWSXW SRZHU GHQVLWLHV XS WR ��� :�PP DW ��� *+] KDYH
EHHQ DFKLHYHG� 00,& I

~

�GRXEOHU SRZHU DPSOLnHU FLUFXLWV XVLQJ GXDO�JDWH
*D1 +(07V RQ 6L& DUH LQ GHYHORSPHQW DQG DUH H[SHFWHG WR DFKLHYH � � ��
*+] EDQGZLGWK�
8VLQJ D VLPLODU DSSURDFK ZH FRXOG DOVR UHDOL]H &6 � &* FDVFRGH SDLUV WKDW

XVH GLmHUHQW GHYLFH WHFKQRORJLHV IRU WKH WZR GHYLFHV� 7KH &6 GHYLFH FRXOG
EH D KLJK I

~

,Q3 3+(07 ZLWK �� 9 EUHDNGRZQ GULYLQJ D KLJK EUHDNGRZQ
ORZ I

~

$O*D1 � *D1 +(07� 6XFK VORZ�IDVW K\EULGV XVHG LQ HLWKHU RI WKH
OXPSHG RU GLVWULEXWHG FLUFXLWV VKRXOG EH FDSDEOH RI DFKLHYLQJ KLJKHU SRZHU�
IUHTXHQF\ SURGXFWV�

��� 3XVK�SXOO FODVV � $% GHVLJQV

7R LPSURYH HpFLHQF\ IXUWKHU FODVV � $% SXVK � SXOO GHVLJQV ZHUH DQDO\]HG�
6LQFH FRPSOHPHQWDU\ GHYLFHV DUH QRW DYDLODEOH� IRU FODVV � $% GHVLJQV XVLQJ
EDOXQV �nJ� ���� WR EH IHDVLEOH RYHU EURDG EDQGZLGWKV WKH IROORZLQJ WKUHH
NH\ FRPSRQHQWV DUH UHTXLUHG �

�� HpFLHQW� EURDGEDQG� KLJK SRZHU DPSOLnHUV � HLWKHU &'07:$ RU I
~

�
GRXEOHU SRZHU DPSOLnHUV FRXOG EH XVHG�

�� EURDGEDQG ORZ ORVV EDOXQ � EDOXQV ZLWK EDQGZLGWKV RI ��� KDYH EHHQ
UHSRUWHG DW PLFURZDYH IUHTXHQFLHV� +RZHYHU� ORVVHV QHHG WR EH PLQ�
LPL]HG� 0RVW EURDGEDQG PLFURZDYH EDOXQ XVH WKH 0DUFKDQG EDOXQ
DUFKLWHFWXUH >��� ��� ��@� ZKLFK KDV EHHQ XVHG KHUH�

�� EURDGEDQG VHFRQG�KDUPRQLF WHUPLQDWLRQ � DJDLQ EDQGZLGWKV RI ���
KDYH EHHQ UHSRUWHG XVLQJ FRXSOHG VSLUDO LQGXFWRU WUDQVIRUPHUV >��@�

/RVVHV LQ D PLFURVWULS 0DUFKDQG EDOXQ �nJ� ����� FDQ EH PLQLPL]HG E\
XVLQJ D ORZ q

U

GLHOHFWULF VXEVWUDWH >��@ ZLWK PD[LPXP WKLFNQHVV �OLPLWHG E\



��� 3XVK�SXOO FODVV � $% GHVLJQV ���

)LJXUH ���� 6FKHPDWLF RI D PLFURZDYH FODVV � $% SXVK SXOO SRZHU DPSOLnHU�

0.1 mm

1.25 mm

)LJXUH ����� 6FKHPDWLF RI D 0DUFKDQG EDOXQ RQ GXURLG VXEVWUDWH�



��� &KDSWHU �� )XUWKHU LPSURYHPHQWV LQ EDQGZLGWK� SRZHU DQG HpFLHQF\

-5

-4.5

-4

-3.5

-3

-2.5

5 10 15 20

S
21

, S
31

 (d
B

)

Frequency (GHz)

S
21

S
31

)LJXUH ����� 6LPXODWHG ORVV RI D 0DUFKDQG EDOXQ RQ GXURLG VXEVWUDWH �FRX�
SOLQJ ORVV  �� G%� UHVW LV LQVHUWLRQ ORVV��

w���� 6LPXODWLRQV KDYH SUHGLFWHG z ��� G% LQVHUWLRQ ORVV �nJ� ����� RYHU �
� �� *+] EDQGZLGWK�
$V ZDV VHHQ LQ FKDSWHU � �nJ� ����� WR SURYLGH WUXH FODVV�$% ORDGOLQHV�

EURDGEDQG KDUPRQLF WHUPLQDWLRQV DUH UHTXLUHG WR VKRUW WKH HYHQ PRGH VLJ�
QDOV� +RZHYHU WXQHUV FDQQRW SURYLGH WZR RFWDYHV RI EDQGZLGWK DQG IHUULWHV
DUH QRW DYDLODEOH DW PLFURZDYH IUHTXHQFLHV� 3ODQDU FRXSOHG VSLUDO LQGXFWRUV
KDYH EHHQ XVHG WR REWDLQ � � �� *+] WUDQVIRUPHUV ZLWK z��� G% ORVV >��@�
$JDLQ� LPSOHPHQWDWLRQ RQ WKLFN ORZ q

U

GLHOHFWULF VXEVWUDWHV ZLOO PLQLPL]H
WKH ORVVHV�

:LWK WKHVH LPSURYHPHQWV� I
~

�GRXEOHU DQG &'07:$ SRZHU DPSOLnHUV
VKRXOG EH FDSDEOH RI DFKLHYLQJ RXWSXW SRZHU EH\RQG �� :� ZLWK � � �� *+]
EDQGZLGWK DQG ! �� � 3$(�



&KDSWHU �

&RQFOXVLRQ

��� $FKLHYHPHQWV

,1 WKLV ZRUN D FRPSUHKHQVLYH VWXG\ RI FLUFXLW WRSRORJLHV IRU EURDGEDQG�HpFLHQW� KLJK SRZHU PLFURZDYH DPSOLnHUV ZDV GRQH� 7ZR FLUFXLW FRQnJX�
UDWLRQV KDYH EHHQ GHYHORSHG� ZKLFK DUH FDSDEOH RI SURYLGLQJ FODVV�$ OLPLWHG
HpFLHQFLHV RYHU EDQGZLGWKV RI XS WR ��� RI WKH WUDQVLVWRU
V I

~

ZKLOH SUR�
YLGLQJ �� G% JDLQ�

7KH I
~

�GRXEOHU UHVLVWLYH IHHGEDFN SRZHU DPSOLnHU LV D OXPSHG DPSOLnHU
WRSRORJ\ ZKLFK XVHV D 'DUOLQJWRQ SDLU ZLWK VXLWDEOH VKXQW ORDGLQJ RQ WKH
LQSXW GHYLFH� WR SURYLGH HTXDO $�&� FXUUHQW GLYLVLRQ EHWZHHQ WKH WZR GHYLFHV
XS WR IUHTXHQFLHV RI WKH RUGHU RI I

~

� 7KLV HQVXUHV ORDGOLQH PDWFKLQJ IRU HLWKHU
GHYLFH DW DOO IUHTXHQFLHV RI LQWHUHVW� $GGLWLRQDOO\ WKH VKXQW ORDGLQJ SURYLGHV
D JDLQ�EDQGZLGWK SURGXFW RI �I

~

ZLWK D VLQJOH SROH UROO�Rm IRU WKH VKRUW�
FLUFXLW FXUUHQW JDLQ� 7KLV LPSURYHV WKH EDQGZLGWK DQG VWDELOLW\ RI WKH SRZHU
DPSOLnHUV� 5HVLVWLYH IHHGEDFN DORQJ ZLWK WKH EURDGEDQG PDWFKLQJ VHFWLRQV
SURYLGH LQSXW DQG RXWSXW PDWFKLQJ RYHU EURDG EDQGZLGWKV� 7KHVH FLUFXLWV
DUH FDSDEOH RI REWDLQLQJ VLPLODU EDQGZLGWKV DV GLVWULEXWHG DPSOLnHUV LQ D
VPDOOHU GLH DUHD�

7KH FDVFRGH�GHOD\�PDWFKHG WUDYHOLQJ ZDYH DPSOLnHU LV D GLVWULEXWHG DP�
SOLnHU WRSRORJ\ FDSDEOH RI REWDLQLQJ HpFLHQFLHV XS WR WKH FODVV�$ WKHRUHW�
LFDO OLPLW RI ���� ZLWK EDQGZLGWKV OLPLWHG E\ WKH WUDQVLVWRU SRZHU JDLQ
FXW�Rm IUHTXHQF\� I

PD[

� 7KH UHYHUVH�ZDYH LQ D WUDGLWLRQDO WUDYHOLQJ ZDYH
DPSOLnHU LV VXSSUHVVHG E\ HOLPLQDWLQJ WKH GUDLQ OLQH� 7KH GHOD\ PDWFK�
LQJ LV LQVWHDG GRQH EHWZHHQ WKH FRPPRQ�VRXUFH DQG FRPPRQ�JDWH GHYLFHV

���



��� &KDSWHU �� &RQFOXVLRQ

RI D FDVFRGH FHOO� 7KLV FRXOG DOVR EH WKRXJKW RI DV D WDSHUHG GUDLQ�OLQH
GLVWULEXWHG WUDQVDGPLWWDQFH VWDJH GULYLQJ D ORZ LQSXW LPSHGDQFH FRPPRQ�
JDWH WUDQVLPSHGDQFH VWDJH� 7KLV VWURQJ LPSHGDQFH PLVPDWFK EHWZHHQ WKH
WUDQVDGPLWWDQFH DQG WUDQVLPSHGDQFH VWDJHV LV IUHTXHQWO\ XVHG LQ KLJK VSHHG
FLUFXLW DUFKLWHFWXUHV WR UHDOL]H KLJK JDLQ EURDGEDQG V\VWHPV� ,Q WKH FDVFRGH�
GHOD\ PDWFKHG WUDYHOLQJ ZDYH DPSOLnHU WKH FRPPRQ JDWH WUDQVLPSHGDQFH
VWDJH PLQLPL]HV WKH OLQH LPSHGDQFHV UHTXLUHG IRU WKH WDSHUHG GUDLQ�OLQH
GLVWULEXWHG LQSXW VWDJH� 7KLV PDNHV WKHP SK\VLFDOO\ UHDOL]DEOH IRU KLJKHU
SRZHUV E\ RYHUFRPLQJ HOHFWUR�PLJUDWLRQ SUREOHPV�

*D1 � $O*D1 +(07 PLFURZDYH SRZHU DPSOLnHUV XVLQJ HLWKHU FLUFXLW
WRSRORJLHV ZHUH GHVLJQHG� IDEULFDWHG DQG WHVWHG� 7KH nUVW�JHQHUDWLRQ SRZHU
DPSOLnHUV ZHUH GHVLJQHG LQ D *D$V 0(6)(7 WHFKQRORJ\ WR YHULI\ WKH FLUFXLW
FRQFHSWV� VLQFH *D1 +(07 WHFKQRORJ\ ZDV UHODWLYHO\ LPPDWXUH WR DOORZ
FLUFXLW IDEULFDWLRQ LQ WKH HDUO\ SKDVHV RI WKLV UHVHDUFK� 6FDOH�PRGHO I

~

�
GRXEOHU IHHGEDFN SRZHU DPSOLnHU 00,&V ZHUH LPSOHPHQWHG LQ D FRPPHUFLDO
*D$V 0(6)(7 SURFHVV� $ EDQGZLGWK RI ��� � � *+] ZLWK �� G% JDLQ� RYHU
�� G%P RXWSXW SRZHU� DQG PRUH WKDQ �� � 3$( ZDV REWDLQHG XVLQJ GHYLFHV
RmHULQJ �� *+] I

~

DQG �� 9 EUHDNGRZQ� 7KHVH FLUFXLWV KDYH D EDQGZLGWK RI
��� RI I

~

DQG D JDLQ�EDQGZLGWK SURGXFW RI z ���cI
~

� ZLWK HpFLHQFLHV PRUH
WKDQ ZKDW WUDGLWLRQDO GLVWULEXWHG SRZHU DPSOLnHUV KDYH DFKLHYHG� 6FDOH�
PRGHO K\EULGV RI WKH FDVFRGH�GHOD\�PDWFKHG 7:$V ZHUH LPSOHPHQWHG XVLQJ
FRPPHUFLDOO\ DYDLODEOH GLVFUHWH /�EDQG *D$V 0(6)(7V� %DQGZLGWK XS
WR ��� RI I

~

ZLWK z�� G% JDLQ DQG ��h� � SRZHU�DGGHG�HpFLHQF\ ZDV
DFKLHYHG�

7ZR JHQHUDWLRQV RI I
~

�GRXEOHU IHHGEDFN SRZHU DPSOLnHU ZHUH GHVLJQHG�
IDEULFDWHG DQG WHVWHG LQ ��� xP JDWH�OHQJWK *D1 +(07 WHFKQRORJ\� 7KH
nUVW JHQHUDWLRQ RI FLUFXLWV \LHOGHG z�� G% JDLQ� ��� � ��� *+] EDQGZLGWK
DPSOLnHUV ZLWK z��� : RXWSXW SRZHU �OLPLWHG E\ WKH ODUJH '& � 5) GLVSHU�
VLRQ� DQG XS WR ��� 3$(� 7KH VHFRQG JHQHUDWLRQ RI FLUFXLWV DFKLHYHG z��
G% VPDOO VLJQDO JDLQ� � � ��� *+] EDQGZLGWK DPSOLnHUV ZLWK XS WR z����
: RXWSXW SRZHU DQG XS WR ��� 3$(� &DVFRGH�GHOD\�PDWFKHG GLVWULEXWHG
SRZHU DPSOLnHUV ZHUH IDEULFDWHG LQ *D$V 0(6)(7 � *D1 +(07 WHFKQRO�
RJ\ XVLQJ *D$V 0(6)(7V IRU WKH &6 GHYLFH DQG *D1 +(07V IRU WKH &*
GHYLFH LQ WKH FDVFRGH FHOO� 7KHVH FLUFXLWV DFKLHYHG � � �� *+] EDQGZLGWK
ZLWK �� G% VPDOO VLJQDO JDLQ DQG XS WR � : RXWSXW SRZHU� 7KHVH ZHUH WKH
nUVW FLUFXLWV WR LQFRUSRUDWH *D$V DQG *D1 GHYLFHV LQWR D VLQJOH K\EULG DQG
UHSUHVHQW WKH ODUJHVW JDLQ�EDQGZLGWK REWDLQHG XVLQJ *D1 +(07V�



��� )XWXUH :RUN ���

��� )XWXUH :RUN

7R PHHW 215
V UHTXLUHPHQWV RI XOWUD�EURDGEDQG� HpFLHQW� OLQHDU VROLG�VWDWH
KLJK SRZHU PLFURZDYH DPSOLnHUV ZLWK ��
V RI :DWWV RYHU D ���� *+] EDQG�
ZLGWK� ZLWK ��� RU KLJKHU 3$(� ORZ QRLVH nJXUH � � G% DQG KLJK OLQHDULW\�
LPSURYHPHQWV DW ERWK WKH GHYLFH OHYHO DQG FLUFXLW OHYHO DUH HVVHQWLDO�

,PSURYHPHQWV LQ EDQGZLGWK DQG RXWSXW SRZHU FRXOG EH REWDLQHG E\
XVLQJ VORZ�IDVW FDVFRGH FHOOV LQ HLWKHU RI WKH SURSRVHG FLUFXLWV� 7KLV FRQ�
nJXUDWLRQ XVHV D IDVW WUDQVLVWRU �KDYLQJ D KLJK I

~

DQG FRQVHTXHQWLDOO\ ORZ
GHYLFH 9

EU

� IRU WKH &6 GHYLFH� DQG D VORZ WUDQVLVWRU �KDYLQJ D KLJK GHYLFH 9
EU

DQG FRQVHTXHQWLDOO\ ORZ I
~

� IRU WKH &* GHYLFH� LQ D FDVFRGH FHOO� 0RQROLWKLF
IRUP XVLQJ GXDO�JDWH GHYLFHV KDYLQJ VPDOO DQG ODUJH JDWH OHQJWKV IRU WKH nUVW
DQG VHFRQG JDWHV UHVSHFWLYHO\ RU D K\EULG PXOWL�FKLS PRGXOH �0&0� LPSOH�
PHQWDWLRQ XVLQJ WZR GLmHUHQW GHYLFH WHFKQRORJLHV �HJ� ,Q3 3+(07 IRU WKH
FRPPRQ�VRXUFH GHYLFH DQG *D1 +(07 IRU WKH FRPPRQ�JDWH GHYLFHV� DUH
IHDVLEOH� 6LQFH WKH EDQGZLGWK LV OLPLWHG SULPDULO\ E\ WKH &6 GHYLFH DQG WKH
RXWSXW SRZHU E\ WKH &* GHYLFH WKH RYHUDOO SRZHU DQG EDQGZLGWK FRXOG EH
LPSURYHG� 7KLV UHTXLUHV GHYLFH VFDOLQJ WR GHHS VXE�PLFURQ JDWH OHQJWKV XV�
LQJ H�EHDP OLWKRJUDSK\� ZRUN RQ ZKLFK LV LQ SURJUHVV DQG WKH LQLWLDO UHVXOWV
ORRN SURPLVLQJ� ZLWK I

~

RI �� *+] REWDLQHG ZLWK ��� xP � ��� xP GXDO�JDWH
GHYLFHV�

,PSURYHPHQWV LQ HpFLHQF\ FRXOG EH REWDLQHG XVLQJ EURDGEDQG FODVV�$%
SXVK�SXOO VWDJHV� $ PRGLnHG 0DUFKDQG EDOXQ DUFKLWHFWXUH� HPSOR\LQJ HYHQ
PRGH WHUPLQDWLRQ IRU D WUXH FODVV�$% RSHUDWLRQ RI WKH GHYLFH� LV FDSDEOH
RI SURYLGLQJ HpFLHQFLHV XS WR WKH WKHRUHWLFDO FODVV�% OLPLW RI ����� DQG D
��� EDQGZLGWK� ,QLWLDO VWXGLHV RQ IHDVLELOLW\ RI VXFK D EDOXQ KDYH EHHQ SHU�
IRUPHG� 7KHVH GHVLJQV DUH FDSDEOH RI PHHWLQJ 215
V GHPDQGV RI HpFLHQW�
KLJK SRZHU � � �� *+] V\VWHPV� +LJKHU SRZHUV XS WR ���
V RI :DWWV VKRXOG
EH IHDVLEOH E\ XVLQJ ORZ�ORVV SRZHU FRPELQHUV WKDW FRPELQHV SRZHU IURP
FODVV�$% SXVK�SXOO VWDJHV XVLQJ HLWKHU RI WKH WZR FLUFXLW WRSRORJLHV�

$V ZLWK DQ\ GHYHORSLQJ WHFKQRORJ\ UHOLDELOLW\ LV D NH\ LVVXH WKDW ZLOO
GHOD\ WKH GHSOR\PHQW RI WKHVH GHVLJQV LQ WKHLU LQWHQGHG V\VWHPV� LQ WKH QHDU
IXWXUH� :DIHU XQLIRUPLW\ LV D VHULRXV FRQFHUQ� DV WKH SHDN RXWSXW SRZHU
GHQVLW\ DQG PD[LPXP FXUUHQW YDULHV D E\ IDFWRU RI WKUHH RU PRUH ZLWKLQ
ZDIHU� LQ PRVW RI WKH SURFHVVHG ZDIHUV� 0HWKRGV RI HpFLHQW KHDW�VLQNLQJ RI
*D1 +(07V RQ VDSSKLUH VXEVWUDWHV KDYH WR EH UH�H[DPLQHG� 7KRXJK oLS
FKLS ERQGLQJ KDV SURYHQ DGHTXDWH DW OHVVHU SRZHUV� ZLWK WKH SRZHU IURP WKH



��� &KDSWHU �� &RQFOXVLRQ

GHYLFHV LQFUHDVLQJ UDSLGO\ LQ WKH ODVW IHZ \HDUV WKHUPDO LVVXHV KDYH OLPLWHG
RSHUDWLRQ DW KLJKHU ELDVHV� DW KLJKHU SRZHU OHYHOV DQG LQ FRQWLQXRXV RSHUD�
WLRQ� 6L& VXEVWUDWHV ZLOO FHUWDLQO\ LPSURYH WKHUPDO SHUIRUPDQFH DQG ZRXOG
PDNH 00,& LPSOHPHQWDWLRQV IHDVLEOH� 7KLV VKRXOG LPSURYH EDQGZLGWK IXU�
WKHU E\ ORZHULQJ &

GV

DQG VKRXOG LPSURYH SRZHU E\ DOORZLQJ RSHUDWLRQ DW
KLJKHU GUDLQ YROWDJHV� $OVR LVVXHV RI OLQHDULW\ DQG QRLVH ZRXOG KDYH WR EH
DGGUHVVHG LQ WKH IXWXUH JHQHUDWLRQ GHVLJQV�



���



���

$SSHQGL[ $

3URFHVV oRZ VXPPDU\

*D1 +(07 3URFHVV
6WHS 0DVN 6\VWHPV XVHG
�� 6RXUFH � GUDLQ RKPLFV VRXUFHGUDLQ 6WHSSHU� 3(�,,$� 5,(���

(�EHDP HYDSRUDWRU� 57$
�� *DWH SDG LVRODWLRQ JDWHSDG 6WHSSHU� 3(�,,$�

5,(��� (�EHDP HYDSRUDWRU
�� *DWH nQJHU 6FKRWWN\ JDWHnQJHU 6WHSSHU� 3(�,,$� (�EHDP HYDSRUDWRU
�� 0HVD LVRODWLRQ PHVD 6WHSSHU� 3(�,,$� 5,(��
�� ,QWHUFRQQHFW PHWDO PHWDO� 6WHSSHU� 3(�,,$� (�EHDP HYDSRUDWRU
�� %RQG SDG PHWDO ERQGSDG 6WHSSHU� 'HHS 89�

3(�,,$� (�EHDP HYDSRUDWRU
�� 'LFLQJ 'LVFR GLFLQJ VDZ
�� %RQGLQJ )OLS FKLS ERQGHU

$O1 6XEVWUDWH 3URFHVV
6WHS 0DVN 6\VWHPV XVHG
�� 5HVLVWRUV QLFKURPH 6WHSSHU� 3(�,,$� (�EHDP HYDSRUDWRU
�� 0HWDO � � PHWDO� 6WHSSHU� 3(�,,$� (�EHDP HYDSRUDWRU
�� &DSDFLWRUV QLWULGH 6WHSSHU� 3(�,,$� 3(&9'� 5,(��
�� 0HWDO � � PHWDO� 6WHSSHU� 3(�,,$� (�EHDP HYDSRUDWRU
�� %RQG SDG � SRVW PHWDO SRVW 6WHSSHU� 'HHS 89�

3(�,,$� (�EHDP HYDSRUDWRU
�� $LU�EULGJH PHWDO DLUEULGJH 6WHSSHU� 'HHS 89�

3(�,,$� (�EHDP HYDSRUDWRU
�� 'LFLQJ 'LVFR GLFLQJ VDZ
�� %RQGLQJ )OLS FKLS ERQGHU



$SSHQGL[ %

'HWDLOHG *D1 +(07 SURFHVV
oRZ

%�� )RFXV &KHFN :LWK �� 6L :DIHU

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� 6HW VSLQQHU IRU � NUSP IRU � PLQXWHV�

�� *HW �� 6L ZDIHU IURP GU\ ER[ �LQ ROG WROXHQH SHWUL GLVK��
�� 6WDUW ZDIHU VSLQQLQJ� WKHQ VTXLUW ZLWK DFHWRQH�
�� 'RQ
W OHW LW GU\� VTXLUW ZLWK ,62� WKHQ $&( DQG ,62 DJDLQ�
�� 3XW RQ ���p& KRW SODWH IRU � PLQXWHV�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�
�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� 8VH ?6PDUWVHW $UUD\� PDVN SODWH� UXQ MRE DV IROORZV� ?)2&86 6)2&�Q)2&��
QRWH GRZQ WKH EHVW IRFXV QXPEHU UHWXUQHG E\ FRPSXWHU�

%�� 6RXUFH 'UDLQ 2KPLF &RQWDFWV �PDVN OD\HU �� VRXUFHGUDLQ� GDUN
nHOG�

$ 6ROYHQW &OHDQLQJ
:DUQLQJ� 6DSSKLUH EHLQJ WUDQVSDUHQW� REVHUYH WKH PDUNV RQ WKH ZDIHU WR
LGHQWLI\ WKH WRS VXUIDFH RI WKH ZDIHU ZKHUH WKH HSL OD\HU LV JURZQ�

���



���

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�

�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�

�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�

�� 5XQQLQJ ', � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�
:DUQLQJ� ,W LV DGYLVDEOH WR GR DQ H[SR DW WKH nUVW PDVN OHYHO WR nQG WKH
RSWLPXP IRFXV DQG H[SRVXUH� 7KH FRQGLWLRQV PHQWLRQHG KHUH ZLOO YDU\ ZLWK
ZDIHU WKLFNQHVV� ODPS LQWHQVLW\ DQG SKRWRUHVLVW OLIH�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��

�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�

�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW � NUSP IRU �� VHFRQGV�

�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�

�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�

�� 'HYHORS LQ 0)���� IRU � PLQXWHV � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP ��

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW
:DUQLQJ� 2[\JHQ SODVPD GHVFXP GDPDJHV WKH VXUIDFH� LQFUHDVLQJ '& �
5) GLVSHUVLRQ� 0LQLPXP GHVFXP WLPH LV UHFRPPHQGHG�

�� FKDPEHU SUHVVXUH  ���P7 RI 2��

�� 3RZHU  ���: DW ORZ IUHTXHQF\�

�� 5XQ IRU �� VHFRQGV�

( 5,( (WFK RI *D1 &DS /D\HU

�� /RDG 6L ZDIHU WR EH XVHG LQ 5,( ���

�� 5XQ /HH*$1 RU *D1&/1 SURJUDP WR FOHDQ WKH 6L ZDIHU�

�� 8QORDG 6L ZDIHU DQG SODFH *D1 ZDIHU WR EH HWFKHG RQ WRS RI LW�

�� (WFK FRQGLWLRQV� � HWFK UDWH � � y$�VHFRQGV� �

�D� &O� oRZ UDWH  ���� VFFP�

�E� FKDPEHU SUHVVXUH  ��� P7RUU�

�F� 3  �� : �WKLV LV FRQWUROOHG��

�G� 9ROWDJH VKRXOG EH z ��� 9�

�� (WFK IRU �� VHFRQGV� � OHDYH ��� � ���y$ RI FDS OD\HU �



���

) 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI 1+�2+ � +�2 �� � � ���
�� 'LS LQ GLOXWH 1+�2+ IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

* (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�
�� 3XW LQ D QHZ FU\VWDO LI WKH FU\VWDO PRQLWRU UHDGV PRUH WKDQ ���

�� 3XPS GRZQ WR EHORZ � c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�
:DUQLQJ� 1L LV SURQH WR VSLWWLQJ DQG QHHGV WR EH HYDSRUDWHG ZLWK FDUH�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$O ���� � ����
1L ��� � ����
$X ��� ��� ����

+ /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

, $QQHDOLQJ

�� 0DNH VXUH WKH WKHUPRFRXSOH LV VHDWHG SURSHUO\ RQ WKH 6L ZDIHU LQVLGH
WKH 57$�

�� 0DNH VXUH WKDW WKH OHDGV RI WKH WKHUPRFRXSOH DUH FRQQHFWHG FRUUHFWO\
DQG LW UHDGV WKH URRP WHPSHUDWXUH LQ VWHDG\ VWDWH�

�� 7HVW UXQ WKH *1��� SURJUDP ��� WLPHV SUHIHUDEO\ ZLWK D WHVW ZDIHU�
:DUQLQJ� 7KH 57$ LV NQRZQ WR KDYH VKRZQ UDQGRP WHPSHUDWXUH
oXFWXDWLRQV DW KLJK WHPSHUDWXUHV� DQG VR WKH WHVW UXQ LV D PXVW� $
��p& ORZHU WHPSHUDWXUH FRXOG UHVXOW LQ SRRU RKPLFV DQG D ��p& KLJKHU
WHPSHUDWXUH FRXOG FKDU WKH VXEVWUDWH�

�� /RDG WKH ZDIHU LQWR WKH FKDPEHU YHU\ VORZO\�
:DUQLQJ� 6DSSKLUH VXEVWUDWH LV NQRZQ WR VOLGH IUHHO\ RQ VPRRWK 6L
ZDIHU� 6R XVH D URXJK 6L ZDIHU �ZLWK GLFLQJ PDUNV� RU UHVWULFW WKH
VDSSKLUH VXEVWUDWH
V PRWLRQ E\ SODFLQJ D FLUFXODU SLHFH RI D XVHG WKHU�
PRFRXSOH ZLUH DURXQG LW�



���

�� 57$ IRU �� VHFRQGV DW ���p& XVLQJ WKH SURJUDP *1 ����
�� 8QORDG WKH ZDIHU YHU\ VORZO\ WR SUHYHQW LW IURP VOLGLQJ�

- 7HVW 2KPLF &RQWDFWV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR WHVW WKH 7/0 SDWWHUQV�

%�� 6L2� ,VRODWLRQ RI *DWH 3DG �PDVN OD\HU �� JDWHSDG� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�
�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�
�� 'HYHORS LQ 0)���� IRU � PLQXWHV � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP ��

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW
:DUQLQJ� 2[\JHQ SODVPD GHVFXP GDPDJHV WKH VXUIDFH� LQFUHDVLQJ '& �
5) GLVSHUVLRQ� 0LQLPXP GHVFXP WLPH LV UHFRPPHQGHG�

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� 3RZHU  ���: DW ORZ IUHTXHQF\�
�� 5XQ IRU �� VHFRQGV�

( 5,( (WFK RI *D1 &DS � $O*D1 /D\HU

�� /RDG 6L ZDIHU WR EH XVHG LQ 5,( ���
�� 5XQ /HH*$1 RU *D1&/1 SURJUDP WR FOHDQ WKH 6L ZDIHU�



���

�� 8QORDG 6L ZDIHU DQG SODFH *D1 ZDIHU WR EH HWFKHG RQ WRS RI LW�

�� (WFK FRQGLWLRQV� � HWFK UDWH � �� y$�VHFRQGV �
�D� &O� oRZ UDWH  ���� VFFP�
�E� FKDPEHU SUHVVXUH  ��� P7RUU�
�F� 3  ��� : �WKLV LV FRQWUROOHG��
�G� 9ROWDJH VKRXOG EH z ��� 9�

�� (WFK IRU �� VHFRQGV� � HWFK z ��� y$ �

) 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ���
�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1�

* (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�
�� 3XW LQ D QHZ FU\VWDO LI WKH FU\VWDO PRQLWRU UHDGV PRUH WKDQ ���

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

:DUQLQJ� 6L2� HYDSRUDWHV DW KLJK UDWHV DW WKH EHJLQQLQJ RI WKH HYDSRUD�
WLRQ� ,Q WKH SDVW 6L2� KDYH NQRZQ WR SHHO Rm IURP SODFHV DQG LV DWWULEXWHG
WR KLJK UDWHV RI HYDSRUDWLRQ� .HHS WKH VKXWWHU FORVHG IRU ��� PLQXWHV DIWHU
WKH 6L2� LV PHOWHG� WR DOORZ WKH HYDSRUDWLRQ UDWH WR VWDELOL]H� DQG WKHQ RSHQ
WKH VKXWWHU�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
6L2� ���� ��� ����

+ /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO 6L2� FRPHV ORRVH�
�� ,I WKH OLIWRm LV VWXEERUQ� OHDYH WKH ZDIHU VRDNLQJ LQ $&( RYHUQLJKW�
%HFDXVH $&( HYDSRUDWHV TXLFNO\� VHDO WKH WRS RI WKH EHDNHU ZLWK IRLO�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI 6L2��

%�� *DWH )LQJHU 0HWDOL]DWLRQ �PDVN OD\HU �� JDWHnQJHU� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�



���

�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�

�� 5XQQLQJ ', � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�
:DUQLQJ� 7KLV EHLQJ WKH FULWLFDO PDVN OHYHO� LW LV DGYLVDEOH WR GR DQ H[SR
WR nQG WKH RSWLPXP IRFXV DQG H[SRVXUH� $Q\ PLV�DOLJQPHQW GXH WR VWHSSHU
HUURU FRXOG EH GHWHUPLQHG IURP WKH H[SR DQG FRUUHFWHG GXULQJ WKH DFWXDO
H[SRVXUH�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��

�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�

�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW � NUSP IRU �� VHFRQGV�

�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�

�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�

�� 'HYHORS LQ 0)���� IRU � PLQXWHV � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP ��

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW
:DUQLQJ� 2[\JHQ SODVPD GHVFXP GDPDJHV WKH VXUIDFH� LQFUHDVLQJ '& �
5) GLVSHUVLRQ� 0LQLPXP GHVFXP WLPH LV UHFRPPHQGHG�

�� FKDPEHU SUHVVXUH  ���P7 RI 2��

�� 3RZHU  ���: DW ORZ IUHTXHQF\�

�� 5XQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI 1+�2+ � +�2 �� � � ���

�� 'LS LQ GLOXWH 1+�2+ IRU �� VHFRQGV�

�� 5LQVH LQ ', IRU � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�

�� 3XW LQ D QHZ FU\VWDO LI WKH FU\VWDO PRQLWRU UHDGV PRUH WKDQ ���

�� 3XPS GRZQ WR EHORZ � c ��b� WRUU�
�� 'HSRVLW PDWHULDO�



���

:DUQLQJ� 1L LV SURQH WR VSLWWLQJ DQG QHHGV WR EH HYDSRUDWHG ZLWK FDUH� 7L
FRQWDPLQDWLRQ LQ 1L LV DQ LVVXH DV WKH FRQWDFWV PLJKW H[KLELW RKPLF EHKDYLRU
LQ WKH SUHVHQFH RI 7L� +DYH D VHSDUDWH 1L VRXUFH IRU JDWH nQJHU HYDSRUDWLRQ�
:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
1L ��� ��� ����
$X ���� � ����
1L ��� � ����

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

+ 7HVW 6FKRWWN\ &RQWDFWV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR WHVW JDWH � VRXUFH 6FKRWWN\�

%�� 0HVD ,VRODWLRQ � PDVN OD\HU �� PHVD� FOHDU nHOG �

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ����$ ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� +RW 3ODWH %DNH� ��p&� � PLQXWH�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����



���

�� +RW 3ODWH %DNH� ���p&� � PLQXWH�

& 'HYHORSPHQW

�� 'HYHORS LQ IXOO EHDNHU RI 0)���� IRU � PLQXWHV� �� VHFRQGV� � RYHU
GHYHORS LI QHFHVVDU\ WR UHPRYH SKRWRUHVLVW VFXP �

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�

�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH SKRWRUHVLVW
LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � � �� VHFRQGV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW DQG +DUGEDNH�

�� ���P7 RI 2��

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV�
�� +DUGEDNH SKRWRUHVLVW DW ���p& IRU �� PLQXWHV�

( 0HVD ,VRODWLRQ (WFK

�� /RDG 6L ZDIHU WR EH XVHG LQ 5,( ���

�� 5XQ /HH*$1 RU *D1&/1 SURJUDP WR FOHDQ WKH 6L ZDIHU�

�� 8QORDG 6L ZDIHU DQG SODFH *D1 ZDIHU WR EH HWFKHG RQ WRS RI LW�

�� (WFK FRQGLWLRQV� � HWFK UDWH � �� y$�VHFRQGV �

�D� &O� oRZ UDWH  ���� VFFP�
�E� FKDPEHU SUHVVXUH  ��� P7RUU�

�F� 3  ��� : �WKLV LV FRQWUROOHG��
�G� 9ROWDJH VKRXOG EH z ��� 9�

�� (WFK IRU � PLQXWHV� � IRU z ���� y$ �

) 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW DQG +DUGEDNH�

�� ���P7 RI 2��

�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV�

* (WFK 1L RQ 7RS RI *DWH &RQWDFWV�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV� WR UHPRYH VFXP OHIW GXULQJ
WKH 5,( HWFK�

�� %ORZ GU\ ZLWK 1��

�� :DUP 1L HWFKDQW WR ��p& ZLWK VWLUULQJ DW ��� USP�

�� (WFK IRU �� VHFRQGV DIWHU DOO 1L KDV GLVDSSHDUHG � WRWDO HWFK WLPH RI �
PLQXWHV IRU ��� y$��

�� /RRN IRU VKLQ\ JROGHQ VXUIDFH RQ WRS RI WKH JDWH FRQWDFWV XQGHU WKH
PLFURVFRSH�

+ 5HVLVW 6WULS

�� 5HPRYH SKRWRUHVLVW ZLWK DFHWRQH LQ OLIWRm EHDNHU IRU � PLQXWHV�
�� 5LQVH E\ VSUD\LQJ ZLWK ,62�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��



���

, 7HVW 7UDQVLVWRUV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR WHVW WKH )(7V�

%�� *DWH &RQWDFW DQG ,QWHUFRQQHFW 0HWDOL]DWLRQ �PDVN
OD\HU �� PHWDO�� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�
�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�
�� 'HYHORS LQ 0)���� IRU � PLQXWHV� � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP �

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW
:DUQLQJ� 2[\JHQ SODVPD GHVFXP GDPDJHV WKH VXUIDFH� LQFUHDVLQJ '& �
5) GLVSHUVLRQ� 0LQLPXP GHVFXP WLPH LV UHFRPPHQGHG�

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� 3RZHU  ���: DW ORZ IUHTXHQF\�
�� 5XQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI 1+�2+ � +�2 �� � � ���
�� 'LS LQ GLOXWH 1+�2+ IRU �� VHFRQGV�



���

�� 5LQVH LQ ', IRU � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�

�� 3XW LQ D QHZ FU\VWDO LI WKH FU\VWDO PRQLWRU UHDGV PRUH WKDQ ���

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ���� � ����
7L ��� ��� ����

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

+ 7HVW 7UDQVLVWRUV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR WHVW WKH )(7V�

%�� %RQG 3DG 0HWDOL]DWLRQ �PDVN OD\HU �� ERQGSDG� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�

�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�

�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�



���

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 30*, � 6)�� ZLWK V\ULQJH DQG GURSSHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� %DNH� ��� &� � PLQXWHV� RQ KRW SODWH�
�� 5HPRYH 6)�� WKUHDGV IURP WKH FRUQHUV XVLQJ D FOHDQ UD]RU�

�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� �� &� � PLQXWH� RQ KRW SODWH�

��� $SSO\ &(0 ��� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
��� 6SLQ DW � NUSP IRU �� VHFRQGV�

��� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�

�� 'HYHORS LQ 0)���� IRU � PLQXWHV� � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP �

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV

�� %ORZ GU\ ZLWK 1��
�� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
�� 'HYHORS LQ 6$/ ��� IRU � PLQXWH�

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

��� 2EVHUYH XQGHU PLFURVFRSH IRU UHVLVW IULQJHV�
��� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
��� 'HYHORS LQ 6$/ ��� IRU �� VHFRQGV�

��� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�
��� %ORZ GU\ ZLWK 1��
��� 2EVHUYH XQGHU PLFURVFRSH� 5HSHDW ��� VHFRQGV GHHS � 89 H[SRVXUH

DQG �� VHFRQG 6$/ ��� GHYHORSPHQW LI UHVLVW IULQJHV DUH YLVLEOH�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW
:DUQLQJ� 2[\JHQ SODVPD GHVFXP GDPDJHV WKH VXUIDFH� LQFUHDVLQJ '& �
5) GLVSHUVLRQ� 0LQLPXP GHVFXP WLPH LV UHFRPPHQGHG�

�� FKDPEHU SUHVVXUH  ���P7 RI 2�

�� 3RZHU  ���: DW ORZ IUHTXHQF\�

�� 5XQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ��

�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1�



���

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /RZHU ERRP E\ ��� FP� � ���� FP IURP
VRXUFH �� /HYHO LW� $W WKLV KHLJKW� IRU D FU\VWDO PRQLWRU UHDGLQJ RI ����
xP WKH DFWXDO WKLFNQHVV ZDV FDOLEUDWHG WR EH ��� xP�

�� $OZD\V XVH D QHZ FU\VWDO IRU ERQG SDG HYDSRUDWLRQ�

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR nOO LW FRPSOHWHO\� ,I
FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV UHDFKHG� 'R
QRW OHW LW RYHUoRZ� WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�
:DUQLQJ� $V WKH HYDSRUDWLRQ UDWH IRU $X LV KLJK� DQG WKH ERRP LV ORZ�
HUHG WKH FKDQFHV RI VSLWWLQJ LV KLJK� %H RQ D FRQVWDQW ORRN RXW GXULQJ WKH
HYDSRUDWLRQ�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ����� �� ����

� FU\VWDO UHDGLQJ �

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
�� 'HYHORS LQ 6$/ ��� IRU � PLQXWH�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
��� %ORZ GU\ ZLWK 1��
��� 2EVHUYH XQGHU PLFURVFRSH IRU UHVLVW IULQJHV�
��� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
��� 'HYHORS LQ 6$/ ��� IRU �� VHFRQGV�
��� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
��� %ORZ GU\ ZLWK 1��
��� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

+ 7HVW WUDQVLVWRUV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR WHVW WKH )(7V�

%�� 'LFLQJ *D1 ZDIHU �QR PDVN UHTXLUHG�



���

$ 6ROYHQW &OHDQLQJ *D1 :DIHU

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW 3URWHFWLRQ RI 7RS 6XUIDFH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�
:DUQLQJ� ,W LV DGYLVDEOH WR GR DQ H[SR DW WKH nUVW PDVN OHYHO WR nQG WKH
RSWLPXP IRFXV DQG H[SRVXUH� 7KH FRQGLWLRQV PHQWLRQHG KHUH ZLOO YDU\ ZLWK
ZDIHU WKLFNQHVV� ODPS LQWHQVLW\ DQG SKRWRUHVLVW OLIH�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ $= ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

& 6ROYHQW &OHDQLQJ &DUULHU �� 6L :DIHU

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

' %RQGLQJ WR &DUULHU :DIHU
:DUQLQJ� ,I WKH GLH VL]HV DUH � � PP d � PP� EURZQ ERQGLQJ ;; ZD[
LV SUHIHUUHG DV LW SURYLGHV EHWWHU DGKHVLRQ FRPSDUHG WR WKH FU\VWDOERQG����
PRXQWLQJ ZD[�
:DUQLQJ� 7KH PHOWLQJ SRLQW RI WKH ZD[ DUH KLJK HQRXJK � ���p& IRU EURZQ
ZD[ DQG ���p& IRU FU\VWDOERQG���� PRXQWLQJ ZD[� WR GHJUDGH WKH UHVLVW RQ
WKH ZDIHU� 6R WKH ERQGLQJ VKRXOG EH GRQH LPPHGLDWHO\ DIWHU UHPRYLQJ WKH
FDUULHU ZDIHU IURP WKH KRW SODWH� EHIRUH WKH ZD[ VWDUWV KDUGHQLQJ� +DUG
EDNLQJ WKH UHVLVW ZRXOG PDNH LW LPSRVVLEOH WR UHPRYH WKH UHVLVW VFXP IURP
WKH LQGLYLGXDO GLFH�
:DUQLQJ� $Q\ DLU EXEEOHV XQGHU WKH ERQGHG ZDIHU ZRXOG FDXVH GLFH WR IDOO
Rm IURP WKH FDUULHU VXEVWUDWH ZKLOH GLFLQJ�

�� 3ODFH WKH FDUULHU ZDIHU RQ WKH KRW SODWH DW WKH PHOWLQJ SRLQW RI WKH ZD[
XVHG�

�� 8VH WKH ZD[ VWLFN DQG DSSO\ D WKLQ OD\HU RI ZD[ HYHQO\ RYHU ZDIHU�
�� 5HPRYH ZDIHU IURP WKH KRW SODWH� RQFH ZD[ PHOWV�
�� 3ODFH WKH *D1 ZDIHU LPPHGLDWHO\ RYHU WKH PHOWHG ZD[� DQG DSSO\
SUHVVXUH HYHQO\ WR UHPRYH DQ\ DLU EXEEOHV XQGHUQHDWK WKH ZDIHU�

�� ,I WKH ZD[ KDUGHQV EHIRUH JHWWLQJ D HYHQ ERQGLQJ� SODFH WKH FDUULHU
VXEVWUDWH ZLWK WKH *D1 ZDIHU RQ WKH KRW SODWH DW ���p& IRU � � ��
VHFRQGV DQG UHSHDW WKH SURFHGXUH�



���

�� 0HDVXUH WKH WKLFNQHVV ZLWK D PLFURPHWHU WR YHULI\ LI WKH ERQGLQJ LV
SODQDU� LI WKH VXEVWUDWH LV QRW SODQDU ZLWK WKH FDUULHU WKH VDZ PD\ EH
GDPDJHG ZKLOH GLFLQJ�

( 6HWWLQJ XS WKH 'LFLQJ 6DZ
:DUQLQJ� $OZD\V OHDYH WKH FRPSUHVVHG DLU RQ WKH VDZ� HYHQ ZKLOH WKH VDZ
LV Rm� ,I WKH VSLQGOH LV WXUQHG ZLWKRXW WKH FRPSUHVVHG DLU RQ� LW FDQ EH
VHYHUHO\ GDPDJHG�
:DUQLQJ� ,I \RX QHHG WR VWRS WKH VDZ LQ DQ HPHUJHQF\� SUHVV WKH (0 6723
EXWWRQ

�� 7XUQ RQ WKH SRZHU WR WKH PRQLWRU� &&79 FDPHUD ER[ DQG WKH GLFLQJ
VDZ�

�� 7XUQ RQ WKH ZDWHU WR WKH VDZ�
�� )RU ��� � ��� PP WKLFN VDSSKLUH VXEVWUDWHV� WKHUPRFDUERQ UHVLQ�ERQGHG
EODGH PRGHO �������%���58��� LV UHFRPPHQGHG ZLWK IHHG UDWH RI ���
PP�VHFRQG RU OHVVHU� ,I D GLmHUHQW EODGH LV LQ XVH RU LI LW LV ZRUQ RXW�
FKDQJH WKH EODGH IROORZLQJ WKH SURFHGXUH PHQWLRQHG LQ WKH GLFLQJ URRP�

�� 'R D 6(7 83 RI WKH VDZ WR VHW WKH = D[LV UHIHUHQFH� ,W VKRXOG EH GRQH
DW WKH EHJLQQLQJ RI HYHU\ VHVVLRQ DQG DIWHU FKDQJLQJ EODGHV� ,W VKRXOG
EH GRQH ZLWKRXW DQ\ ZDIHU RQ WKH FKXFN�
�D� EORZ Rm DQ\ ZDWHU RQ WKH FKXFN�
�E� WXUQ RQ WKH VSLQGOH E\ SUHVVLQJ >63,1'/(@�
�F� WXUQ RQ YDFXXP E\ SUHVVLQJ >9$&880@�
�G� SUHVV >6(7 83@
�H� WKH VSLQGOH ORZHUV XQWLO WKH FKXFN LV GHWHFWHG� WKHQ LW UHVHWV DQG

WKH ?6(7 83� LQGLFDWRU ZLOO OLJKW�
�� 6HOHFW PHWULF XQLWV E\ SUHVVLQJ ,1&+�00� WLOO WKH ?00� LQGLFDWRU
OLJKWV�

�� 6HW WKH OHQJWK WKH VDZ FXWV DORQJ [ � D[LV
�D� SUHVV 6+,)7 XQWLO WKH ?&87�675.� LQGLFDWRU OLJKWV�
�E� HQWHU � WKHQ : IRU URXQG VXEVWUDWHV�
�F� HQWHU WKH FXW VWURNH GLVWDQFH LQ PP DQG SUHVV :�
�G� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?%/2&.� DQG ?'$7$�

�� 6HW WKH FXW VSHHG IRU WKH VDZ
�D� SUHVV 6+,)7 XQWLO WKH ?&87�63'� LQGLFDWRU OLJKWV�
�E� HQWHU � WKHQ : IRU ��� PP�VHFRQG FXW VSHHG�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

�� 6HW \ LQGH[� WKH GLVWDQFH WKH VDZ VWHSV LQ \ � D[LV DIWHU HDFK FXW DORQJ
[ � D[LV�
�D� SUHVV 6+,)7 XQWLO WKH ?<�,1'� LQGLFDWRU OLJKWV DQG ?�� LV GLV�

SOD\HG XQGHU ?%/2&.��
�E� HQWHU \ LQGH[ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�
�G� SUHVV 6+,)7 XQWLO ?�� LV GLVSOD\HG XQGHU ?%/2&.��
�H� HQWHU WKH VHFRQG \ LQGH[ SDUDPHWHU XVHG E\ WKH VDZ DIWHU LW URWDWHV

E\ ��p RQFH WKH FXWV DORQJ WKH [ � D[LV DUH GRQH LQ IXOO\ DXWRPDWLF
RSHUDWLRQ�

�I� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�



���

�� 6HW ] LQGH[� WKH GLVWDQFH IURP WKH ERWWRP RI WKH VDZ EODGH WR WKH
FKXFN VXUIDFH GXULQJ D FXW� RU WKH DPRXQW OHIW XQFXW� 7\SLFDOO\ WKLV
LV VHOHFWHG WR GLFH WKURXJK WKH ZDIHU DQG ��� PP LQWR WKH FDUULHU 6L
VXEVWUDWH�
�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU ] LQGH[ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW ] EDFN FOHDUDQFH� WKH GLVWDQFH IURP WKH ERWWRP RI WKH VDZ EODGH WR
WKH FKXFN ZKHQ WKH FKXFN LV UHSRVLWLRQLQJ IRU DQRWKHU FXW� 7\SLFDOO\
WKLV LV VXP RI VDPSOH WKLFNQHVV� FDUULHU 6L VXEVWUDWH WKLFNQHVV DQG �
PP VDIHW\ PDUJLQ�
�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU WKH ] EDFN FOHDUDQFH LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW EODGH FRPSHQVDWLRQ� WKH DPRXQW E\ ZKLFK ] LQGH[ GHFUHDVHV DIWHU
HDFK FXW WR DFFRXQW IRU EODGH ZHDU� 7\SLFDOO\ WKLV LV ���� PP IRU
VDSSKLUH VXEVWUDWHV�
�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU WKH EODGH FRPSHQVDWLRQ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW j LQGH[� WKH DQJOH LQ GHJUHHV WKH FKXFN ZLOO URWDWH EHIRUH EHJLQQLQJ
WKH FXW DORQJ WKH RULJLQDO \ � D[LV� 7\SLFDOO\ WKLV LV ��p�
�D� SUHVV 6+,)7 XQWLO WKH ?j�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU WKH j LQGH[ LQ GHJUHHV DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW WKH FXW QXPEHU� WKH QXPEHU RI FXWV DIWHU ZKLFK WKH VDZ ZLOO VWRS�
7KLV LV LPSRUWDQW RQO\ LQ IXOO\ DXWRPDWHG SURGXFWLRQ HQYLURQPHQW� DQG
LV VHW WR ���� KHUH�
�D� SUHVV 6+,)7 XQWLO WKH ?&87�12� LQGLFDWRU OLJKWV DQG ?�� LV LQ�

GLFDWHG XQGHU ?%/2&.��
�E� HQWHU ���� DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 5HVHW FXW FRXQW� WKH QXPEHU RI FXWV PDGH RQ WKH FXUUHQW EODGH� ZKLOH
FKDQJLQJ EODGHV�
�D� SUHVV 6+,)7 XQWLO WKH ?&87��� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� SUHVV >&�(@ DQG WKHQ SUHVV : LI \RX KDYH FKDQJHG EODGHV�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

) :DIHU 0RXQWLQJ DQG $OLJQLQJ

�� 3ODFH WKH ZDIHU RQ WKH FHQWHU RI WKH FKXFN�
�� 7XUQ RQ WKH YDFXXP XVLQJ WKH >9$&880@ NH\� 7KH YDFXXP JDXJH RQ
WKH IURQW RI WKH VDZ VKRXOG EH LQ WKH JUHHQ UDQJH� ,I LW LV QRW FKHFN IRU
GLUW RQ WKH FKXFN RU EDFN RI WKH 6L ZDIHU�



���

�� 7XUQ RQ WKH PLFURVFRSH LOOXPLQDWRU XVLQJ WKH >,//80,1$7,21@ NH\�

�� :KLOH LQGH[LQJ WKH FKXFN XVLQJ WKH � DQG � NH\V� DOLJQ WKH ZDIHU WR
WKH FXW LQGLFDWLQJ FXUVRUV RQ WKH PRQLWRU�

�� 5RWDWLRQDOO\ DOLJQ WKH ZDIHU XVLQJ WKH �� DQG �� NH\V�

�� $OLJQ WKH ZDIHU LQ WKH \ D[LV XVLQJ WKH � DQG � NH\V�

�� $IWHU DOLJQLQJ� PDNH VXUH WKH ODVW NH\V SUHVVHG ZHUH WKH JUHHQ �� DQG
� NH\V� 7KLV VHWV WKH j DQG \ D[LV UHIHUHQFH SRLQWV�

�� 9HULI\ WKH \ LQGH[ XVLQJ WKH >,1'(;@ NH\�

* 'LFLQJ WKH ZDIHU

�� 1HZ UHVLQ ERQGHG EODGHV PXVW EH ?GUHVVHG� EHIRUH XVH WR UHPRYH DQ\
LUUHJXODULWLHV LQ WKH RXWHU GLDPHWHU DQG H[SRVH WKH GLDPRQG JULW IRU
FXWWLQJ� %ODGH GUHVVLQJ LV GRQH E\ PDNLQJ VHYHUDO FXWV DFURVV D 6L
ZDIHU >��@�

�� 0RYH WKH FKXFN DORQJ \ D[LV E\ SUHVVLQJ WKH >,1'(;@ DQG � �RU ��
NH\V� WR EULQJ WKH H[SRVHG 6L FDUULHU XQGHUQHDWK WKH EODGH� 3UHVV
>63,1'/(@� >6(0, $872@ DQG � WR EHJLQ WKH FXW� 2QFH WKH VDZ
VWDUWV FXWWLQJ SUHVV >6(0, $872@ DJDLQ WR VWRS WKH VDZ DIWHU D VLQJOH
FXW� 9HULI\ WKH DOLJQPHQW DQG PDNH DGMXVWPHQWV LI QHFHVVDU\� 5HSHDW
WKH SURFHGXUH WZR PRUH WLPHV RQ WKH 6L ZDIHU�
:DUQLQJ� 7KH ZDWHU VWUHDP IURP WKH QR]]OH VKRXOG EH DLPHG DW WKH
LQWHUIDFH EHWZHHQ WKH VDZ DQG WKH VXEVWUDWH� 5HSRVLWLRQ WKH QR]]OH LI
QHFHVVDU\ ZLWK D SDLU RI SOLHUV� $GMXVW WKH ZDWHU oRZ ZLWK WKH QHHGOH
YDOYH RQ WKH oRZ PHWHU�

�� )RFXV WKH RSWLFV XVLQJ WKH VLOYHU NQRE RQ WRS RI WKH RSWLFDO KRXVLQJ�
:KLOH ORRNLQJ WKURXJK WKH H\HSLHFH� DOLJQ WKH RSWLFV WR WKH FXW XVLQJ
WKH VLOYHU NQRE ORFDWHG DW WKH IURQW RI WKH KRXVLQJ� $OLJQ WKH FXUVRUV
RQ WKH PRQLWRU WR WKH FXW XVLQJ WKH ;� DQG ;� NQREV RQ WKH &&79
LQWHUIDFH ER[�

�� 0RYH WKH FKXFN DORQJ \ D[LV E\ SUHVVLQJ WKH >,1'(;@ DQG � �RU ��
NH\V� WR EULQJ WKH VDSSKLUH VXEVWUDWH XQGHUQHDWK WKH VSLQGOH� 9HULI\
WKH DOLJQPHQW RQ WKH PRQLWRU DQG EHJLQ GLFLQJ E\ SUHVVLQJ WKH >6(0,
$872@ DQG � NH\V�

�� 6WRS DIWHU WKH ODVW FXW� E\ SUHVVLQJ >6(0, $872@ EHIRUH WKH ODVW FXW
DORQJ WKH [ D[LV VWDUWV� 5RWDWH WKH ZDIHU E\ ��p� E\ SUHVVLQJ >,1'(;@
DQG �� NH\V�

�� $OLJQ WKH ZDIHU DQG EHJLQ GLFLQJ E\ SUHVVLQJ WKH >6(0, $872@ DQG
� NH\V� 6WRS DIWHU WKH ODVW FXW� E\ SUHVVLQJ >6(0, $872@ EHIRUH WKH
ODVW FXW VWDUWV� 6WRS WKH VSLQGOH E\ SUHVVLQJ >63,1'/(@�

�� %ORZ GU\ WKH ZDIHU DQG FKXFN DQG UHPRYH WKH ZDIHU DIWHU WXUQLQJ Rm
WKH YDFXXP�

�� 7XUQ Rm WKH VDZ� PRQLWRU� &&79 LQWHUIDFH ER[� ZDWHU oRZ DQG WKH
OLJKWV EHIRUH OHDYLQJ�

+ 'LH 5HPRYDO DQG &OHDQLQJ
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 'LFH ERQGHG ZLWK FU\VWDOERQG���� DUH UHPRYHG XVLQJ $&(� DQG WKRVH
ERQGHG ZLWK EURZQ ;; ZD[ DUH UHPRYHG LQ KRW 0(7+�

�� .HHS WKH GLFH LPPHUVHG LQ $&( WR UHPRYH WKH SKRWRUHVLVW�

�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�



���

�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 9HULI\ XQGHU PLFURVFRSH WR FKHFN LI WKH GLFH DUH FOHDUHG RI DOO GXVW
GHSRVLWHG GXULQJ GLFLQJ� 5HSHDW WKH FOHDQLQJ SURFHGXUH XVLQJ ORQJHU
XOWUDVRQLF LI QHFHVVDU\�

%�� %RQGLQJ *D1 ZDIHU �QR PDVN UHTXLUHG�

$ 6ROYHQW &OHDQLQJ *D1 GLH

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% )OLS &KLS %RQGLQJ

�� &DOLEUDWH WKH ERQGHU XVLQJ WKH FDOLEUDWLRQ VXEVWUDWHV� )ROORZ WKH LQ�
VWUXFWLRQV LQ WKH PDQXDO WR JHW D JRRG [\ DQG FROOLPHWHU DOLJQPHQW
EHWZHHQ WKH WRS DQG ERWWRP FDPHUD SUREHV�

�� 6HOHFW XSSHU FKXFN EDVHG RQ WKH GLH VL]H �VPDOOHU GLH VLWV RQ WKH XSSHU
FKXFN�� &OHDQ Rm ZLWK ,62 VRDNHG ZLSHV� 6ZLWFK 3HGHVWDO 9$& VZLWFK
RQ IURQW GRZQ WR UHPRYH RU SODFH FKXFN� WKHQ VZLWFK LW EDFN XS�

�� $OZD\V GR IHZ WHVW UXQV ZLWK EDG GLFH EHIRUH XVLQJ WKH EHVW RQHV� 3ODFH
*D1 GLH RQ XSSHU FKXFN� $O1 GLH RQ ORZHU FKXFN�

�� +LW 83 9$&� /2 9$&�
�� 'R D [\ DQG FROOLPHWHU DOLJQPHQW RI WKH WZR GLFH XVLQJ WKH DOLJQPHQW
PDUNV�

�� 7XUQ ] PLFURPHWHU RQ VLGH RI ERQGHU WR z ��
�� +LW 5,6(5 WR PRYH WKH ORZHU FKXFN XS�
�� 0RYH WKH ORZHU FKXFN FORVHU WR WKH WRS FKXFN XVLQJ WKH VWDJH PLFURP�
HWHU�

�� 6HW XS WKH DXWRPDWLF ERQGLQJ SURJUDP� 7KH RSWLPXP SUHVVXUH DQG
WHPSHUDWXUH IRU ERQGLQJ ZLOO GHSHQG RQ WKH WRWDO FURVV�VHFWLRQDO DUHD
RI WKH ERQGV� 6R D IHZ WHVW UXQV DUH UHFRPPHQGHG� )RU D ���� PP�

WRWDO ERQG SDG FURVV�VHFWLRQ D SUHVVXUH RI ���� J DW D WHPSHUDWXUH RI
���p& �ERWK FKXFNV� IRU � PLQXWH ZRUNV ZHOO�

��� %HJLQ DXWRPDWLF ERQGLQJ VHTXHQFH�
��� 2QFH WKH ERQGLQJ LV nQLVKHG� EULQJ WKH ULVHU GRZQ� XQORFN WKH FODPS

DQG UHPRYH WKH ERQGHG GLFH�
��� 2EVHUYH WKURXJK WKH PLFURVFRSH �WKURXJK WKH WUDQVSDUHQW VDSSKLUH

VXEVWUDWH� WR FKHFN DOLJQPHQW DQG SODQDULW\ RI WKH ERQGV�
��� 0HDVXUH WKH '�&� ,�9 FXUYHV WR FKHFN IRU VKRUWV DQG WR YHULI\ LI DOO WKH

SDGV DUH ERQGHG�



���



$SSHQGL[ &

'HWDLOHG $O1 VXEVWUDWH SURFHVV
oRZ

&�� )RFXV &KHFN :LWK �� 6L :DIHU

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� 6HW VSLQQHU IRU � NUSP IRU � PLQXWHV�

�� *HW �� 6L ZDIHU IURP GU\ ER[ �LQ ROG WROXHQH SHWUL GLVK��
�� 6WDUW ZDIHU VSLQQLQJ� WKHQ VTXLUW ZLWK DFHWRQH�
�� 'RQ
W OHW LW GU\� VTXLUW ZLWK ,62� WKHQ $&( DQG ,62 DJDLQ�
�� 3XW RQ ���p& KRW SODWH IRU � PLQXWHV�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� 6RIW %DNH� ��p&� � PLQXWH� RQ KRW SODWH�
�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� 8VH ?6PDUWVHW $UUD\� PDVN SODWH� UXQ MRE DV IROORZV� ?)2&86 6)2&�Q)2&��
QRWH GRZQ WKH EHVW IRFXV QXPEHU UHWXUQHG E\ FRPSXWHU�

&�� 5HVLVWRUV�PDVN OD\HU �� QLFKURPH� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ
6DIHW\ 1RWH� .HHS KRW VROYHQWV ZHOO XQGHU WKH VSODVK JXDUGV� $OZD\V
NHHS WZHH]HUV RU VRPH RWKHU ERLOLQJ VXUIDFH LQ D KHDWHG VROYHQW WR SURYLGH D
ERLOLQJ VXUIDFH DQG SUHYHQW HUXSWLRQV�

���
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�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ �� R�ULQJ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� � PLQXWHV� RQ KRW SODWH�
�� $SSO\ &(0 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�
�� 'HYHORS LQ 0)���� IRU � PLQXWHV �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH SKRWRUHVLVW
LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � � �� VHFRQGV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� 3RZHU  ���: DW ORZ IUHTXHQF\�
�� 5XQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ���
�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1�

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�
�� 3XW LQ D QHZ FU\VWDO LI WKH FU\VWDO PRQLWRU UHDGV PRUH WKDQ ���

�� 3XPS GRZQ WR EHORZ � c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

:DUQLQJ� 1L&U LV SURQH WR VSLWWLQJ DQG QHHGV WR EH HYDSRUDWHG ZLWK FDUH�
0RYH WKH EHDP RYHU WKH VRXUFH� NHHSLQJ LW IRFXVHG� WR JHW D PRUH XQLIRUP
1L WR &U UDWLR�
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0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
1L&U ��� � ����

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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 � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI QLFKURPH�

&�� 0HWDO � �PDVN OD\HU �� PHWDO�� FOHDU nHOG�

$ 6ROYHQW &OHDQLQJ
6DIHW\ 1RWH� .HHS KRW VROYHQWV ZHOO XQGHU WKH VSODVK JXDUGV� $OZD\V
NHHS WZHH]HUV RU VRPH RWKHU ERLOLQJ VXUIDFH LQ D KHDWHG VROYHQW WR SURYLGH D
ERLOLQJ VXUIDFH DQG SUHYHQW HUXSWLRQV�

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� +RW 3ODWH %DNH� ��p&� � PLQXWHV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����
�� +RW 3ODWH %DNH� ���p&� � PLQXWHV�
�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHFRQGV XVLQJ .DUO 6X]V DOLJQHU�

& 'HYHORSPHQW

�� 'HYHORS LQ WZR ��� PO EHDNHUV RI $= ���. � ', �� ������
�� 'HYHORS IRU �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
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�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH SKRWRUHVLVW
LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � � �� VHFRQGV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�
�� UXQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ���
�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /HYHO LW�
�� 3XW LQ D QHZ FU\VWDO LI WKH PRQLWRU UHDGV PRUH WKDQ ��

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ����� �� ���
7L ��� ��� ����

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�
:DUQLQJ� ,W LV YHU\ LPSRUWDQW WR DYRLG VSLWWLQJ DW WKLV VWHS DV SRRU VXUIDFH
PRUSKRORJ\ RI PHWDO � FDQ OHDG WR VKRUWV LQ 6L�1�FDSDFLWRU�

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� 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 � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

+ 7HVW 5HVLVWRUV

�� &KHFN IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH ZLUHV OHDGLQJ
WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�



���

�� 8VH � SUREH PHDVXUHPHQW VHW XS WR PHDVXUH WKH 1L&U UHVLVWRUV DQG
FDOFXODWH WKH VKHHW UHVLVWDQFH�

�� 'R D EXUQ LQ WHVW WR nQG WKH SHDN FXUUHQW FDUU\LQJ FDSDFLW\ RI WKH
UHVLVWRUV�

&�� &DSDFLWRUV �PDVN OD\HU �� QLWULGH� FOHDU nHOG�

$ 6ROYHQW &OHDQLQJ

�� :LSH ORZHU HOHFWURGH� KRXVLQJ RI 3(&9' ZLWK ,62 VRDNHG ZLSHV�
&DUHIXO� +27�

�� 5XQ ��&/16L1 SURJUDP�
6DIHW\ 1RWH� .HHS KRW VROYHQWV ZHOO XQGHU WKH VSODVK JXDUGV� $O�
ZD\V NHHS WZHH]HUV RU VRPH RWKHU ERLOLQJ VXUIDFH LQ D KHDWHG VROYHQW
WR SURYLGH D ERLOLQJ VXUIDFH DQG SUHYHQW HUXSWLRQV�

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! ��0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

% 6LOLFRQ 1LWULGH 'HSRVLWLRQ

�� /RDG ZDIHU LQ 3(&9'� DQG UXQ 6L1��� 1RWH GRZQ WKH ZDIHU RULHQWD�
WLRQ�

�� 8QORDG WKH ZDIHU DQG ULQVH ZLWK ,62 IRU � PLQXWH�
�� /RDG ZDIHU LQ 3(&9'� URWDWH ��p IURP SUHYLRXV RULHQWDWLRQ DQG UXQ
6L1���

�� 8QORDG WKH ZDIHU DQG OHW LW FRRO IRU � PLQXWHV�

& 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 635 ����$ ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� +RW 3ODWH %DNH� ��p&� � PLQXWHV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����
�� +RW 3ODWH %DNH� ���p&� � PLQXWHV�

' 'HYHORSPHQW

�� 'HYHORS LQ IXOO EHDNHU RI 0)���� IRU � PLQXWH� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH SKRWRUHVLVW
LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � � �� VHFRQGV ORQJHU�

( 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�



���

�� UXQ IRU �� VHFRQGV�
�� +DUGEDNH SKRWRUHVLVW DW ���p& IRU �� PLQXWHV�

) 6LOLFRQ 1LWULGH (WFK

�� &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 � c ��b� 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 � PLQXWH LQFUHPHQWV LI QHFHVVDU\�

* 5HVLVW VWULS

�� 5HPRYH SKRWRUHVLVW ZLWK DFHWRQH LQ OLIWRm EHDNHU IRU � PLQXWHV�
�� 5LQVH E\ VSUD\LQJ ZLWK 0(7+ DQG ,62�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

+ 2[\JHQ 3ODVPD 3KRWRUHVLVW 5HPRYDO �RSWLRQDO� DW \RXU GLVFUHWLRQ�

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�
�� UXQ IRU �� VHFRQGV�
�� H[DPLQH XQGHU PLFURVFRSH WR HQVXUH SKRWRUHVLVW UHPRYDO�

&�� 0HWDO � �PDVN OD\HU �� PHWDO�� FOHDU nHOG�

$ 6ROYHQW &OHDQLQJ
6DIHW\ 1RWH� .HHS KRW VROYHQWV ZHOO XQGHU WKH VSODVK JXDUGV� $OZD\V
NHHS WZHH]HUV RU VRPH RWKHU ERLOLQJ VXUIDFH LQ D KHDWHG VROYHQW WR SURYLGH D
ERLOLQJ VXUIDFH DQG SUHYHQW HUXSWLRQV�

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�



���

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ (,5 ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� +RW 3ODWH %DNH� ��p&� � PLQXWHV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

�� +RW 3ODWH %DNH� ���p&� � PLQXWHV�
�� )ORRG ([SRVH DW ��� P:�FP� IRU �� VHFRQGV�

& 'HYHORSPHQW

�� 'HYHORS LQ WZR ��� PO EHDNHUV RI $= ���. � ', �� ������

�� 'HYHORS IRU �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV D VXVSLFLRQ WKDW VRPH SKRWRUHVLVW
LV UHPDLQLQJ PD\ JR EDFN LQWR GHYHORSHU IRU � � �� VHFRQGV ORQJHU�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�

�� UXQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ���

�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

) (YDSRUDWLRQ

�� 8VH WKH FLUFXODU � � FKXFN ZLWK WKH PRWRU IRU URWDWLRQ�

�� 3ODFH ZDIHU RQ (�%HDP PRXQW IRU DQJOH RI DERXW ��p DQG FRQQHFW WKH
PRWRU OHDGV�

�� 3XW LQ D QHZ FU\VWDO LI WKH PRQLWRU UHDGV PRUH WKDQ ��

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO� GR QRW IRUJHW WR URWDWH WKH FKXFN�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ����� �� ���
7L ��� ��� ����

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�



���

�� 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 � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

+ 7HVW &DSDFLWRUV

�� &KHFN WKH SUREHV IRU FRQWLQXLW\ EHIRUH XVLQJ WKH SUREH VWDWLRQ� 7KH
ZLUHV OHDGLQJ WR WKH SUREHV DUH NQRZQ WR IUHTXHQWO\ EUHDN ZLWKLQ WKH
LQVXODWLRQ�

�� 8VH QHZ SUREHV LI QHFHVVDU\�
�� 8VH � SUREH PHDVXUHPHQW VHW XS WR PHDVXUH WKH FDSDFLWRU EUHDNGRZQ
YROWDJH DQG WR FKHFN IRU VKRUWV�

&�� %RQG 3DG DQG 3RVW 0HWDOL]DWLRQ �PDVN OD\HU �� SRVW� GDUN
nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�

�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�

�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�

�� %ORZ GU\ ZLWK 1��

�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ 30*, � 6)�� ZLWK V\ULQJH DQG GURSSHU WR FRYHU ZDIHU�

�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� %DNH� ��� &� � PLQXWHV� RQ KRW SODWH�

�� 5HPRYH 6)�� WKUHDGV IURP WKH FRUQHUV XVLQJ D FOHDQ UD]RU�
�� $SSO\ 635 ������� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�

�� 6RIW %DNH� �� &� � PLQXWH� RQ KRW SODWH�
��� $SSO\ &(0 ��� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�

��� 6SLQ DW � NUSP IRU �� VHFRQGV�
��� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

& 'HYHORSPHQW



���

�� 3RVW %DNH� ���p&� � PLQXWHV� �� VHFRQGV�
�� 5LQVH LQ UXQQLQJ '�,�� �� VHFRQGV�
�� 'HYHORS LQ 0)���� IRU � PLQXWHV� � RYHU GHYHORS LI QHFHVVDU\ WR UHPRYH
SKRWRUHVLVW VFXP �

�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV
�� %ORZ GU\ ZLWK 1��
�� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
�� 'HYHORS LQ 6$/ ��� IRU � PLQXWH�
�� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
��� 2EVHUYH XQGHU PLFURVFRSH IRU UHVLVW IULQJHV�
��� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
��� 'HYHORS LQ 6$/ ��� IRU �� VHFRQGV�
��� 5LQVH LQ UXQQLQJ '�,�� � PLQXWHV�
��� %ORZ GU\ ZLWK 1��
��� 2EVHUYH XQGHU PLFURVFRSH� 5HSHDW ��� VHFRQGV GHHS � 89 H[SRVXUH

DQG �� VHFRQG 6$/ ��� GHYHORSPHQW LI UHVLVW IULQJHV DUH YLVLEOH�

' 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2�

�� 3RZHU  ���: DW ORZ IUHTXHQF\�
�� 5XQ IRU �� VHFRQGV�

( 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ��
�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1�

) (YDSRUDWLRQ

�� 3ODFH ZDIHU RQ (�%HDP PRXQW� /RZHU ERRP E\ ��� FP� � ���� FP IURP
VRXUFH �� /HYHO LW� $W WKLV KHLJKW� IRU D FU\VWDO PRQLWRU UHDGLQJ RI ����
xP WKH DFWXDO WKLFNQHVV ZDV FDOLEUDWHG WR EH ��� xP�

�� $OZD\V XVH D QHZ FU\VWDO IRU ERQG SDG HYDSRUDWLRQ�

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ����� �� ����

� FU\VWDO UHDGLQJ �

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR nOO LW FRPSOHWHO\� ,I
FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV UHDFKHG� 'R
QRW OHW LW RYHUoRZ� WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�
:DUQLQJ� $V WKH HYDSRUDWLRQ UDWH IRU $X LV KLJK� DQG WKH ERRP LV ORZ�
HUHG WKH FKDQFHV RI VSLWWLQJ LV KLJK� %H RQ D FRQVWDQW ORRN RXW GXULQJ WKH
HYDSRUDWLRQ�



���

* /LIWRm
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�
:DUQLQJ� 'R QRW OHDYH WKH ZDIHU VRDNLQJ LQ $&( RYHUQLJKW� DV $&( GH�
JUDGHV WKH 30*, EHQHDWK WKH UHVLVW RYHU SURORQJHG H[SRVXUH� 7KH 30*,
OD\HU LV UHTXLUHG IRU DLU EULGJH PDVN VWHS�

�� 6RDN ZDIHU LQ EHDNHU RI $&( XQWLO PHWDO FRPHV ORRVH� PLQLPXP WLPH
UHFRPPHQGHG�

�� 6TXLUW ZLWK $&( VTXLUW ERWWOH� 'R QRW VTXLUW H[FHSW DW HGJHV RI ZDIHU
DQG RQO\ ZLWK ZDIHU LPPHUVHG LQ DFHWRQH�

�� 5LQVH ZLWK ,62 �VTXLUW ERWWOH��
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

�� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

1RWH� ,I WKH 30*, VXUIDFH KDV FUDFNV� UHPRYH LW FRPSOHWHO\ IROORZLQJ WKH
VWHSV EHORZ� 7KHQ UHGR WKH SRVW OLWKRJUDSK\ DQG GHYHORSPHQW DV DERYH�
5HoRZ WKH QHZ 30*, DURXQG WKH SUHYLRXVO\ HYDSRUDWHG SRVW DQG ERQG
SDG PHWDO E\ KHDWLQJ LW WR ���p& IRU � PLQXWHV� 3URFHHG ZLWK WKH QH[W
PDVN VWHS�

�� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
�� 'HYHORS LQ 6$/ ��� IRU � PLQXWH�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH IRU UHVLVW IULQJHV�
�� ([SRVH LQ GHHS � 89 IRU ��� VHFRQGV�
�� 'HYHORS LQ 6$/ ��� IRU �� VHFRQGV�

�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
��� &KHFN XQGHU PLFURVFRSH� WKHQ 'HNWDN WKLFNQHVV RI PHWDO�

&�� $LU %ULGJH 0HWDOL]DWLRQ �PDVN OD\HU �� DLUEULGJH� GDUN nHOG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV�
�� &ROG 0(7+ � PLQXWHV�
�� &ROG ,62 � PLQXWHV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 6XUIDFH 3UHSDUDWLRQ
6DIHW\ 1RWH� :HDU 6LOYHU 6KLHOG JORYHV RU HTXLYDOHQW ZKHQ KDQGOLQJ ERWWOHV
RI FRQFHQWUDWHG EDVHV� :HDU IDFH VKLHOG DW DOO WLPHV ZKLOH DW DFLG KRRG�

�� 0L[ .,��,��+�2 � +�2 �� � � �
�� (WFK IRU � VHFRQGV�

�� 5LQVH LQ ', IRU � PLQXWHV�



���

�� %ORZ GU\ ZLWK 1��
�� 0L[ D GLOXWH VROXWLRQ RI +&O � +�2 �� � � ���
�� 'LS LQ GLOXWH +&O IRU �� VHFRQGV�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

& (YDSRUDWH )ODVK OD\HU

�� 8VH WKH FLUFXODU � � FKXFN ZLWK WKH PRWRU IRU URWDWLRQ�
�� 3ODFH ZDIHU RQ (�%HDP PRXQW IRU DQJOH RI DERXW ��p DQG FRQQHFW WKH
PRWRU OHDGV�

�� 3XW LQ D QHZ FU\VWDO LI WKH PRQLWRU UHDGV PRUH WKDQ ��

�� 3XPS GRZQ WR EHORZ ��� c ��b� WRUU�
�� 'HSRVLW PDWHULDO� GR QRW IRUJHW WR URWDWH WKH FKXFN�

0DWHULDO 7KLFNQHVV�y$� 'HS� 5DWH �y$�V� $SSUR[� 9HUQLHU
7L ��� ��� ����
$X ���� �� ����
7L ��� ��� ����

:DUQLQJ� 8VH WKH VPDOO FUXFLEOH IRU $X � EH VXUH WR ORDG WKH ULJKW DPRXQW
RI FKDUJH� ,I FKDUJH LV OHVV $X PLJKW UXQ RXW EHIRUH WKH GHVLUHG WKLFNQHVV LV
UHDFKHG DQG LI LW LV PRUH WKHQ LW PLJKW VSLOO RXW RI WKH FUXFLEOH ZKLOH PHOWLQJ�

' 3KRWRUHVLVW $SSOLFDWLRQ DQG ([SRVXUH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�

�� ,PPHGLDWHO\ WDNH ZDIHU IURP WKH H�EHDP HYDSRUDWRU WR WKH SKRWRUHVLVW
EHQFK�

�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ $= 3�����56 ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW � NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�
�� &RRO GRZQ DIWHU VRIW EDNH� �� PLQXWHV�
�� ([SRVH IRU ��� VHFRQGV� VHW IRFXV RmVHW WR ����

( 'HYHORSPHQW

�� 'HYHORS LQ WZR ��� PO EHDNHUV RI $= ���. � ', �� � � ��
�� 'HYHORS IRU ��� VHFRQGV�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV VRPH SKRWRUHVLVW VFXP LQ WKH
SRVW KROHV GHYHORS IRU �� � �� VHFRQGV ORQJHU�

�� )ORRG H[SRVH IRU � PLQXWHV XVLQJ WKH .DUO 6X]V DOLJQHU�

) 2[\JHQ 3ODVPD 'HVFXP DQG +DUG %DNH RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�
�� UXQ IRU �� VHFRQGV�
�� SRVW EDNH DW ���p& IRU �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�



���

* 3ODWLQJ 3UHSDUDWLRQ

�� &OHDQ EHDNHU� DQRGH� FDWKRGH DQG PDJQHW ZLWK ,62 DQG ', ZDWHU�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� +HDW ��� PO RI SODWLQJ VROXWLRQ LQ EHDNHU ZLWK VKRUW VWLUUHU EDU WR ��p&�

+ 7LWDQLXP (WFK

�� 'HNWDN SKRWRUHVLVW DQG UHFRUG LQLWLDO WKLFNQHVV�
�� 8VH D VZDE ZLWK $&( WR UHPRYH WKH SKRWRUHVLVW RQ IRXU FRUQHUV RI WKH
VXEVWUDWH� 7KLV LV XVHG WR PDNH HOHFWULFDO FRQWDFW�

�� 0L[ +) � ', +�2 �� � � ���
�� (WFK WRS OD\HU RI 7L IRU z �� VHFRQGV ��� VHFRQGV DIWHU VXUIDFH DSSHDUV
JROGHQ��

�� 5LQVH LQ ', IRU � PLQXWHV�

, *ROG 3ODWLQJ

�� 7KH SODWLQJ UDWH GHSHQGV RQ WKH VL]H RI WKH ZDIHU� QXPEHU RI DLU EULGJHV
RQ LW DQG WKH DJH RI WKH SODWLQJ VROXWLRQ� 6WDUW ZLWK D SODWLQJ FXUUHQW
RI � P$ IRU D �� VTXDUH VXEVWUDWH �z ��� xP�KRXU IRU D QHZ VROXWLRQ��

�� 3ODWH IRU �� PLQXWHV ZLWK VWLUUHU EDU VHW WR ��� USP DQG WHPSHUDWXUH
DW ��p&�

�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HNWDN WKH SKRWRUHVLVW DQG FDOFXODWH KRZ PXFK WKH GHSWK KDV FKDQJHG�
�� $GMXVW WKH FXUUHQW WR JHW D SODWLQJ UDWH RI � xP�KRXU�
�� 5HSHDW VWHSV DERYH WR NHHS FORVH WUDFN RI WKH SODWLQJ UDWH
�� 3ODWH XQWLO WKH WRS RI WKH DLU EULGJHV DUH HYHQ ZLWK WKH SKRWRUHVLVW� IRU
D WRWDO WKLFNQHVV RI � xP�

- 7RS 3KRWRUHVLVW /D\HU 5HPRYDO

�� 'HYHORS LQ WZR ��� PO EHDNHUV RI $= ���. � ', �� � � ��
�� 'HYHORS IRU �� VHFRQGV LQ WKH nUVW EHDNHU�
�� 'HYHORS IRU �� VHFRQGV LQ WKH VHFRQG EHDNHU�
�� 5LQVH LQ UXQQLQJ ', ZDWHU IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 2EVHUYH XQGHU PLFURVFRSH� ,I WKHUH LV VRPH SKRWRUHVLVW VFXP LQ WKH
SRVW KROHV GHYHORS IRU �� � �� VHFRQGV ORQJHU�

. 2[\JHQ 3ODVPD 'HVFXP RI 3KRWRUHVLVW

�� FKDPEHU SUHVVXUH  ���P7 RI 2��
�� SRZHU  ���: DW ORZ IUHTXHQF\�
�� UXQ IRU � PLQXWH�

/ (WFK )LUVW 7LWDQLXP /D\HU

�� 8VH +) � ', +�2 �� � � �� IURP EHIRUH�
�� (WFK WRS OD\HU RI 7L IRU z �� VHFRQGV ZLWK PRGHUDWH DJLWDWLRQ ���
VHFRQGV DIWHU VXUIDFH DSSHDUV JROGHQ��

�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��



���

0 (WFK *ROG /D\HU

�� 0L[ QHZ HWFKDQW .,��,��+�2 � +�2 �� � � �
�� (WFK LQLWLDOO\ IRU � VHFRQGV XVLQJ VWLUUHU EDU�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� ,QVSHFW XQGHU PLFURVFRSH�
�� ,I VRPH JROG LV OHIW� HWFK IXUWKHU IRU � VHFRQGV�
�� 5HSHDW WKH DERYH VWHSV LI QHFHVVDU\�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

1 (WFK %RWWRP 7LWDQLXP /D\HU

�� 8VH +) � ', +�2 �� � � �� IURP EHIRUH�
�� (WFK WRS OD\HU RI 7L IRU z �� VHFRQGV ZLWK PRGHUDWH DJLWDWLRQ ���
VHFRQGV DIWHU VXUIDFH DSSHDUV JROGHQ��

�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

6DIHW\ 1RWH� /HDYH WKH 30*, OD\HU XQGHUQHDWK DV D SURWHFWLRQ IRU DLU
EULGJHV ZKLOH GLFLQJ� ,W FRXOG EH UHPRYHG DIWHU GLFLQJ WKH ZDIHU�

&�� 'LFLQJ $O1 ZDIHU �QR PDVN UHTXLUHG�

$ 6ROYHQW &OHDQLQJ

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 'HK\GUDWLRQ EDNH� ���p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

% 3KRWRUHVLVW 3URWHFWLRQ RI 7RS 6XUIDFH
6DIHW\ 1RWH� 7KH YDSRUV IURP SKRWRUHVLVW DUH H[WUHPHO\ KDUPIXO� 1HYHU
EUHDWKH LI \RX SXW \RXU KHDG XQGHU WKH KRRG�
:DUQLQJ� ,W LV DGYLVDEOH WR GR DQ H[SR DW WKH nUVW PDVN OHYHO WR nQG WKH
RSWLPXP IRFXV DQG H[SRVXUH� 7KH FRQGLWLRQV PHQWLRQHG KHUH ZLOO YDU\ ZLWK
ZDIHU WKLFNQHVV� ODPS LQWHQVLW\ DQG SKRWRUHVLVW OLIH�

�� &RRO GRZQ DIWHU GHK\GUDWLRQ� � PLQXWHV�
�� :DIHU RQ VSLQQHU FKXFN ZLWK YDFXXP� EORZ ZLWK 1��
�� $SSO\ $= ���� ZLWK V\ULQJH DQG nOWHU WR FRYHU ZDIHU�
�� 6SLQ DW ��� NUSP IRU �� VHFRQGV�
�� 6RIW %DNH� ��p&� �� PLQXWHV LQ SHWUL GLVK ZLWKRXW FRYHU�

& 6HWWLQJ XS WKH 'LFLQJ 6DZ
:DUQLQJ� $OZD\V OHDYH WKH FRPSUHVVHG DLU RQ WKH VDZ� HYHQ ZKLOH WKH VDZ
LV Rm� ,I WKH VSLQGOH LV WXUQHG ZLWKRXW WKH FRPSUHVVHG DLU RQ� LW FDQ EH
VHYHUHO\ GDPDJHG�
:DUQLQJ� ,I \RX QHHG WR VWRS WKH VDZ LQ DQ HPHUJHQF\� SUHVV WKH (0 6723
EXWWRQ



���

�� 7XUQ RQ WKH SRZHU WR WKH PRQLWRU� &&79 FDPHUD ER[ DQG WKH GLFLQJ
VDZ�

�� 7XUQ RQ WKH ZDWHU WR WKH VDZ�
�� )RU ��� � ��� PP WKLFN $O1 VXEVWUDWHV� WKHUPRFDUERQ UHVLQ�ERQGHG
EODGH PRGHO �������%���58��� LV UHFRPPHQGHG ZLWK IHHG UDWH RI �
PP�VHFRQG RU OHVVHU� ,I D GLmHUHQW EODGH LV LQ XVH RU LI LW LV ZRUQ RXW�
FKDQJH WKH EODGH IROORZLQJ WKH SURFHGXUH PHQWLRQHG LQ WKH GLFLQJ URRP�

�� 'R D 6(7 83 RI WKH VDZ WR VHW WKH = D[LV UHIHUHQFH� ,W VKRXOG EH GRQH
DW WKH EHJLQQLQJ RI HYHU\ VHVVLRQ DQG DIWHU FKDQJLQJ EODGHV� ,W VKRXOG
EH GRQH ZLWKRXW DQ\ ZDIHU RQ WKH FKXFN�
�D� EORZ Rm DQ\ ZDWHU RQ WKH FKXFN�
�E� WXUQ RQ WKH VSLQGOH E\ SUHVVLQJ >63,1'/(@�
�F� WXUQ RQ YDFXXP E\ SUHVVLQJ >9$&880@�
�G� SUHVV >6(7 83@
�H� WKH VSLQGOH ORZHUV XQWLO WKH FKXFN LV GHWHFWHG� WKHQ LW UHVHWV DQG

WKH ?6(7 83� LQGLFDWRU ZLOO OLJKW�
�� 6HOHFW PHWULF XQLWV E\ SUHVVLQJ ,1&+�00� WLOO WKH ?00� LQGLFDWRU
OLJKWV�

�� 6HW WKH OHQJWK WKH VDZ FXWV DORQJ [ � D[LV
�D� SUHVV 6+,)7 XQWLO WKH ?&87�675.� LQGLFDWRU OLJKWV�
�E� HQWHU � WKHQ : IRU URXQG VXEVWUDWHV�
�F� HQWHU WKH FXW VWURNH GLVWDQFH LQ PP DQG SUHVV :�
�G� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?%/2&.� DQG ?'$7$�

�� 6HW WKH FXW VSHHG IRU WKH VDZ
�D� SUHVV 6+,)7 XQWLO WKH ?&87�63'� LQGLFDWRU OLJKWV�
�E� HQWHU � WKHQ : IRU ��� PP�VHFRQG FXW VSHHG�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

�� 6HW \ LQGH[� WKH GLVWDQFH WKH VDZ VWHSV LQ \ � D[LV DIWHU HDFK FXW DORQJ
[ � D[LV�
�D� SUHVV 6+,)7 XQWLO WKH ?<�,1'� LQGLFDWRU OLJKWV DQG ?�� LV GLV�

SOD\HG XQGHU ?%/2&.��
�E� HQWHU \ LQGH[ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�
�G� SUHVV 6+,)7 XQWLO ?�� LV GLVSOD\HG XQGHU ?%/2&.��
�H� HQWHU WKH VHFRQG \ LQGH[ SDUDPHWHU XVHG E\ WKH VDZ DIWHU LW URWDWHV

E\ ��p RQFH WKH FXWV DORQJ WKH [ � D[LV DUH GRQH LQ IXOO\ DXWRPDWLF
RSHUDWLRQ�

�I� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�
�� 6HW ] LQGH[� WKH GLVWDQFH IURP WKH ERWWRP RI WKH VDZ EODGH WR WKH FKXFN
VXUIDFH GXULQJ D FXW� RU WKH DPRXQW OHIW XQFXW� /HDYH DERXW ��� PP
RI WKH $O1 VXEVWUDWH XQFXW�
�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU ] LQGH[ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW ] EDFN FOHDUDQFH� WKH GLVWDQFH IURP WKH ERWWRP RI WKH VDZ EODGH
WR WKH FKXFN ZKHQ WKH FKXFN LV UHSRVLWLRQLQJ IRU DQRWKHU FXW� &KRRVH
WKLV WR EH WKH VXP RI VDPSOH WKLFNQHVV DQG � PP VDIHW\ PDUJLQ�



���

�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�
FDWHG XQGHU ?%/2&.��

�E� HQWHU WKH ] EDFN FOHDUDQFH LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW EODGH FRPSHQVDWLRQ� WKH DPRXQW E\ ZKLFK ] LQGH[ GHFUHDVHV DIWHU
HDFK FXW WR DFFRXQW IRU EODGH ZHDU� 7\SLFDOO\ WKLV LV ����� PP IRU $O1
VXEVWUDWHV�
�D� SUHVV 6+,)7 XQWLO WKH ?=�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU WKH EODGH FRPSHQVDWLRQ LQ PP DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW j LQGH[� WKH DQJOH LQ GHJUHHV WKH FKXFN ZLOO URWDWH EHIRUH EHJLQQLQJ
WKH FXW DORQJ WKH RULJLQDO \ � D[LV� 7\SLFDOO\ WKLV LV ��p�
�D� SUHVV 6+,)7 XQWLO WKH ?j�,1'� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� HQWHU WKH j LQGH[ LQ GHJUHHV DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 6HW WKH FXW QXPEHU� WKH QXPEHU RI FXWV DIWHU ZKLFK WKH VDZ ZLOO VWRS�
7KLV LV LPSRUWDQW RQO\ LQ IXOO\ DXWRPDWHG SURGXFWLRQ HQYLURQPHQW� DQG
LV VHW WR ���� KHUH�
�D� SUHVV 6+,)7 XQWLO WKH ?&87�12� LQGLFDWRU OLJKWV DQG ?�� LV LQ�

GLFDWHG XQGHU ?%/2&.��
�E� HQWHU ���� DQG SUHVV :�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

��� 5HVHW FXW FRXQW� WKH QXPEHU RI FXWV PDGH RQ WKH FXUUHQW EODGH� ZKLOH
FKDQJLQJ EODGHV�
�D� SUHVV 6+,)7 XQWLO WKH ?&87��� LQGLFDWRU OLJKWV DQG ?�� LV LQGL�

FDWHG XQGHU ?%/2&.��
�E� SUHVV >&�(@ DQG WKHQ SUHVV : LI \RX KDYH FKDQJHG EODGHV�
�F� WKH HQWHUHG YDOXHV ZLOO EH LQGLFDWHG XQGHU ?'$7$�

' :DIHU 0RXQWLQJ DQG $OLJQLQJ

�� 3ODFH WKH ZDIHU RQ WKH FHQWHU RI WKH FKXFN�
�� 7XUQ RQ WKH YDFXXP XVLQJ WKH >9$&880@ NH\� 7KH YDFXXP JDXJH RQ
WKH IURQW RI WKH VDZ VKRXOG EH LQ WKH JUHHQ UDQJH� ,I LW LV QRW FKHFN IRU
GLUW RQ WKH FKXFN RU EDFN RI WKH $O1 VXEVWUDWH�

�� 7XUQ RQ WKH PLFURVFRSH LOOXPLQDWRU XVLQJ WKH >,//80,1$7,21@ NH\�
�� :KLOH LQGH[LQJ WKH FKXFN XVLQJ WKH � DQG � NH\V� DOLJQ WKH ZDIHU WR
WKH FXW LQGLFDWLQJ FXUVRUV RQ WKH PRQLWRU�

�� 5RWDWLRQDOO\ DOLJQ WKH ZDIHU XVLQJ WKH �� DQG �� NH\V�
�� $OLJQ WKH ZDIHU LQ WKH \ D[LV XVLQJ WKH � DQG � NH\V�
�� $IWHU DOLJQLQJ� PDNH VXUH WKH ODVW NH\V SUHVVHG ZHUH WKH JUHHQ �� DQG

� NH\V� 7KLV VHWV WKH j DQG \ D[LV UHIHUHQFH SRLQWV�
�� 9HULI\ WKH \ LQGH[ XVLQJ WKH >,1'(;@ NH\�

( 'LFLQJ WKH ZDIHU

�� 1HZ UHVLQ ERQGHG EODGHV PXVW EH ?GUHVVHG� EHIRUH XVH WR UHPRYH DQ\
LUUHJXODULWLHV LQ WKH RXWHU GLDPHWHU DQG H[SRVH WKH GLDPRQG JULW IRU
FXWWLQJ� %ODGH GUHVVLQJ LV GRQH E\ PDNLQJ VHYHUDO FXWV DFURVV D 6L
ZDIHU >��@�



���

�� 0RYH WKH FKXFN DORQJ \ D[LV E\ SUHVVLQJ WKH >,1'(;@ DQG � �RU ��
NH\V� WR EULQJ WKH $O1 VXEVWUDWH FRUQHU GLHV XQGHUQHDWK WKH EODGH�
3UHVV >63,1'/(@� >6(0, $872@ DQG � WR EHJLQ WKH FXW� 2QFH WKH
VDZ VWDUWV FXWWLQJ SUHVV >6(0, $872@ DJDLQ WR VWRS WKH VDZ DIWHU D
VLQJOH FXW� 9HULI\ WKH DOLJQPHQW DQG PDNH DGMXVWPHQWV LI QHFHVVDU\�
:DUQLQJ� 7KH ZDWHU VWUHDP IURP WKH QR]]OH VKRXOG EH DLPHG DW WKH
LQWHUIDFH EHWZHHQ WKH VDZ DQG WKH VXEVWUDWH� 5HSRVLWLRQ WKH QR]]OH LI
QHFHVVDU\ ZLWK D SDLU RI SOLHUV� $GMXVW WKH ZDWHU oRZ ZLWK WKH QHHGOH
YDOYH RQ WKH oRZ PHWHU�

�� )RFXV WKH RSWLFV XVLQJ WKH VLOYHU NQRE RQ WRS RI WKH RSWLFDO KRXVLQJ�
:KLOH ORRNLQJ WKURXJK WKH H\HSLHFH� DOLJQ WKH RSWLFV WR WKH FXW XVLQJ
WKH VLOYHU NQRE ORFDWHG DW WKH IURQW RI WKH KRXVLQJ� $OLJQ WKH FXUVRUV
RQ WKH PRQLWRU WR WKH FXW XVLQJ WKH ;� DQG ;� NQREV RQ WKH &&79
LQWHUIDFH ER[�

�� 0RYH WKH FKXFN DORQJ \ D[LV E\ SUHVVLQJ WKH >,1'(;@ DQG � �RU ��
NH\V� 9HULI\ WKH DOLJQPHQW RQ WKH PRQLWRU DQG EHJLQ GLFLQJ E\ SUHVVLQJ
WKH >6(0, $872@ DQG � NH\V�

�� 6WRS DIWHU WKH ODVW FXW� E\ SUHVVLQJ >6(0, $872@ EHIRUH WKH ODVW FXW
DORQJ WKH [ D[LV VWDUWV� 5RWDWH WKH ZDIHU E\ ��p� E\ SUHVVLQJ >,1'(;@
DQG �� NH\V�

�� $OLJQ WKH ZDIHU DQG EHJLQ GLFLQJ E\ SUHVVLQJ WKH >6(0, $872@ DQG
� NH\V� 6WRS DIWHU WKH ODVW FXW� E\ SUHVVLQJ >6(0, $872@ EHIRUH WKH
ODVW FXW VWDUWV� 6WRS WKH VSLQGOH E\ SUHVVLQJ >63,1'/(@�

�� %ORZ GU\ WKH ZDIHU DQG FKXFN DQG UHPRYH WKH ZDIHU DIWHU WXUQLQJ Rm
WKH YDFXXP�

�� 7XUQ Rm WKH VDZ� PRQLWRU� &&79 LQWHUIDFH ER[� ZDWHU oRZ DQG WKH
OLJKWV EHIRUH OHDYLQJ�

) 3KRWRUHVLVW 5HPRYDO
:DUQLQJ� 'R QRW OHW $&( GU\ RQ ZDIHU�

�� .HHS WKH VXEVWUDWH LPPHUVHG LQ $&( WR UHPRYH WKH SKRWRUHVLVW�
�� &ROG $&( � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW 0(7+ � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� +RW ,62 � PLQXWHV� XOWUDVRQLF �� VHFRQGV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

* 5HPRYH %RWWRP 30*, OD\HU

�� :DUP ���� LQ D KRW SODWH DW ��p& IRU �� PLQXWHV�
�� ,PPHUVH ZDIHU LQ ���� IRU � PLQXWHV ZLWK PRGHUDWH DJLWDWLRQ�
�� 5LQVH LQ ', IRU � PLQXWHV�
�� %ORZ GU\ ZLWK 1��
�� 9HULI\ XQGHU PLFURVFRSH WR FKHFN LI WKH $O1 VXEVWUDWH LV FOHDUHG RI
DOO GXVW GHSRVLWHG GXULQJ GLFLQJ� 5HSHDW WKH FOHDQLQJ SURFHGXUH LI
QHFHVVDU\�

+ 'LH 5HPRYDO DQG &OHDQLQJ

�� $SSO\ SUHVVXUH RQ WKH GLFLQJ VWUHHWV XVLQJ D VKDUS WZHH]HU RU D VFULEH
WR EUHDN WKH VXEVWUDWH LQWR LQGLYLGXDO GLFH�

�� &ROG $&( � PLQXWHV�



���

�� +RW 0(7+ � PLQXWHV�
�� +RW ,62 � PLQXWHV�
�� 5XQQLQJ ', � PLQXWHV�
�� %ORZ GU\ ZLWK 1��

&�� %RQGLQJ $O1 ZDIHU �QR PDVN UHTXLUHG�

$ 6ROYHQW &OHDQLQJ *D1 DQG $O1 GLFH

�� &KHFN WKH UHVLVWLYLW\ RI WKH '�,� ZDWHU� ,W VKRXOG EH ! �� 0l�
�� &ROG $&( � PLQXWHV�
�� +RW 0(7+ � PLQXWHV�
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